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Abstract

The generic classification of the species of Rhopalomutillinae is reviewed and shown to comprise four
distinct genera, three of which are described as new. All genera are known from both sexes and can be
distinguished primarily on the basis of differences in the male genitalia and the female mesosomal form.
A key is provided to the genera (Rimulotilla Brothers, gen. n.; Pherotilla Brothers, gen. n.; Rhopalomutilla
André, 1901; Bischoffiella Brothers & Nonveiller, gen. n.) and they are each characterised and discussed.
The already-described species are placed in the appropriate genera and the new combinations indicated:
Ri. basalis (Bischoff, 1920), stat. n., comb. n.; Ri. conifera (Bischoff, 1920), comb. n.; Ri. tongaana (Pé-
ringuey, 1909), comb. n.; P japhia (Cameron, 1902), comb. n.; P mlanjeana (Bischoff, 1920), comb. n.;
P oceanica (Mickel, 1935), comb. n.; P rufitincta (Hammer, 1957), stat. n., comb. n.; P striganovae
(Lelej, 2012), comb. n.; B. cristata (Bingham, 1912), comb. n. In addition, RA. javana Pagden, 1949,
syn. n., is synonymized with 2 oceanica (Mickel, 1935).
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Introduction

The mutillid subfamily Rhopalomutillinae Schuster, 1949 is a relatively small taxon
(about 40 species, including those as yet undescribed) distributed in the Afrotropical and
Oriental Regions. Both sexes are very characteristic and unusual morphologically (see
below). They exhibit true phoretic copulation, in which the male carries the female in
flight while mating (Figs 1, 2) and visiting flowers, the only mutillids to do so apart from
a few Myrmosinae (Brothers 1989); as a consequence females and males are collected to-
gether and most species are known from both sexes (Brothers in prep.), a highly unusual
circumstance for the family. The females have almost never been collected in isolation,
and it seems likely that they spend most of their adult life underground; this is supported
by their relative scarcity in collections and their morphological similarity to those of spe-
cies of the Australian genus Ponerotilla Brothers, 1994 which have been collected in the
underground nests of ants (Brothers 1989, 1994). Although many mutillid species show
size differences between the sexes or even within sexes depending on the size of the host,
such differences are extreme in the Rhopalomutillinae (Brothers 1989); the maximum
and minimum sizes (body lengths in mm) that I have recorded for specimens of Rhopalo-

mutilla anguliceps (André, 1897) are 13.7 and 5.9 for males (n=210), and 6.4 and 3.8 for

Figures 1-2. Rhopalomutillinae, mating pairs, male above. | Pherotilla rufitincta (Hammer) 2 Bischoffiella
cristata (Bingham). Scales = 1 mm.
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females (n = 18) and I have seen no indication that large males preferentially mate with
large females (or vice versa). No information exists about host relationships, but the vari-
ability and difference in size of both sexes and the probably subterranean existence of the
females, has suggested that they may parasitize ants (Brothers 1989).

A species revision of the Rhopalomutillinae as a whole has long been in progress,
initially with the collaboration of the late Guido Nonveiller (Zemun, Serbia). It has been
delayed by many factors, not the least the initial paucity of specimens in collections, a
circumstance which has more recently been remedied by extensive malaise-trap sampling
programmes. However, inclusion of a realistic sampling of rhopalomutilline diversity in
another project, an extensive morphological re-analysis of mutillid higher classification
based on exemplars of both sexes for about 100 genera and subgenera in collaboration
with Arkady Lelej (Vladivostok, Russia), has required the description of the new genera
of Rhopalomutillinae at this time. The descriptions which follow include information
derived from examination of many as-yet undescribed taxa and undescribed females of
known taxa, which will formally be described in subsequent papers.

Materials and methods

Specimens of Rhopalomutillinae were kindly loaned by the curators of many institutions
around the world (detailed acknowledgment of the relevant repositories will be done in
subsequent papers) and have been examined using standard morphological methods.
Photographs were taken with a Canon Powershot G10 digital camera adapted to a Wild
M400 photomicroscope using a Clearshot 600 adapter kit (Alexis Scientific) and stacked
using CombineZP software (Hadley 2010). Further image processing was done using
Corel DRAW X4 and Corel PHOTO-PAINT X4. Drawings were made using a drawing-
tube attachment on a Wild M7 stereomicroscope, inked on card or provided with texture
using a black wax pencil on a textured board. Abbreviations are: F = flagellomere; S =
sternum; T' = tergum. In females the maxillo-labial complex is much reduced and the
palps are normally concealed; examination of their structure usually necessitated relaxa-
tion of specimens and dissection, but the results were sometimes inconclusive because
of their extremely small size, so that it is possible that palps may have been lost during
dissection and even determination of segmentation was often uncertain.

Systematics

Rhopalomutillinae Schuster, 1949

Rhopalomutillinae Schuster, 1949: 121, 123, 125; Brothers 1975: 623, 1999: 244;
Lelej and Nemkov 1997: 12.

Type genus. Rhopalomutilla André, 1901: 323, male & female.
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Diagnosis. MALE. Fully winged; black (seldom with the mesosoma partly dark
red), without bright pubescent patterns. Head: compound eye oval, inner margin deep-
ly emarginate; antennal scrobe with dorsal carina and secretory tubercle (sometimes
without both); postmandibular carina forming a simple blunt ridge; oral and man-
dibular fossae separated by anteriorly unfused depressed bridge; antennal scape with-
out longitudinal carinae; mandible with oblique ventral lamellate expansion basally;
maxillary and labial palps six- and four-segmented respectively. Mesosoma: pronotum
with posterodorsal margin strongly concave; mesoscutum with notaulus present but
anteriorly incomplete; parapsidal line/furrow evident but incomplete posteriorly (sel-
dom complete); axilla simply rounded posteriorly; tegula entirely convex (sometimes
weakly recurved posteriorly), scarcely elongate and reaching level of trans-scutal articu-
lation; propodeal disc with three large fields delimited by strong longitudinal ridges,
lateral margin carinate, disc and declivity abruptly differentiated (seldom distinct but
merging); metasternal posterior median process shorter than coxal height, unidentate.
Wings: fore wing with elongate broad pterostigma completely sclerotized and veins
C and SC+R interrupted at its base, marginal cell with acute apex, third abscissa of
vein RS without bulla, second submarginal cell broadly sessile anteriorly, crossvein
3r-m without bulla; hind wing with crossvein 7-m proximal and complete. Legs: each
tarsomere 4 with a small oval median pulvillus posteroventrally; tarsal claw with basal
lamella separated from acute apex by a deep cleft (lamella rarely highly reduced and
apparently absent); fore tibial calcar with linear narrow blade with margin entire; hind
coxa with small carinate tubercle dorsally; hind tibia without any apparent preapical
secretory structure. Metasoma: first segment moderately petiolate, T1 gradually broad-
ened posteriorly and about 0.5 x as wide and > 0.5 x as long as T2 (rarely slightly
shorter than this), apically constricted; second metasomal segment without evident felt
lines; T2-T6 and S2-S5 (sometimes S6 also) with apical fringes of moderate to strong
semi-recumbent setae, but sparser and weaker on sterna and posteriad; T3 with large
mediobasal stridulitrum; S7 short and concealed; hypopygium (S8) medially emargin-
ate posteriorly (and usually with prominent process lateroventrally). Genitalia: para-
mere with inner basodorsal margin evenly curved, without parapenial lobe; volsellar
digitus absent; penis valve with ventral tooth much reduced to weak rounded swelling
distant from rounded apex; well developed eversible endophallus between penis valves.

FEMALE. Apterous; medium to dark brown without any bright patterns. Head:
rounded, with oval to subcircular compound eye very small and flattened; antennal
scrobe without any carina above; antennal tubercles with median transverse carina at
base; postmandibular carina forming short blunt ridge; oral and mandibular fossae sepa-
rated by anteriorly unfused depressed bridge; antenna clavate, short and stout, scape
somewhat flattened and twisted with apex hooded over base of pedicel, pedicel and flag-
ellomeres much wider than long; maxillary and labial palps each with two segments at
most. Mesosoma: pronotum about as long as distance between pronotal and propodeal
spiracle; metasternum with posterior median process longer than coxal height, acute-
ly unidentate. Legs: short with laterally flattened tibiae and ventrally flattened or con-
cave femora; without a pulvillus posteroventrally on any tarsomere; tarsal claws simple,



Revision of the Rhopalomutillinae (Hymenoptera, Mutillidae)... 5

smoothly concave below; fore tibia with distinct obliquely oval to circular preapical pore
on inner (anterior) surface (rarely without), calcar with linear narrow blade; fore basal
tarsomere strongly curved, second to fourth tarsomeres short and broadly depressed;
hind coxa with small carinate tubercle dorsally; hind tibia smooth and shining on inner
(posterior) surface, without any apparent preapical secretory structure. Metasoma: no dis-
tinct posterior fringes on any segments; anterior and dorsal faces of T1 distinct but merg-
ing; T1 more or less parallel-sided posteriorly and almost half length of T2 or longer,
almost as wide as T2 (sometimes much narrower); second segment without distinct felt
lines; T3 without mediobasal stridulitrum; T6 with differentiated pygidial plate.

Comments. In the phylogenetic analyses of Brothers (1975, 1999) and also of
Lelej and Nemkov (1997), the subfamily Rhopalomutillinae appears as originating
fairly near the base of the mutillid tree, although its relationships with the “higher”
subfamilies differ; at that time it had not been realised that several genera should be
recognised, and it was effectively treated as monotypic. The current paper provides the
basis for recognition of the four component genera and thus enables proper account
to be taken of the diversity encountered in the group. A key to the genera is thus pro-
vided, for both sexes, and each genus is then characterised and discussed. It should be
noted that where both sexes of a described species are indicated below as being known,
both have often not yet been described; this will be done in subsequent papers.

Key to genera of Rhopalomutillinae

1 Male; MACTOPLEIOUS «...vuviiiieiieiirietci ettt 2
- Female; apterous ....c.eeeirericiiinieiciccccte e 5
2 Scutellum strongly protuberant, conical, with a short transverse carina apically;

mandible apically bidentate; hypopygium (S8) weakly convex to flat, but with
apparent posterior margin deeply incised medially to form a narrow notch; S6
(§7 concealed) with straight posterior margin..... Réimulotilla Brothers, gen. n.
- Scutellum pulvinate, not markedly protuberant, with simple apex; mandible
apically tridentate; hypopygium with a prominent ventrally oriented process
on each side, posterior margin shallowly excised to form a broad emargina-
tion; S6 (S7 concealed) with posterior margin deeply notched on each side,
engaging processes of hypopygium..........ccccceiviviiieiininnieccinece, 3
3 Genital paramere simple, without a cluster of highly differentiated stout setae
arising from beneath a dorsal lamelliform lobe, at most a few slender heavier
setae present basodorsally (genal carina absent) ... Pherotilla Brothers, gen. n.
- Genital paramere with an obvious cluster of highly differentiated very stout
setae arising from beneath a dorsal lamelliform lobe and oriented posterome-
sally (genal carina present or absent) ..........ccccoevviiiiiiiiiiiiiiiiie, 4
4 Penis valve with a strong dentate or lamellate projection on outer surface at
about midlength ..................... Bischoffiella Brothers & Nonveiller, gen. n.
- Penis valve with a smooth outer surface, evenly curved in dorsal view...........

................................................................................. Rhopalomutilla André
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5 Mesosoma squat with dorsal face about as long as wide, dorsolateral margins
posterior to propodeal spiracles often concave, disregarding posterolateral
tooth, and usually diverging posteriorly (never converging) ...........ccc.cu..... 6
- Mesosoma elongate with dorsal face at least 1.3 x as long as wide, dorsolateral
margins posterior to propodeal spiracles more or less straight, disregarding
posterolateral tooth, and usually converging posteriorly (never diverging)...7
6 Mesosoma posteriorly with elevated broad sculptured median longitudinal
ridge, strongly depressed posteriorly on either side of ridge, depressed areas
smoothly merging with propodeal declivity; mesosoma narrower just poste-
rior to propodeal spiracles than just anterior to spiracles .......cccovecvriecnnnneee.
............................................... Bischoffiella Brothers & Nonveiller, gen. n.
- Mesosoma more or less evenly convex dorsally, without any median elevated
ridge or strong lateral depression posteriorly, propodeal declivity at a distinct
angle to dorsal surface; mesosoma narrower just anterior to propodeal spira-
cles than just posterior to spiracles .................... Pherotilla Brothers, gen. n.
7 Posterodorsal margin of mesosoma with strong transverse scutellar scale; head
slightly longer than wide, more or less parallel-sided; pygidium with apical
margin deeply emarginate between a pair of strong apical spines...................
...................................................................... Rimaulotilla Brothers, gen. n.
- Posterodorsal margin of mesosoma simple, without any distinct scutellar scale
(rarely indicated as a slight acute tubercle); head more or less rounded, about
as long as wide; pygidium with simple convex or straight apical margin..........

................................................................................... Rhopalomutilla André

Rimulotilla Brothers, gen. n.
http://zoobank.org/D5DD3CA8-F38B-4DB1-BC89-6E7E612E3952
Figs 3-10, 31-32, 39-40

Type species. Mutilla (Rhopalomutilla) tongaana Péringuey, 1909: 386, male

Diagnosis. MALE. Head strongly transverse with vertex dorsally produced as an
angle behind ocelli in anterior view; no genal carina; mandible bidentate; scutellum
almost conical with strong transverse apical tubercle; S6 with posterior margin simple;
S8 weakly and evenly convex, slightly elevated posteriorly with deep median notch in
posterior margin; penis valves symmetrical, each almost triangular with many long
setae along posterodorsal margin; paramere without any stronger setae. FEMALE.
Head slightly longer than wide in anterodorsal view; mesosoma elongate with abrupt
concave narrowing between metathoracic spiracle and propodeal spiracle, lateral mar-
gins of propodeum converging posteriad; disc of propodeum posteriorly with strong
transverse median tubercle (scutellar scale) and small tooth at lateral angle; metasoma
strongly elongate with T1 broad and long; pygidial plate broad and poorly defined,
posterior margin deeply concave between strong apical teeth.
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Figures 3-10. Rimulotilla gen. n. 3—6 Ri. rongaana (Péringuey) 3—4 male, dorsal & lateral views 5-6 female,
lateral & dorsal views 7=10 Ri. coniféera (Bischoff) 7-8 male, dorsal & lateral views 9=10 female, lateral &
dorsal views. Scales = 1 mm.

Description. MALE. Body black (sometimes with mesosoma partly dark red),
wings entirely infuscated (sometimes hyaline basally). Head: vertex more or less
evenly rounded laterally but strongly elevated behind ocelli, posterodorsal margin of
head in anterior view more or less straight on each side but forming a marked angle
mesally; antennal scrobe above with diagonal transverse carina and secretory tuber-
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cle; clypeus with sculptured median area, inner marginal teeth stronger than lateral
teeth; genal carina absent (sometimes an irregular slight vertical ridge present), post-
gena slightly convex; postmandibular carina present, strong to weak; pleurostomal
carina forming a ridge from posterior mandibular articulation to margin of oral fossa
much anterior to half its length; mandible apically bidentate, subapical tooth smaller
than apical tooth, ventral basal lamella scarcely developed. Mesosoma: mesoscutum
with anteroadmedian lines weakly developed; notaulus incomplete anteriorly; par-
apsidal line incomplete posteriorly or complete; tegula convex, densely punctate;
scutellum strongly convex, tapering posteriorly, with very strong elevated transverse
tubercle; metanotal dorsellum with sides irregular but more or less straight, sculp-
ture variable; propodeum with disc and declivity abruptly differentiated; lateral face
of pronotum not strongly tapered, anteroventral margin carinate and continuous
with anteroventral tooth; mesepisternum with transverse depression well developed
and extending diagonally from scrobe towards ventral extremity of pronotum; mes-
osternum without any distinct projections. Legs: pubescence denser on tibiae and
tarsi; claws deeply cleft apical to broad lamellate base; fore tibia without any apical
secretory structure or with a vertically elongate preapical groove/pore on inner (an-
terior) surface; mid and hind tibiae with few inconspicuous preapical dorsal spines,
and fewer very inconspicuous lateral spines (seldom absent). Meztasoma: T2 widest
posterior to midlength; T2 and S2 without any traces of lateral felt lines; pygidium
(T7) with apical margin convex, edges slightly recurved (seldom not); S1 with a
median tooth near base; S6 with posterior margin entire, with sparse apical fringe;
hypopygium (S8) weakly convex, forming a slightly elevated lamelliform plate with
deep median apical notch overlying true posterior margin, without any separate
ventrally-projecting lateral lobes. Genitalia: basal ring very short; paramere almost
straight with fairly broad apex, densely and finely setose on outer surface, without
any differentiated strong setae; penis valves symmetrical, short, triangular, with a
row of long fairly strong setae along posterodorsal margin.

FEMALE. Head: slightly elongate in anterodorsal view; sides behind eyes evenly
and weakly convex, produced far beyond eye, well differentiated from posterodorsal
margin of head; posterodorsal margin convex, without any distinct oblique depres-
sion at each side; clypeus with median lamellate tubercle dorsally, a median tubercle
above obtusely triangular ventral concavity, a tooth at each side of concavity; gena
broad, genal carina weak or absent; postmandibular carina weak and long or strong
and short, separated from postgenal carina; pleurostomal carina forming a ridge from
posterior mandibular articulation to margin of oral fossa; mandible more or less
straight and evenly tapering distally, apically unidentate; maxillary palp unsegmented,
cylindrical; labial palp two- or unsegmented, cylindrical; antennal scape with or
without a weak blunt tubercle posterolaterally, flattened anteromesal surface not
delimited by any carinae; pedicel without any distinct tuft of fine setae. Mesosoma:
elongate, very distinctly longer than wide; anterodorsal margin distinct with short
anterior face; humeral angle blung; lateral margin fairly even and smooth, anteriorly
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gently rounded and weakly convex, very abruptly and strongly converging and con-
cave to base of propodeum then almost straight to posterolateral angle with short
tooth; disc of propodeum posteriorly with small tubercles on each side of strong
smooth tubercle (scutellar scale) slightly overhanging margin; posterior face of pro-
podeum nearly vertical; lateral face of pronotum with anterior oblique carina absent
or scarcely indicated, a straight carina running along anteroventral margin, ventral
margin straight, anteroventral extremity blunt; mesepisternum weakly and evenly
convex. Legs: fore leg with femur flattened below, tibia with prominent preapical
oval to arcuate secretory pore on inner (anterior) surface, tibial calcar with blade
finely pectinate on margin; mid and hind femora longitudinally concave below, each
with a narrow elongate preapical lamella anteroventrally; mid and hind tibiae with
preapical dorsal spines strong and fairly easy to distinguish, preapical lateral spines
fairly weak and moderately difficult to distinguish. Mezasoma: slender; T1 with an-
terior face meeting dorsal face at a rounded right angle, dorsal face long, broad and
somewhat transverse, almost as wide as T2, sides weakly convex and weakly diverg-
ing from base; T2 < 0.75 x length T3-T6, with broad deep basal depression weakly
convex posteriorly, sides beyond basal depression diverging then weakly convex and
scarcely converging posteriorly, no trace of felt-line patch, posterior margin weakly
concave to straight; T3 with posterior margin straight; T5 without any lateral tuft of
long setae; pygidium (T6) with pygidial plate broad, with an irregular lateral bound-
ing ridge basally, apical margin forming a semicircular concavity between two strong
acute teeth; S1 with a short simple median carina anterior to a broad flat triangular
area elevated anteriorly and becoming somewhat depressed posteriorly; $2-S4 with
simple posterior margins; S5 with posterior margin lobed (sometimes tuberculate)
on each side, with a posterolateral cluster of denser setae (sometimes without); S6
with apex acute, sides carinate, no flattened strong setae.

Species included. Rimulotilla basalis (Bischoff, 1920), male & female?, stat. n.,
comb. n.; Ri. conifera (Bischoff, 1920), male & female?, comb. n.; Ri. tongaana (Pé-
ringuey, 1909), male & female, comb. n.; two undescribed species, one male only, the
other male & female.

Distribution. Central, eastern and southern Africa (Burundi, Democratic Repub-
lic of Congo, Kenya, Malawi, Mozambique, Namibia, South Africa, Tanzania, Zam-
bia, Zimbabwe).

Etymology. From the Latin noun rimula, a small cleft (referring to the form of S8),
combined with -#i/la, a common suffix derived from the genus Muzilla; gender feminine.

Comments. Phoretic copulation in this genus probably has a shorter duration
than in the other genera of Rhopalomutillinae since there are few recorded copulat-
ing pairs in collections and the apical sterna of the males are less modified than in
the other genera. The only species for which I have seen directly associated male and
female specimens (and actually collected a mating pair myself) is Ri. fongaana, hence
its designation as the type species. Other sex associations have mainly been based on
collection of both sexes in malaise traps at similar times and places.
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Pherotilla Brothers, gen. n.
http://zoobank.org/B716E7F3-C2A0-4CF9-81A3-10F101AE05CD
Figs 1, 11-18, 3334, 41-42

Type species. Rhopalomutilla mlanjeana Bischoff, 1920: 180, male & female (name
determined under Article 61.4 of the Code (ICZN 1999))

Diagnosis. MALE. Head transverse with vertex evenly rounded in anterior view;
no genal carina; mandible tridentate; scutellum pulvinate, evenly swollen; S6 with
posterior margin deeply notched laterally; S8 strongly sculptured with prominent peg-
like process laterally and posterior margin broadly and unevenly emarginate; penis
valves asymmetrical with right valve larger than left (sometimes symmetrical), each
elongate without any setae along posterodorsal margin, outer surface smoothly convex;
paramere without cluster of very strong setae arising under a flange dorsobasally but
often with a few slightly stronger long setae near base. FEMALE. Head rounded in
anterodorsal view, about as wide as long; mesosoma squat, lateral margin with several
teeth or tubercles, strongly convex anteriorly, with gradual concave narrowing between
metathoracic spiracle and propodeal spiracle, lateral margins of propodeum diverging
posteriorly; disc of propodeum posteriorly indistinct, without any median tubercle
and with strong tooth at lateral angle; metasoma slightly elongate with T1 broad;
pygidial plate oval, bounded by carina ventrolaterally, surface covered by dense recum-
bent setae, posterior margin convex between weak apical teeth.

Description. MALE. Body black (seldom with tegula and/or legs brown); wings
hyaline basally (sometimes almost entirely infuscated). Head: transverse with vertex
more or less evenly rounded without any elevation behind ocelli, posterodorsal margin
of head in anterior view more or less evenly curved; antennal scrobe above with trans-
verse carina separated from secretory tubercle; clypeus with ventral marginal teeth;
genal carina completely absent, postgena slightly convex; postmandibular carina weak
and short or moderate and long (rarely absent), pleurostomal carina absent (sometimes
a ridge from posterior mandibular articulation to margin of proboscidal fossa slightly
posterior to half its length); mandible tridentate with middle apical tooth smaller than
other two, ventral basal lamella gradually narrowed apicad. Mesosoma: mesoscutum
anteroadmedian lines separated by a longitudinal ridge; notaulus incomplete anteri-
orly; parapsidal line very short and incomplete posteriorly; tegula evenly convex or
slightly recurved posteriorly; scutellum pulvinate, evenly swollen without any posterior
tubercle; metanotal dorsellum variable in form and sculpture; propodeum with disc
and declivity very weakly differentiated, evenly merging; lateral face of pronotum fairly
strongly tapered, anteroventral margin a weak ridge continuous with undeveloped an-
teroventral tooth (sometimes tooth moderately developed); mesepisternum with trans-
verse depression moderately developed to imperceptible; mesosternum with a short
crenulate transverse carina on each side about halfway between anterior margin and
mid coxa or without any distinct projections. Legs: pubescence denser on tibiae and
tarsi; claws deeply cleft apical to broad lamellate base; fore tibia without any apical se-
cretory structure (sometimes with a vertically elongate preapical groove/pore on inner
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Figures 11-18. Pherotilla gen. n. 11-14 P. mlanjeana (Bischoff) 11-12 male, dorsal & lateral views
13-14 female, lateral & dorsal views 15=18 P. oceanica (Mickel) 15=16 male, dorsal & lateral views

1 7-18 female, lateral & dorsal views. Scales = 1 mm.

(anterior) surface); mid and hind tibiae with preapical dorsal and lateral spines few and
difficult to distinguish. Mezasoma: fairly slender; T2 widest beyond midlength; T2 and
S2 without any traces or with dispersed traces of lateral felt lines; pygidium (T7) with
apical margin convex, edges not recurved (sometimes slightly so, rarely flangelike); S1
without any tooth; S6 with posterior margin deeply notched on each side; hypopyg-
ium (S8) strongly sculptured with prominent peg-like process laterally and posterior
margin broadly and unevenly emarginate. Genitalia: basal ring moderate; paramere
curved with narrow apex, without any differentiated very strong setae except some-
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times with a few long thicker setae along basodorsal margin; penis valves asymmetrical
(sometimes symmetrical) with right valve slightly larger than left, without any setae.
FEMALE. Head: rounded in anterodorsal view; sides produced far behind eye, poor-
ly to fairly well differentiated from posterodorsal margin of head; posterodorsal margin
convex, without any distinct depression at each side; clypeus with a median tooth above
small triangular area, a broad smooth ventral concavity, an acute lamellate tooth at each
side of concavity; gena broad, without or with a weak posterior ridge; postmandibular
carina irregular running from mandibular base to level posterior to posterior margin of
oral fossa then obsolete; pleurostomal carina forming a ridge from posterior mandibular
articulation to margin of oral fossa; mandible evenly curved, with inner margin expanded
into an obtuse triangular lamella about one-third length from base, apically weakly bi-
dentate; maxillary palp two- or unsegmented, weakly fusiform; labial palp two- or un-
segmented, slightly broadened apically; antennal scape with a lamellate rounded tooth
posterolaterally, flat anteromesal surface delimited dorsally by a weak carina basally or
not at all; pedicel sometimes with ventral tuft of fine setae. Mesosoma: squat, no longer
than wide or only slightly so; anterodorsal margin indistinct with fairly short anterior
face at an obtuse angle to dorsal face and merging with it; humeral angle dentate or
tuberculate; lateral margin uneven and tuberculate, anteriorly strongly convex, gradu-
ally converging to notch at base of propodeum then diverging to posterolateral angle
with strong tooth; disc of propodeum posteriorly poorly discernible, fairly smooth and
without any median tubercle; posterior face of propodeum strongly oblique; lateral face
of pronotum flattened with no (or a weak) anterior oblique carina, a curved low ridge
running along anteroventral margin, ventral margin fairly straight, anteroventral extrem-
ity obtuse; mesepisternum strongly convex, with or without a vertical ridge above or
anterodorsal to mid coxa. Legs: fore leg with femur flattened below, tibia with preapical
elongate to oval secretory pore on inner (anterior) surface, tibial calcar with blade smooth
on margin; mid and hind femora flat to weakly longitudinally concave below, each with
a basally broad preapical lamella anteroventrally; mid and hind tibiae with preapical
dorsal spines very strong and easy to distinguish, preapical lateral spines strong and fairly
easy to distinguish. Metasoma: fairly slender; T1 with anterior face meeting dorsal face
at a rounded right angle, dorsal face long, very broad and transverse, almost as wide as
T2, sides broadly convex anteriorly then convex and somewhat diverging posteriorly; T2
about as long as T3-T6, broad deep basal depression strongly convex posteriorly, sides
beyond basal depression diverging then convex and converging, small indefinite felt-line
patch anterolaterally (sometimes absent), posterior margin straight to weakly concave;
T3 with posterior margin straight (sometimes very weakly concave medially); T5 with-
out (seldom with) a tuft of fine setae at posterolateral angle; pygidium (T6) with pygidial
plate oval, with a strong lateral bounding carina ventrally, sculpture concealed by dense
setae, apical margin convex between two blunt teeth; S1 with a short median carina
anterior to a broad flattened triangular area bounded by ridges and elevated anteriorly,
narrow lateral marginal depression on each side posteriorly; S4 with posterolateral angle
simple (seldom produced); S5 with posterolateral angle not (seldom scarcely) produced,
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without (sometimes with) a tuft of setae posterolaterally; S6 entirely slightly convex, apex
acute, sides weakly angled to carinate, no flattened strong setae.

Species included. Pherotilla japhia (Cameron, 1902), male, comb. n.; P. mlan-
jeana (Bischoff, 1920), male & female, comb. n.; P. oceanica (Mickel, 1935), male &
female, comb. n.; P. rufitincta (Hammer, 1957), male & female, stat. n., comb. n.; P.
striganovae (Lelej, 2012), male & female, comb. n.; five undescribed species, four male
only, one male & female.

Distribution. Southern to eastern Africa (Kenya, Malawi, Mozambique, Namib-
ia, Tanzania), southern to southeastern Asia (India, Indonesia, Laos, Malaysia, Myan-
mar, Nepal, Sri Lanka, Thailand, Vietnam).

Etymology. From the Greek verb gpéow (phero), to carry (referring to their phoretic
copulation), combined with -z/la, a common suffix derived from the genus Mutilla;
gender feminine.

Comments. Both sexes have already been described for only one of the Afro-
tropical species (P. mlanjeana); although only a single female specimen is known to
me, | have designated this as the type species since the male is more typical for the
genus than the most commonly collected Afrotropical species (P. rufitincta, for which
several specimens of both sexes are known). This is the only genus of Rhopalomutil-
linae which is found outside the Afrotropical Region, occurring also in the Oriental
Region, for which there is no evident explanation since we know nothing about their
ecology. Although two species have been described from far south-east Asia (RA. oce-
anica Mickel, 1935 from Borneo and Rh. javana Pagden, 1949 from Java), these differ
only in coloration and I have seen several specimens from neighbouring islands with
intermediate colour patterns but essentially identical morphology (including the male
genitalia), so have concluded that only one variably coloured species is involved, and
Rb. javana syn. n. should be synonymized with Rh. oceanica; a detailed justification
will be provided in a subsequent paper.

Rhopalomutilla André, 1901
Figs 19-26, 35-37, 4345

Mutilla (Rhopalomutilla) André, 1901: 323.
Rhopalomutilla; André 1902: 23; Bischoff 1920: 176; Bradley and Bequaert 1928: 76;
Lelej and Brothers 2008: 53.

Type species. Mutilla (Rhopalomutilla) clavicornis André, 1901: 323, male & female
(monotypy).

Diagnosis. MALE. Head transverse with vertex straight, curved or angled in
anterior view; genal carina present or absent; mandible tridentate; scutellum pulvi-
nate, evenly swollen; S6 with posterior margin deeply notched laterally; S8 strongly
sculptured with prominent peg-like process laterally and posterior margin broadly
and unevenly emarginate; penis valves asymmetrical with right valve larger than left,
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Rhopalomutilla anguliceps

\

Figures 19-26. Rhopalomutilla André. 19-22 Rh. carinaticeps Bischoff 19-20 male, dorsal & lateral
views 21-22 female, lateral & dorsal views 23-26 Rh. anguliceps André 23-24 male, dorsal & lateral
views 25=26 female, lateral & dorsal views. Scales = 1 mm.

each elongate without any setae along posterodorsal margin, outer surface smoothly
convex; paramere with cluster of very strong setae arising under a flange dorsoba-
sally. FEMALE. Head rounded in anterodorsal view, about as wide as long; mesosoma
elongate, lateral margin smooth, convex anteriorly, with concave narrowing between
metathoracic spiracle and propodeal spiracle, lateral margins of propodeum parallel or
converging posteriorly; disc of propodeum posteriorly without any median tubercle
(rarely with very small acute median tooth) and with small tooth at lateral angle; meta-
soma slightly elongate with T'1 broad or narrow; pygidial plate narrowly oval, bounded
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by lateral carina along entire height (sometimes not reaching dorsal extremity), surface
mostly smooth and shining (sometimes with a few longitudinal carinae and/or micro-
punctate and finely pubescent dorsally), posterior margin convex between weak apical
teeth (sometimes without teeth).

Description. MALE. Body black (seldom with mesosoma partly dark red); wings
basally hyaline and apically infuscated (sometimes entirely hyaline or entirely infus-
cated). Head: transverse with vertex flattened, rounded or medially produced behind
ocelli, posterodorsal margin of head in anterior view straight, curved or angled; an-
tennal scrobe above with transverse carina separated from conical secretory tubercle
(seldom continuous with it, or carina or tubercle absent); clypeus with median tu-
bercle (seldom without), 4 marginal teeth; genal carina strongly carinate, ridgelike or
absent, postgena concave to convex; postmandibular carina varied from strong and
extending from mandibular base to occipital foramen to weak and extending from
mandibular base to a point slightly anterior to posterior extremity of oral fossa (carina
rarely absent); pleurostomal carina forming a curved ridge from posterior mandibu-
lar articulation to margin of proboscidal fossa at about half its length (carina seldom
barely distinguishable); mandible tridentate, middle apical tooth smaller than other
two, ventral basal lamella well developed (sometimes weak, rarely absent), gradually
or abruptly narrowed apicad. Mesosoma: with mesoscutum anteroadmedian lines dis-
tinct (seldom indistinct), forming two smooth longitudinal lines/depressions on either
side of a slight ridge; notaulus deep and broad on posterior half or less, absent ante-
riorly; parapsidal line a short longitudinal scar distant from posterior border; tegula
evenly convex (sometimes with posterior margin weakly recurved); scutellum pulvi-
nate, evenly swollen without any posterior tubercle; metanotal dorsellum variable in
form and sculpture; propodeum with disc and declivity abruptly differentiated; lateral
face of pronotum tapered, anteroventral margin blunt (seldom ventrally carinate) and
continuous with anteroventral tooth; mesepisternum with transverse depression weak
(seldom well developed); mesosternum without any distinct projections (sometimes
with a weak short transverse carina on each side about halfway between anterior mar-
gin and mid coxa). Legs: tarsal claws with basal lamella separated from acute apex by a
deep cleft (sometimes lamella much reduced and apparently absent); fore tibia with an
elongate or oval preapical groove/pore on inner (anterior) surface (seldom no discern-
ible secretory structure); mid and hind tibiae with few inconspicuous preapical dorsal
and lateral spines (sometimes absent on hind leg). Metasoma: fairly slender; T2 widest
on posterior half (rarely at about midlength); T2 and S2 without any traces of lateral
felt lines; pygidium (T7) with apical margin convex (seldom straight mesally), edges
slightly recurved (rarely not recurved); S1 without any tooth; S6 with posterior margin
deeply notched on each side; hypopygium (S8) strongly sculptured with prominent
peg-like process laterally and posterior margin broadly and unevenly emarginate. Geni-
talia: basal ring moderate; paramere weakly curved to almost straight, with narrow
apex, with cluster of differentiated very strong setae obliquely oriented and arising
below flange on inner basodorsal margin; penis valves asymmetrical with right valve
slightly larger than left, without any setae.
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FEMALE. Head: rounded in anterodorsal view; sides produced far behind eye,
poorly (seldom well) differentiated from posterodorsal margin of head; posterodorsal
margin entirely moderately convex (seldom with a slight depression on each side); cl-
ypeus with strong median tooth dorsally, a tooth at each side of triangular ventral area;
gena broad, no genal carina (seldom distinguishable but weak); postmandibular carina
weak and irregular running from mandibular base more or less parallel to oral fossa to
level slightly posterior to posterior margin of oral fossa; pleurostomal carina forming
a weak fairly straight ridge from posterior mandibular articulation to margin of oral
fossa at about half (seldom one-third) its length; mandible evenly curved, inner margin
expanded into a weak obtuse long triangular lamella about one-third length from base,
apically weakly bidentate; maxillary palp two- or unsegmented, apically narrowed; la-
bial palp two- or unsegmented, curved and more or less cylindrical to clavate (rarely
apparently absent); antennal scape with lamellate rounded tooth posterolaterally, an-
teromesal surface delimited dorsally by a weak carina basally (seldom a weak additional
ventral carina or no carinae); pedicel without any distinct tuft of fine setae. Mesosoma:
elongate; anterodorsal margin indistinct with fairly long anterior face; humeral angle
bluntly rounded to weakly carinate; lateral margin fairly even and smooth to tubercu-
late, anteriorly weakly convex, then strongly converging and concave to base of propo-
deum, then almost straight and weakly converging to posterolateral angle with strong
(seldom small) acute tooth; disc of propodeum posteriorly rounded, fairly smooth,
without any median tubercle (rarely with very small acute median tooth); posterior
face of propodeum moderately oblique; lateral face of pronotum flattened with no
(or a weak) anterior oblique carina, anteroventral margin not carinate, ventral margin
almost straight, anteroventral extremity obtuse to rectangular; mesepisternum strongly
convex, with or without a vertical ridge above or anterodorsal to mid coxa. Legs: fore
leg with femur flattened below, tibia with preapical oval to circular secretory pore (rare-
ly absent) on inner (anterior) surface, calcar with blade smooth on margin; mid and
hind femora longitudinally concave or flattened below, each with an elongate preapical
lamella anteroventrally; mid and hind tibiae preapically with a few strong dorsal spines
easy to distinguish, a few weak lateral spines fairly difficult to distinguish. Mezasoma:
fairly slender; T1 with anterior face meeting dorsal face at a rounded right to obtuse
angle, dorsal face long and broad or fairly short and narrow but somewhat transverse,
almost as wide as T2 or much narrower, sides weakly convex and slightly diverging
from base or almost straight and slightly converging from base; T2 about as long as
T3-T6, with broad deep basal depression weakly convex posteriorly, sides beyond
basal depression diverging then weakly or strongly convex and scarcely converging
posteriorly; a small indefinite felt-line patch anterolaterally (sometimes absent), pos-
terior margin strongly concave to straight; T3 with posterior margin strongly concave
to straight; T'5 with a strong diagonal tuft of long fine setae (rarely without such setae)
at posterolateral angle; pygidium (T6) with pygidial plate oval, with a strong lateral
bounding carina (sometimes only ventrally), smooth (rarely with a few longitudinal
ridges) and shining, but sometimes sparsely micropunctate and setose dorsolaterally or
almost entirely, apical margin convex between two small teeth; S1 with a short median
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carina (rarely scarcely developed) anterior to a flattened triangular area slightly (rarely
not at all) elevated anteriorly; S4 with posterolateral angle produced, often with a tuft
of setae; S5 with posterolateral angle produced, often with a small tuft of strong setae;
S6 convex but often weakly depressed on each side, apex acute, sides carinate, rarely
with a few long flattened setae posterolaterally.

Species included. Rhopalomutilla anguliceps (André, 1897), male & female; RA.
carinaticeps Bischoff, 1920, male & female; Rh. clavicornis (André, 1901), male &
female; Rh. punctinoda (Cameron, 1910), male only; 18 undescribed species, 11 male
& female, 7 male only.

Distribution. Sub-Saharan Africa (Angola, Botswana, Burkina Faso, Burundi,
Cameroon, Chad, Céte d’Ivoire, Democratic Republic of Congo, Gabon, Guinea,
Kenya, Malawi, Mozambique, Namibia, Nigeria, Senegal, South Africa, Tanzania,
The Gambia, Zambia, Zimbabwe).

Etymology. Not stated by André (1901), but undoubtedly from the Greek noun
pomnahog (rhopalos), a club or cudgel (with reference to the clavate antenna of the
female), combined with Mutilla; gender feminine.

Comments. The only species for which both sexes have as yet been described is
the type species (Rh. clavicornis). This is the largest genus in the subfamily, with the
broadest African distribution, species being found in most of the sub-Saharan region
except for the densely forested areas and the southernmost parts. It includes two groups
based on females, with T1 either about as broad as T2 or much narrower, and also two
groups based on males, with the penis valves either simple ventrally or with variably
produced lobes; unfortunately, these groups have different members so that a simple
subdivision of the genus is not feasible.

Bischoffiella Brothers & Nonveiller, gen. n.
http://zoobank.org/B42AEC7C-B2B2-4AA4-99C9-7174F20446EE
Figs 2, 27-30, 38, 46

Type species. Mutilla cristata Bingham, 1912: 536, male.

Diagnosis. MALE. Entirely black. Head transverse with vertex curved or medially
protuberant in anterior view; genal carina present or absent; mandible tridentate;
scutellum pulvinate, evenly swollen; S6 with posterior margin deeply notched
laterally; S8 strongly sculptured with prominent rounded peg-like process laterally and
posterior margin broadly and unevenly emarginate or weakly produced; penis valves
symmetrical (rarely weakly asymmetrical with right valve scarcely larger than left),
each elongate without any setae along posterodorsal margin, outer surface with dentate
to lamellate protuberance; paramere with cluster of very strong setae arising under a
flange dorsobasally. FEMALE. Head rounded in anterodorsal view, about as wide as
long; mesosoma squat, lateral margin fairly smooth, strongly convex anteriorly, with
strong concave narrowing between metathoracic spiracle and propodeal spiracle, lateral
margins of propodeum weakly diverging posteriorly; disc of propodeum posteriorly
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Bischoffiella cristata

Figures 27-30. Bischoffiella cristata (Bingham). 27-28 male, dorsal & lateral views 29=30 female,

lateral & dorsal views 29-32. Scales = 1 mm.

indistinct, with a very strong median longitudinal ridge elevated and broadened pos-
teriorly and ending abruptly in a vertical face (appearing as an enlarged but narrow
scutellar scale) and with a very strong tooth at lateral angle; metasoma slightly elongate
with T'1 broad; pygidial plate oval, longitudinally sculptured, bounded by carina later-
ally, surface covered by dense semirecumbent setae, posterior margin convex between
rounded extremities of lateral carinae.

Description. MALE. Body black; wings moderately infuscated but hyaline on
about basal third. Head: vertex ending abruptly posteriorly, posterodorsal margin of
head in anterior view evenly rounded or medially protuberant; antennal scrobe with
irregular convex dorsal carina more or less continuous with weak lateral secretory
tubercle; clypeus with median area flattened, sometimes with dorsal tubercle; genal
carina absent or strong, postgena convex to concave; postmandibular carina evident
only laterally; pleurostomal carina distinct; mandible apically tridentate, with middle
apical tooth smaller than other two, ventral basal lamella poorly developed. Mesosoma:
mesoscutum with anteroadmedian lines shallow, separated by a longitudinal ridge;
notaulus deep and broad on posterior half, absent anteriorly; parapsidal line a broad
short longitudinal scar distant from posterior border; tegula evenly convex, more or
less evenly and finely punctate, punctures coarser anteriorly than posteriorly with a
restricted smooth area anteromedially; scutellum with reticulate punctation finer than
that on scutum; metanotal dorsellum rectangular to trapezoidal; propodeum with disc
and declivity abruptly differentiated; lateral face of pronotum tapered, anteroventral
margin blunt, continuous with anteroventral tooth (sometimes tooth absent); mes-
episternum with transverse depression almost indistinguishable; mesosternum with a
short crenulate transverse carina on each side about halfway between anterior margin
and mid coxa. Legs: tarsal claws with basal lamella separated from acute apex by a deep
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cleft; fore tibia with an obliquely oval preapical pore on inner (anterior) surface; mid
and hind tibiae with preapical dorsolateral spines difficult to distinguish. Metasoma:
fairly slender; T2 widest posterior to midpoint; T2 and S2 with inconspicuous dis-
persed traces of linear felt lines; pygidium (T7) with apical margin weakly convex,
edges scarcely recurved (sometimes not recurved); S1 with a distinct paired longitu-
dinal carina diverging posteriorly; S6 with posterior margin deeply notched on each
side and posteriorly expanded medially; hypopygium (S8) strongly sculptured with
prominent apically broadly rounded peg-like process laterally and posterior margin
broadly and unevenly emarginate to medially produced. Genitalia: basal ring moder-
ate; paramere curved with narrow apex, with cluster of differentiated very strong setae
obliquely oriented and arising below flange on inner basodorsal margin; penis valves
symmetrical (rarely weakly asymmetrical with right valve scarcely larger than left),
without any setae, with rounded tooth or lamellate lobe on outer surface.

FEMALE. Head: rounded in anterodorsal view but vertex slightly longitudinally
raised in the middle posteriorly, sides behind eyes weakly convex and somewhat con-
verging posteriorly, produced more than twice length of eye, well differentiated from
posterodorsal margin of head; posterodorsal margin convex medially; clypeus with
very strong acute median tooth above small acute tooth flanked by a small acute tooth
on each side at dorsomedial extremity of fairly strong dorsolateral bounding carina of
smooth obtusely triangular depressed area, a strong acute lamellate tooth at ventrolat-
eral extremity of carina; gena broad, without any genal carina; postmandibular carina
moderate and fairly regular running from mandibular base to level somewhat posterior
to posterior margin of oral fossa; pleurostomal carina forming a fairly distinct straight
ridge from posterior mandibular articulation to margin of oral fossa at about one-third
its length; mandible apically very weakly bidentate, inner margin expanded into a
weak very obtuse long triangular lamella about one-third length from base; maxillary
palpus two-segmented, basal segment elongate and weakly broadened apically, apical
segment much narrower and cylindrical; labial palpus two-segmented, basal segment
short and cylindrical; antennal scape with a lamellate narrowly rounded tooth postero-
laterally, flattened anteromesal surface delimited dorsally by a weak carina over about
basal third; pedicel without any ventral tuft of fine setae. Mesosoma: weakly elongate;
anterodorsal margin extremely indistinct with long anterior face smoothly merging at
a very obtuse angle with dorsal face; humeral angle rounded; lateral margin uneven but
fairly smooth, anteriorly rounded, diverging from humeral angle to rounded protuber-
ance just anterior to prothoracic spiracle then angled and convex, then converging and
margin angled and strongly concave and converging to base of propodeum, lateral
margin of propodeum concave and converging then diverging to posterolateral angle
with a very strong acute flattened tooth; propodeal disc fairly long, with a very strong
median longitudinal ridge elevated and broadened posteriorly and ending abruptly in
a vertical face (appearing as an enlarged but narrow scutellar scale); posterior face of
propodeum strongly oblique; lateral face of pronotum without any anterior oblique
carina, anteroventral extremity narrowly rounded; mesepisternum strongly convex
with a weak short vertical ridge immediately anterodorsal to mid coxa. Legs: fore leg
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Rimulotilla conifera

Pherotilla mlanjeana

Rhopalomutilla clavicornis

Rhopalomutilla anguliceps Bischoffiella cristata

Figures 31-38. Rhopalomutillinae, hypopygium (S8): left = lateral view, anterior to left; centre = ven-
tral view, anterior to left; right = posterior view. 31=32 Rimulotilla gen. n. 31 Ri. tongaana (Péringuey)
32 Ri. conifera (Bischoff) 33—-34 Pherotilla gen. n. 33 P. mlanjeana (Bischoff) 34 P. oceanica (Mickel)
35-37 Rhopalomutilla André 35 Rh. clavicornis (André) 36 Rh. carinaticeps Bischoff 37 Rh. anguliceps
André 38 Bischoffiella cristata (Bingham).

with femur flattened below, tibia with preapical oval secretory pore on inner (anterior)
surface, calcar with blade smooth on margin; mid and hind femora distinctly longitu-
dinally concave below, each with a very broad preapical lamella anteroventrally; mid
and hind tibiae preapically with a few strong dorsal spines easy to distinguish, a few
(several on mid tibia) lateral spines fairly easy to distinguish. Metasoma: fairly slender;
T1 with anterior face weakly concave, meeting dorsal face at a fairly narrowly rounded
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Rhopalomutilla anguliceps Bischoffiella cristata

Figures 39-46. Rhopalomutillinae, male genitalia: upper = dorsal view; middle = left volsella, exterolateral
view; bottom = sagittal view, penis valves and right paramere (right volsella not shown). 39—-40 Rimulotilla
gen. n. 39 Ri. tongaana (Péringuey) 40 Ri. conifera (Bischoff) 4142 Pherotilla gen. n. 41 P. mlanjeana
(Bischoff) 42 P. oceanica (Mickel) 43—45 Rhopalomutilla André 43 Rb. clavicornis (André) 44 Rb. carinaticeps
Bischoff 45 RA. anguliceps André 46 Bischoffiella cristata (Bingham).
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angle, dorsal face very broad and transverse, more than half as long as wide, almost
as wide and more than half as long as T2, sides convex and diverging posteriorly; T2
about as long as T3-T6, with broad deep basal depression strongly convex posteriorly,
sides beyond basal depression somewhat diverging then converging, small indefinite
felt-line patch anterolaterally; T3 with posterior margin very weakly concave medi-
ally; T5 without any tuft of setae at posterolateral angle; pygidium (T6) with pygidial
plate broadly oval, with a strong lateral bounding carina along most of ventral height,
sculpture somewhat concealed by dense semirecumbent setae, apical margin strongly
convex between rounded extremities of lateral carinae; S1 with a short simple median
elevation anterior to a broad flattened pentagonal area bounded by moderate irregular
ridges and elevated anteriorly, narrow lateral marginal depression on each side over
posterior half; S4 with a very weak tuft (sometimes absent) of fine setae at posterolat-
eral angle which is very slightly produced; S5 with posterolateral angle produced and
with a tuft of bent setae laterally; S6 slightly convex but with a longitudinal median
ridge posteriorly, apex acute, sides carinate, no flattened strong setae.

Species included. Bischoffiella cristata (Bingham, 1912), male & female, comb. n.;
two undescribed species, both male & female.

Distribution. Eastern and southern Africa (Angola, Botswana, Kenya, Malawi,
Mozambique, Namibia, South Africa, Tanzania, Zambia, Zimbabwe).

Etymology. Named, at the suggestion of the late Guido Nonveiller, in recognition
of the fundamental contributions of Hans Bischoff (Berlin) to the study of African
Mutillidae, and validating this name which was found attached to a female specimen
(misidentified as Rh. clavicornis by Bischoff) in the Royal Museum for Central Africa,
Tervuren, Belgium by J. Chester Bradley who had recognized that it represented a dif-
ferent genus (see Bradley and Bequaert 1923: 216-7).

Comments. The type species is the only one yet described, from the male only;
both sexes are known for all three included species, however.
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Abstract

The two European sawfly species in the genus Hemichroa are a contrast in behaviour and appearance,
since H. crocea is gregarious and brightly coloured, whereas H. australis is solitary and cryptic. Here, their
defensive strategies are compared by integrating further components. In both species, ventral glands are
minute, and no distinctive volatiles were detected by chemical analysis; hence, these exocrine glands are
probably irrelevant in defence. Ethanol extracts of body parts were feeding deterrent to ant workers of
Myrmica rubra, especially the integument of H. australis which was more deterrent than that of H. crocea.
Single, living larvae of H. crocea were also attacked more frequently by ants. In contrast, single larvae of
H. crocea are reluctantly taken by the bird Parus major that readily feeds on H. australis. The larvae of both
species jerk their abdomen to physically defend themselves and/or to increase their (visual) warning signal
(H. crocea). The larvae of H. crocea can scratch the host plant leaf with the tip of their abdomen to produce
a sound assumed to convey information in intraspecific communication. However, this behaviour was also
elicited from H. australis, when disturbed, which suggests that it may have another function. The defen-
sive strategy is multimodal in both species. The principal differences are the reliance on gregariousness in
H. crocea, as opposed to the use of integumental chemicals in H. australis.
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Introduction

The sawfly genus Hemichroa (Hymenoptera, Tenthredinidae, Nematinae) consti-
tutes a small group of 13 recognized species (Taeger et al. 2010). The larval stage
is described only for the species H. australis (Serville, 1823), H. crocea (Geoffroy,
1785), and H. militaris (Cresson, 1880) (Lorenz and Kraus 1957, Smith 1975).
The geographic distribution is Palaearctic for H. australis, Palaearctic, Nearctic and
Oriental for H. crocea, and Nearctic for H. militaris (Taeger et al. 2010). Only the
two former species occur in Europe, where they are quite common. Both species
feed mainly on Alnus (Betulaceae) (Taeger et al. 1998). Other host-plant genera
of Hemichroa are Betula (Betulaceae), Carpinus, Corylus (Corylaceae), Amelanchier,
Crataegus, and Prunus (Rosaceae) (Smith 1975). The phylogenetic position of Hemi-
chroa is closest to Platycampus (Nyman et al. 2006) that feeds on Alnus and has
extremely cryptic larvae (Boevé and Angeli 2010). The species H. australis is cryptic
and solitary, whereas H. crocea is brightly coloured, gregarious (Lorenz and Kraus
1957, Boevé and Pasteels 1985; Fig. 1) and sometimes a serious pest (Escherich
1940-1942, Kriegl 1964).

Nematinae larvae are characterized by the presence of ventro-abdominal exo-
crine glands which are turned inside out to emit volatiles used in defence (Boevé and
Pasteels 1985). The glands vary in size across species, but they are clearly reduced in
Hemichroa (with a glandular surface of 0.03 mm?; see Boevé and Pasteels 1985), and
their chemical composition remains unknown. A unique facet of H. crocea larvae
is their ability to scratch the leaf’s surface with protuberances on their caudal seg-
ment, producing a stridulatory sound (Hopping 1937). These sounds are thought
to maintain cohesion of the larval group, and to direct individuals to profitable,
fresh leaves (Hograefe 1984). Similar communication by vibrational signals via a
substrate is known for other sawflies such as the pergid Perga affinis (Carne 1962,
Fletcher 2008).

It is likely that the defensive strategy of Hemichroa larvae is multimodal, combin-
ing behavioural, visual, chemical, and acoustic traits. This paper examines two aspects
of their defence by using a comparative approach. The principal purpose was to de-
termine whether or not H. australis and H. crocea — which display opposite appear-
ance and gregariousness — also differ in other (behavioural and chemical) traits, and
in the consequent effectiveness of their defensive strategies. Another aspect was to test
whether and how acoustic cues are involved in defence.

Methods

Larvae of Hemichroa were collected in Belgium and identified following Lorenz and
Kraus (1957). Voucher specimens are kept in the Royal Belgian Institute of Natural
Sciences. Throughout the text, the sawfly collection reference number is given between
square brackets.
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Figure 1. Pictures of larvae of the two studied Hemichroa species. a, b H. australis, solitary (body length

ca. 18 mm) ¢, d H. crocea, gregarious (body length ca. 20 mm). Field host-plant [sawfly collection refe-
rence number]: @ Alnus glutinosa [P2553] b A. glutinosa [P3999] ¢ Betula verrucosa [P3225] d A. glutinosa
[P3230]

Field observations were performed and documented with Pentax Optio W10 and
Nikon Coolpix P300 cameras. An audio file was obtained in indoor conditions with
a Zoom H4n digital recorder, its microphones being placed a few cm from a leaf har-
bouring a group of H. crocea larvae.

Ventral glands were dissected from larvae preserved in 70 % ethanol, then mount-
ed between glass slides and plates. Glands were also dissected from larvae stored at
-30 °C and thawed, to be analysed via solid sample injections by gas chromatography-
ion-trap mass spectrometric detection (GC-ITD) as described in Boevé et al. (1992).

Hemolymph was collected with glass capillaries from live larvae. Afterwards, the
larvae were frozen and the thawed specimens dissected to isolate integument and inter-
nal organs (mainly the digestive tract). The three samples from a batch of larvae were
extracted in ethanol, then filtered, dried, and dissolved in sugar water. The laboratory,
dual-choice bioassay consisted of comparing the number of ant workers of Myrmica
rubra feeding on sugar water versus sugar water plus extract. Another bioassay consisted
of placing a single live larva in the presence of 20 ants; the number of ants attacking
the larva was counted, and the behavioural interactions were noted. All experimental
procedures are detailed in Boevé (2010).
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Results

Behaviour

The larvae of H. crocea and H. australis settle on the edge of a leaf, firmly gripping with
their thoracic legs. Younger larvae make a hole in the leaf, thus feeding on the inner
leaf edge, whereas older larvae feed on the outer edge, which is especially the case for
H. crocea (Hopping 1937).

If disturbed, the larva places its body on the leaf side opposite to the source of
disturbance, especially so in H. australis. Larvae can also perform defensive movements
with the abdomen. These movements are either hearable scratch sequences (see Intro-
duction; Suppl. material 1), or single quite violent jerks. Both abdominal movements
were observed in H. crocea and H. australis. Larvae performed jerks when disturbed by
approaching and attacking ant workers, or when I approached them, or when I directed
my finger towards them. Since H. crocea is gregarious, jerking by one individual could
be imitated by others, leading to ‘waves’ of jerks within a group (Suppl. material 2). This
was elicited by an external disturbance as much as by an internal one in that the larvae
were disturbing each other. When many larvae settled on one leaf and consumed a
major part of it, scratching behaviour was virtually impossible because there was almost
no leaf surface available. A few times in the field, my approach provoked scratching in
alarva of H. australis (i.e. different larvae, locations, and dates; Suppl. material 3) and,
if the environment was calm, I could hear it from nearly a meter away. After a while,
however, the larva stopped scratching, probably do to habituation or fatigue.

Morphology and chemistry of ventral glands

The minute and flattened ventral glands of H. crocea and H. australis are associated
with only one pair of retractor muscles. The secretory layer is composed of only about
25 glandular cells on each side of the pouch.

Only small amounts of chemical compounds were detected by analysing a whole
ventral gland. These were alkanes with an odd number of carbon atoms from 23 to 27
in H. crocea, and 21 to 27 in H. australis.

Defensive efficiency

All extracts at a starting-test concentration of 8 mg DW extract / ml sugar water sig-
nificantly deterred ants (Tab. 1). Internal organs proved to be the most deterrent body
parts in both Hemichroa species. At this concentration, the total number of feeding
ants was not significantly different between the two species, neither by comparing the
hemolymph extract with the control solution (P = 0.742, Fisher exact probability test,
two-tailed), nor by similarly considering the internal organs (P = 0.617). However, it
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Table 1. Feeding deterrence rates of extracts of Hemichroa larvae against M. rubra ants.

Species Extract 8.0 mg DW/ml 2.6 mg DW/ml 0.8 mg DW/ml
H. australis Hemolymph 61** (93) 7 (198) 8 (141)
Integument 65** (126) 24* (124) 6 (128)
Internal organs 87** (169) 39** (154) 9 (200)
H. crocea Hemolymph 57** (139) 36** (115) 3 (218)
Integument 31* (283) -2 (182) -
Internal organs 91** (129) 45** (131) 6 (175)

The deterrence rate is the percentage of (C-T)/(C+T), where C and T are the total numbers of ants feeding
on the control and test solution, in a 12-replicated test. Values for C+T are given between parentheses. The
starting extract solution was tested also in two logarithmic dilutions. For each test, the paired number of ants
was compared with the Wilcoxon signed-rank test, two-tailed: (*) P < 0.05, (**) P < 0.01. (-) Not tested.

was significantly different for the integument (P < 0.001) with H. australis being more
deterrent than H. crocea. Testing dilutions of the starting concentration confirmed
these results for the integument and internal organs, but indicated that the hemo-
lymph may be more deterrent in H. crocea (Tab. 1).

A single living larva of H. australis was significantly less likely to be attacked (by a
mean + SD of 3.5 + 2.6 ants) than one of H. crocea (6.5 + 1.8) (P < 0.05, Mann-Whitney
test, two-tailed). Both sawfly species made violent body movements while being attacked.
Conversely, H. australis provoked clearer signs of distress in the ants than H. crocea.

Discussion

Anti-predator defensive mechanisms often act in concert, but are dynamically modu-
lated so as to produce specific responses to threats that vary in type, time, and intensity
(Rowe and Harpin 2013). This is well illustrated in the two studied Hemichroa species
in which visual, chemical, behavioural, and possibly acoustic components were revealed.

Ventral glands are greatly reduced compared to other Nematinae species. The de-
tected alkanes, from heneicosane to heptacosane, were not unique to Hemichroa or the
Nematinae, but correspond to those hydrocarbons generally occurring on the cuticular
surface of insects (Blomquist and Bagnéres 2010). As far as known, they are devoid
of any particular interspecific repellent effect. Thus, the chemical defence in both spe-
cies does not rely on a volatile glandular secretion, contrasting the situation in other
Nematinae species (e.g. Boevé et al. 1992). However, another type of chemical defence
exists because the extracts of all body parts proved to be deterrent to ants, notably
the integument of H. australis (Tab. 1). This result was in accordance with the greater
defensive efficiency of individual larvae of the latter species when confronted with 20
ants. Moreover, the mechanical resistance of the integument of H. australis is twice as
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high as that of A. crocea (U. Schaffner and Boevé, unpublished results). The physical
barrier is of particular importance in defending against invertebrate predators such as
ants. But, the bird Parus major readily feeds on single larvae of H. australis, while only
reluctantly accepting those of H. crocea (see Boevé and Pasteels 1985). Thus, a single
H. crocea is better defended against birds than a single H. australis, the reverse being
true against ants. In natural conditions, gregariousness of /. crocea probably enhances
its defence against birds and may compensate for the relatively low defence efficiency
of each individual against ants.

Both sawfly species exhibit similar abdominal movements. A larva can switch be-
tween jerking and scratching within a short period. The jerks are a common defen-
sive behaviour among Nematinae larvae, and they can knock down a foraging ant or
parasitoid, but are ineflicient against birds as a physical defence (Boevé and Pasteels
1985). However, the intensity of the warning signal is increased by the gregarious
behaviour of H. crocea larvae. The scratching behaviour is unusual among insects. In
Hemichroa, there is good evidence that it plays a role in defence such as an acoustic
and/or vibrational warning signal (Suppl. materials 1 and 3) that may function against
birds as well as predatory invertebrates. It is reported here in H. australis for the first
time. This solitary species obviously does not use scratching to communicate with
conspecifics. It seems that this behaviour is used less frequently than jerking, and only
when first encountering an antagonist, which may explain why Hograefe (1984) con-
sidered it as non-existent in this species. Interestingly, the larva of H. militaris does
not possess caudal protuberances (Smith 1975), which raises the question whether it
performs scratching or not. Furthermore, Dyar (1895: p. 305) says of the gregarious
larvae of Nematus ventralis Say, 1824 (Nematinae): “The larvae scratch the leaf with
their anal prongs and make a rasping sound”. In H. crocea, the use of scratching in
intraspecific communication is plausible, although counterarguments to the conclu-
sions of Hograefe (1984) would be that undamaged foliage not only supposes leaves
with higher nutritional quality, but also a larger leaf surface on which the behaviour
can be executed, independently of its function. Moreover, it remains unclear why the
larvae on the heavily eaten leaf perform frequent scratch sequences at the beginning
of the experiment; the experiment itself possibly disturbed the larvae that may have
responded by a ‘defensive’ behaviour.

Conclusion

Scratching is known to be a way of inter-individual communication in /. crocea. How-
ever, it is concluded here that the behaviour may be part of the defensive strategy in
this gregarious species as well as in the solitary H. australis. There are gradual, behav-
ioural responses to increasing levels of disturbance, with hiding (behind the leaf) fol-
lowed by scratching, and finally jerking. The defensive arsenal is multimodal, involv-
ing behavioural traits as well as visual (gregariousness; brightly coloured versus cryptic
integument), chemical (water-soluble chemical compounds), and acoustic (sounds by
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scratching) traits. The divergence between the two defensive strategies is gregariousness
in AH. crocea and integumental chemicals in H. australis. The identity of these chemicals
remains unknown. They may be plant-derived since the digestive tract (as main part of
the internal organs) was overall the most active extract tested. The comparison of the
defensive strategies between the two Hemichroa species reveals, 1) obvious contrasts
in larval appearance and gregariousness, 2) points of similarity in jerking, scratching
and in the absence of functional ventral glands, and 3) different defensive efficiencies
against ants and birds, with single larvae of H. crocea being better defended against
birds, whereas H. australis against ants.
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Supplementary material |

Audio of scratch sequences performed by a group of larvae of H. crocea

Author: Jean-Luc Boevé

Data type: audio

Explanation note: Audio (mp2; duration 3min25sec) of scratch sequences performed
by a group of larvae of H. crocea. Larvae were collected in the field (Ave-et-Auffe,
08.X.2013) [P3799], but sounds recorded in indoor conditions (10.X.2013, be-
tween 9 and 10 PM). For clarity, the original audio was 20 dB amplified, followed
by a 24dB background noise reduction. Note that the third scratch sequence is
quite loud. Following Hograefe (1984), a scratch sequence comprises 3—5 behav-
ioural units lasting 224+6 milliseconds each.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Supplementary material 2

Group of larvae of H. crocea performing rather synchronized jerks with their ab-

domen

Author: Jean-Luc Boevé

Data type: video

Explanation note: Video (m4v; duration 19sec) in field conditions of a group of larvae
of H. crocea performing rather synchronized jerks with their abdomen. The larvae
are those shown in Fig. 1d.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Supplementary material 3

Larva of of H. australis performing the leaf scratching behaviour

Author: Jean-Luc Boevé

Data type: video

Explanation note: Video (m4v; duration 40sec) in field conditions of a larva of H. aus-
tralis performing the leaf scratching behaviour. Larva is the one shown in Fig. 1b.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Abstract

In this study we present a taxonomic update for the Oceanian Proceratium. A recent ant biodiversity
survey in Samoa collected an unknown Proceratium species, which we describe here as Proceratium
silisili sp. n. This new species also presents the first record of this genus, as well as the whole subfamily
Proceratiinae, in Samoa. Proceratium silisili is clearly distinguishable from the other Oceanian Procera-
tium species based on the differences in petiole node shape, number of mandible teeth, shape of the
abdominal segment IV, as well as the surface sculpture on the head. A detailed description of P, silisili,
high-quality specimen images, as well as an identification key to Oceanian species and a diagnostic
discussion are provided.
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Introduction

Proceratium is the type genus of the Proceratiinae subfamily which also includes the
genera Discothyrea Roger, Probolomyrmex Mayr, as well as the extinct Bradoponera
Mayr. Within the subfamily, Proceratium represents the genus with the highest spe-
cies diversity of currently 82 extant species (Discothyrea: 34, Probolomyrmex: 26 valid
species; Bolton 2015). All three genera are more or less globally distributed, although
comparatively patchily. Discothyrea and Probolomyrmex, however, both seem to be ab-
sent from temperate climates and most of the Nearctic and Palaearctic regions. Many
species live hypogacically, nest in soil, leaf litter, rotten wood, under deep-set stones
(Brown 1958a, Baroni Urbani and de Andrade 2003, Fisher 2005), but also in tree
branches (Brown 1974). Due to cryptic lifestyles and local rarity uncertainties about
their biologies and biogeographic distributions are high (Baroni Urbani and deAndrade
2003, Hita Garcia et al. 2014). Specialised predatory behaviour has been documented
in both Discothyrea and Proceratium. Workers were carrying and feeding on arthropod
(probably spider) eggs and storing them in their nests (Brown 1958a, 1958b, 1974,
1980, Dejean and Dejean 1998, Dejean et al. 1999, Fisher 2005b, Katayama 2013).

According to Hita Garcia et al. (2014) the taxonomy of the genus is in a moder-
ately good condition, with a relatively recent global revision by Baroni Urbani and de
Andrade (2003) providing a valuable basis for smaller taxonomic updates and regional
revisions (Bharti and Wachkoo 2014, Fisher 2005b, Hita Garcia et al. 2014, Hita
Garcia et al. 2015, Xu 2006). For Japan Onoyama and Yoshimura (2002) provided a
taxonomic revision for the genus, raising the number of Proceratium species from three
to four. With increasing use of subterranean sampling techniques, more new taxa can
be expected in the future. For example, due to recent intensive collection efforts on
Madagascar and neighboring islands (Fisher 2005a), 11 undescribed species have been
recorded for the Malagasy region (Hita Garcia and Fisher, unpublished — see www.
antweb.org) — which is a large number for this relatively small genus.

In the Oceanian region, nine species are presently known, eight of them recog-
nized by Baroni Urbani and de Andrade (2003): Proceratium austronesicumn De An-
drade, 2003, P. ivimka De Andrade, 2003 and P. snellingi Baroni Urbani & de An-
drade, 2003 in Papua New Guinea, P. caledonicum De Andrade, 2003 and P. politum
De Andrade, 2003 in New Caledonia, P. oceanicum De Andrade, 2003 and P. relictum
Mann, 1921 in Fiji, and P. papuanum Emery, 1897 in Malaysia, Indonesia, Papua
New Guinea, Philippines, and the Solomon Islands. Earlier this year, Hita Garcia et al.
(2015) described P. vinaka as a third Fijian Proceratium species (=P. sp FJO1 in Sarnat
and Economo (2012)).

In the present publication, Proceratium silisili sp. n., the tenth Oceanian species, is
described. It was collected on Samoa and represents the first record for both, the genus
Proceratium and the subfamily Proceratiinae on these islands (Wetterer and Vargo
2003). Morphologically, it is very distinct from the other species found across the
region and shows a unique combination of characters that distinguishes it from all
other Oceanian Proceratium species. Thus, it seems likely that P. silisili sp. n. is not a
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member of the silaceum clade as defined by Baroni Urbani and de Andrade (2003).
This clade currently includes all other Oceanian species (Hita Garcia et al. 2015) and
20 species with very different geographic distributions. Judging by the presence of
mostly ancestral character states and an absence of real synapomorphies in the majority
of species belonging to this clade (Baroni Urbani and de Andrade (2003) — see strict
consensus tree, fig. 29), it is possible that the silaceum clade is not a phylogenetic unit
and instead comprises several unrelated clades. The outer morphology of P. silisili
sp. n. more closely resembles that of several Neotropical Proceratium species in the
micrommatum clade — in particular with mandibles often containing less than six teeth
(e.g. P. micrommatum & P. mexicanum with 4 teeth), petiole node stoutly nodiform, not
squamiform as in silaceum clade, ventral petiole process small triangular, and abdominal
segment IV strongly recurved. However, since the different clades were defined on the
basis of presence-absence analyses of 62 morphological characters, it seems prudent to
exercise caution in equating them with true phylogenetic relationships. A phylogenetic
analysis including molecular data would be the next logical step in untangling the
taxonomy of this phylogenetically basal ant genus.

Abbreviations of depositories

The collection abbreviation follows Evenhuis (2015). The holotype of the new species
will be deposited at the following institution:

OSAKA Osaka Museum of Natural History (OMNH), Osaka, Japan

Material and methods

The holotype of the new species was collected during an inventory of the ant fauna of
Samoa in 2015 by C. Liu and E.M. Sarnat. Morphological observations and measure-
ments were performed with a Leica M165 C stereomicroscope equipped with an or-
thogonal pair of micrometres at a magnification of 100x. Measurements were recorded
in millimetres to three decimal places and rounded to two decimal places for presenta-
tion. The measurements and indices used in this study follow Hita Garcia et al. (2014,
2015) who introduced a few new measurements and indices to Proceratium taxonomy:

EL Eye length: maximum length of eye measured in oblique lateral view.

HL Head length: maximum measurable distance from the mid-point of the an-
terior clypeal margin to the mid-point of the posterior margin of head, meas-
ured in full-face view. Impressions on anterior clypeal margin and posterior
head margin reduce head length

HLM  Head length with mandibles: maximum head length in full-face view including
closed mandible
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Head length: Maximum head width directly behind the eyes, measured in
full-face view

Hind femur length: maximum length of hind femur measured along its ex-
ternal face

Hind tibia length: maximum length of hind tibia measured along its external face
Hind basitarsus length: maximum length of hind basitarsus measured along
its external face

Abdominal tergum III length: maximum length of abdominal tergum III (=
length of segment III) in lateral view

Abdominal sternum IV length: maximum length of abdominal sternum IV
following Ward (1988)

Abdominal tergum IV length: maximum length of abdominal tergum IV
following Ward (1988)

Petiolar length: maximum length of the petiole in dorsal view including its
anterior prolongation

Petiolar width: maximum width of petiole in dorsal view

Scape length: maximum length of scape shaft excluding basal condyle
Total body length: combined length of HLM + WL + PeL + LT3 + LT4
Weber’s length: diagonal length of mesosoma in lateral view from the ante-
rior-most point of pronotal slope (excluding neck) to posterovental margin
of propodeal lamella or lobe

Cephalic index: HW / HL x 100

Ocular index: EL / HW x 100

Scape index: SL / HL x 100

Dorsal petiole index: PeW / PeLL x 100

Abdominal segment index: LT4 / LT3 x 100

Gastral reflexion index: LS4 / LT4

Identification key to workers of Oceanic islands Proceratium (adapted from Baroni
Urbani and de Andrade (2003), not including Papua New Guinea)

1

Dorsal face of petiole node sub-rectangular, almost as wide as long (DPel 128)
(Fig. 1A); mandibles with 4 distinct teeth; body covered with short, dense, de-
cumbent pilosity, longer erect or suberect hairs completely absent; abdominal
segment IV strongly recurved (IGR 0.25) (Fig. 1B) (Samoa) ............. P. silisili
Dorsal face of petiole node narrow and transversally compressed, distinctly wider
than long (DPel>150) (Fig. 1C); mandibles with 6 or more teeth or denticles;
longer erect or suberect hairs present in addition to short decumbent pilosity;
abdominal segment IV distinctly less recurved (IGR 0.46-0.54) (Fig. 1D)....... 2
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5
—

Figure 1. Proceratium silisili sp. n. (CASENT0741888). A Petiole in dorsal view B Gaster in pro-
file. Proceratium oceanicum (CASENTO0171053) € DPetiole in dorsal view. Proceratium relictum
(CASENT0194740) D Petiole in profile.

2 Subpetiolar process reduced and rounded without any distinct projections
(Fig. 2A) (FIJ1) ceeeeieieecieeeiiceeceee e P. vinaka
- Subpetiolar process not reduced and rounded, either with spiniform or sub-
triangular / subrectangular lamellate projections (Fig. 2B, C, D) ................ 3
3 Petiole shape in profile squamiform, dorsally distinctly narrower than at the
base and anterior face oblique (Fig. 2B, C) ...ccocvvvviiiiiiiiniiiiiiiiiece 4
- Petiole shape in profile flattened subrectangular, at apex not distinctly nar-
rower than at the base and anterior face vertical or subvertical (Fig. 2D).....5
4 Subpetiolar process spiniform (Fiji) (Fig. 2B) .....ccccecviinnnes P. oceanicum
- Subpetiolar process lamellate, subtriangular (Fiji) (Fig. 2C)........ P. relictum

Figure 2. Petiole and subpetiolar process in profile view. A Proceratium vinaka (CASENT0187587)
B Proceratium oceanicum (CASENTO0171053) C Proceratium relictum (CASENT0194740) D Procera-

tium caledonicum (CASENT0172099).

5 Frontal lobes very small, each lobes’ surface area covering less than clypeal
area in between frontal lobes (New Caledonia) (Fig. 3A) ..... P. caledonicum
- Frontal lobes larger than clypeal area between frontal lobes (Fig. 3B, C).....6
6 Larger species (HL 0.69-0.74, WL 0.91-1.00); body smooth and shiny,
head minutely punctate (New Caledonia) (Figs 3B, 4A) .............. P. politum
- Distinctly smaller species (HL 0.55-0.60, WL 0.66-0.70); head and body
weakly punctate (Fig. 3C, 4B) (Indonesia, Malaysia, Papua New Guinea,
Philippines, Solomon Islands)........ccccoeirircoiniinncinicnne. P. papuanum
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Figure 3. Head in full-face view. A Proceratium caledonicum (CASENT0172099) B Proceratium politum
(CASENTO0172113) C Proceratium papuanum (CASTYPE06965).

0.5 mm

Figure 4. Body in profile view. A Proceratium politum (CASENT0172113) B Proceratium papuanum
(CASTYPE0G965).

Proceratium silisili Liu, Fischer & Economo, sp. n.

http://zoobank.org/9ABOE143-16D2-4006-AEC1-F356097C9F03
Fig. 5

Type material. Holotype. Pinned worker, Samoa, Savai, 5.4km SSW A’opo vil, Mt.
Silisili, 13°38'10"S, 172°30'23"W, 1200m, montane rainforest, leaf litter, 22.iv.2015
(E. Sarnat & C. Lin) (OSAKA: CASENT0741888).

Diagnosis. Proceratium silisili differs from the other Oceanian members of Procera-
tium by the following combination of characters: mandible with 4 distinct teeth; petiole
node in dorsal face-view subrectangular, almost as long as wide (DPel 128); abdominal
segment IV in profile view strongly recurved (IGR 0.25), highly rounded and almost
spherical in its appearance; whole body very densely punctate, except for small smooth
and shiny spot posterior of frontal lobes; pilosity dense, uniformly short and decum-
bent, long and erect or suberect hairs completely absent. Using the above character
combination, P. silisili can also be distinguished easily from its geographically closest
congeners in Fiji. Proceratium oceanicum, P. relictum and P. vinaka all have elongate-
triangular mandibles with relatively long masticatory margins and more than six teeth
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Figure 5. Proceratium silisili sp. n. (CASENT0741888). A Body in profile B Body in dorsal view
C Head in full-face view D Mandible in frontal view.
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or denticles, petiole in profile either squamiform or narrow, transversally compressed
subrectangular, abdominal segment IV not strongly recurved (IGR > 0.45), and long
standing hairs present.

Worker measurements (N=1). TL 3.36; EL 0.04; SL 0.56; HL 0.83; HLM 0.99;
HW 0.75; WL 0.97; HFeL 0.65; HTiL 0.52; HBal. 0.27; Pel. 0.24; PeW 0.31; DPeLL
128; LT3 0.4; LS4 0.2; LT4 0.8; OI 6; CI 90; SI 74; IGR 0.25; ASI 204.

Worker description. In full-face view, head subrectangular, longer than wide
(CI 90), sides and posterior head margin convex. Mandibles with four distinct, well
developed teeth, curved triangular with short masticatory margin. Clypeus strongly
reduced, anteromedially with a small, triangular projection, anterolaterally reduced to
extremely narrow with a thin wall in front of antennal sockets. Frontal carinae absent
or vestigial, frontal lobes narrow, not covering the antennal sockets, posteriorly strong-
ly convergent, ending just after posterior limit of antennal sockets. Eyes very small (OI
6), consisting of single ommatidium.

Mesosoma in profile convex, almost as long as maximum head length including
mandibles. Lower mesopleuron with well impressed sutures, propodeum without pos-
terior teeth, propodeal lobes small, reduced and blunt, posterior declivity relatively
steep, in posterolateral and posterodorsal view separated from lateral propodeum by
a distinct margin, propodeal spiracle circular and facing posterior end of mesosoma,
situated slightly above mid height. Front and hind tibia with pectinate spur present,
both without calcar of strigil, mesotibial spur absent, pretarsal claws simple, arolia
absent. Petiole node in profile about as high as long, anterior face almost vertical, the
dorsum almost flat, anteriorly and posteriorly weakly rounded, in dorsal view subrec-
tangular with convex sides and slightly wider than long (DPeL 128), ventral process a
small, blunt tooth.

Abdominal segment III in dorsal view anteriorly wider than petiole, posteriorly
diverging, in profile abdominal sternite III anterolaterally with small, angulate anterior
projection on either side of shallow median depression. Constriction between abdomi-
nal segments III and IV distinctly impressed. Abdominal segment IV strongly recurved
(IGR 0.25), highly rounded and almost spherical in its appearance, abdominal tergum
IV about twice as long as abdominal tergum III (ASI 204). Remaining abdominal seg-
ments reduced and comparatively inconspicuous, curved forwards.

Whole body in profile and in dorsal view covered with uniform dense layer of
short, decumbent hairs, longer erect hairs completely absent.

Sculpture on mandibles irregularly punctate, on remainder of body very densely
punctate, except for small smooth and shiny spot posterior of frontal lobes. Punctation
also less strongly developed on abdominal segment IV, tergum IV appearing more shiny.

Body color dark red, legs and flagella of lighter, reddish brown coloration.

Distribution and ecology. At present, the new species is only known from Savai
island in Samoa, and is likely endemic to Samoa. The type locality is a montane rain-
forest on M. Silisili, situated at an elevation of 1200m. Only one single worker of the
new species was collected through leaf litter extraction. The genus Proceratium has not
been previously reported from Samoa according to the GABI database (Guénard et
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al. in review). There is no additional information about its ecology due to the limited
available material.

Taxonomic notes. The identification of P. si/isili within the Oceanian region can
be easily performed with the character combination given in the diagnosis. The new
species is morphologically distinct from all the other members in the Oceanian re-
gion. It is thus possible that the Samoa species has a different origin than the other
species in the region and that it is a descendent of a New World ancestor from the
micrommatum clade. Several of the observed morphological characters are in support
of this hypothesis: the mandibles have four teeth only, clypeus medially narrow with
triangular projection, and mesotibiae without pectinate spur present. Also the subrec-
tangular shape of the petiole and the absence of a lamellate ventral process, as well as
the strongly recurved and almost spherical shape of the abdominal segment IV point
in the same direction, although a triangular to strongly reduced ventral process can also
be observed in the Proceratium species present on Fiji. A more definitive placement of
the new species within the genus phylogeny, however, has to be postponed until more
conclusive (e.g genetic) data can be analysed.
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Abstract

Cerceris fumipennis Say, 1837 (Hymenoptera: Crabronidae) is a wasp that provisions its subterranean nests
with jewel beetles (Coleoptera: Buprestidae). At 3 newly discovered colonies in British Columbia (BC), C.
Sfumipennis prey were collected by excavating the subterranean nests, using sweep nets to capture paralyzed
prey in the grasp of a female returning to her nest, or collecting prey discarded at the nest entrance. In
total, 9 species were collected: Acmaeodera idahoensis Barr, Agrilus crataegi Frost, Agrilus granulatus populi
Fisher, Anthaxia (Haplanthaxia) caseyi caseyi Obenberger, Chrysobothris laricis Van Dyke, Chrysobothris
leechi Barr, Phaenops drummondi (Kirby), Phaenops gentilis (LeConte) and Phaenops intrusa (Horn). An-
thaxia caseyi caseyi was the smallest beetle (4.2 mm) while C. leechi was the largest (12.0 mm). The average
size of all buprestid prey taken by females from all 3 colonies was 8.8 mm. These represent the first prey
records for C. fumipennis in BC and with the exception of R drummondi are new prey records for this
wasp. A single Harpalus affinis (Schrank) (Coleoptera: Carabidae) was discovered within a brood cell
containing Acmaeodera spp. elytra, but it is unclear if this beetle was placed in the cell by a female wasp.

Copyright Troy Kimoto 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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Introduction

Cerceris fumipennis Say, 1837 (Hymenoptera: Crabronidae) is a ground-nesting wasp
in which females provision their nests with paralysed buprestid beetles in jelly bean
shaped subterranean cells (Scullen 1965; Hook and Evans 1991; Marshall et al. 2005).
In Canada, colonies have been discovered in western Québec and throughout south-
ern Ontario (Buck 2004; Marshall et al. 2005; Careless et al. 2009; Careless 2010).
In 2012 and 2013, a total of 1 male and 4 females were captured by sweep net at a
colony in Merritt, British Columbia (BC) (Kimoto and Buck 2015). This represents
the first time C. fumipennis has been recorded from BC since 1935 (2 females collected
by R.H. Beamer on 3 August 1935; University of Kansas Natural History Museum,
Lawrence, Kansas, US) and also represents the first recorded colony.

Female Cerceris fumipennis are adept at capturing a wide variety of buprestid bee-
tles, and have been the source for various new provincial, state and national records
(Marshall et al. 2005). Therefore, it has been used in eastern North America by the
Canadian Food Inspection Agency (CFIA) and other departments as a biosurveillance
tool to detect the non-indigenous emerald ash borer, Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae) (Marshall et al. 2006; Careless et al. 2009; Nalepa et al.
2012; Careless et al. 2014). In the eastern US, citizen-scientist programs have been
established whereby colonies are “adopted” and monitored by the public. In 2012, an
adopted C. fumipennis colony was responsible for the first state record of emerald ash
borer in Connecticut (Rutledge et al. 2013). It is the intention of the senior author to
establish citizen-scientist programs in BC to detect non-indigenous buprestid beetles,
but additional colonies need to be discovered before this can occur.

In 2013 and 2014, additional sites from the Greater Vancouver Region, the Fraser
Canyon, and the Okanagan Valley were examined for the presence of Cerceris fumipen-
nis colonies. This paper outlines the variety of sites examined, the location of two new
colonies and first prey records for C. fumipennis in BC.

Methods and materials

Searching for Cerceris colonies

In 2013, 13 sites in Ashcroft, Spence’s Bridge, Cache Creek, Skihist, Boston Bar, Ver-
non, and West Kelowna were examined. In 2014, 85 sites in Kamloops, West Kelow-
na, Coldstream, Vernon, Osoyoos, Oliver, Okanagan Falls, Penticton, Summerland,
Chilliwack, Merritt, Logan Lake, Lytton, Hope, Coquihalla Highway, Kane Valley
Road, Cloverdale, Lillooet, Duffy Lake Road, Richmond, Ashcroft, Cache Creek,
Clinton, Hat Creek, and Pavilion were examined.
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Google Maps (2014) was used to find baseball fields and other areas with bare
patches of soil exposed to full sun. The ground at each site was examined for the pres-
ence of circular holes and tumuli. Where possible, the central location of the Merritt
colony was used to reinforce the search image of nest entrance shape and size. When
entrance holes approximately 5-7 mm in diameter were discovered, clear plastic cups
were placed over these holes and returning wasps were captured in sweep nets. Speci-
mens were placed in glass vials with 75% ethanol and submitted to Matthias Buck for
identification and deposited at the Royal Alberta Museum in Edmonton.

Collecting Cerceris fumipennis prey at nest entrances

Beetles were collected at Cerceris fumipennis colonies during 4 days in July and 2 days
in August 2014. Clear plastic cups were placed over entrance holes and a sweep net was
used to collect female wasps returning with prey. The nest entrances and completely
enclosed tumuli were also examined for dropped prey.

Cerceris fumipennis nest excavation

On 25 July 2014, a single nest at the north end of St. Georges Road, Lytton was excavat-
ed. Using a trowel, soil around the nest entrance was removed and placed onto a cleared
area. The soil was carefully broken into smaller pieces. Upon discovering a cell contain-
ing buprestid beetles or wasp cocoons, a tape measure was used to determine the depth
below the surface. The contents of each cell was described and recorded. On 7 August
2014, a single nest that was at least 2 feet away from any other visible Cerceris fumipen-
nis nest entrances was excavated at the Central Park colony in Merritt. Methodology
followed that used in Lytton. On August 11, an additional 4 nests were excavated in
Merritt, but the depth at which buprestid specimens were discovered was not recorded.

All beetles collected at the nest entrances and during excavation were placed in
100% USP/FCC propylene glycol and sent to the CFIA entomology laboratory in
Victoria where they were identified and their length measured, to the nearest one tenth
mm, using a Leica microscope (DFC495) along with Leica Applications Suite 4.1.
These specimens were pinned, labelled and then sent to Eduard Jendek and Richard
Westcott for confirmation of species determination.

Soil analysis

One soil sample immediately adjacent to (Lillooet) or within (Merritt, Lytton) a known
Cerceris fumipennis nest was collected from each of the 3 colonies. Approximately 50
g of air-dried soil was submitted to the British Columbia Ministry of Environment to
assess soil texture (sand, silt and clay composition) and organic content (2 mm sieve
pass, loss on ignition).
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Results

New colonies

Thirteen sites were examined in 2013 and 85 sites were examined from 30 June to 29
July 2014 (Table 1). Thirty percent of all sites were baseball fields (red shale), 22% were
dirt roads (compact soil), 8% were baseball fields (compact soil) and 6% were parking
lots (compact soil). On 11 July 2014, one female Cerceris fumipennis was captured in
a sweep net in a dirt parking lot at the north end of St. Georges Road in Lytton. This
colony occurs a few hundred metres north of the Stein Valley Nlakapamux School in
compact sand adjacent to a baseball field (Fig. 1). A few ant nests but no C. fumipennis
nests were observed in this baseball diamond. Two females were also captured on 17
July 2014 in a sweep net at a dirt parking lot, comprised of compact sand, adjacent to
P’egp’ig’'lha Community Centre in Lillooet (Fig. 2). Table 2 and Figure 3 provide ad-
ditional information and show the relative location of each colony. As per the previous
description of C. fumipennis specimens from BC (Kimoto and Buck 2015), the average
fore wing length of the Lytton and Lillooet specimens is approximately 10.5 mm which

Table I. List of sites examined for Cerceris colonies in BC, excluding Central Park, Merritt.

Year Site Type Substrate Number'of sites | C. ﬁtmip.ennis
examined colonies
Dirt roads, parking lots Gravel 1 0
Baseball fields Red shale 0
Baseball fields Compact sand 2 0
2013 Baseball fields Loose sand 1 0
Running ovals Gravel 2 0
School yard Gravel 2 0
Field Compact sand 1 0
Dirt roads, parking lots Gravel 5 0
Dirt road Compact sand 22 0
Parking lot Compact sand 6 2
Baseball fields Red shale 25 0
Baseball fields Compact sand 6 0
Baseball fields Loose sand 3 0
Running ovals Gravel 3 0
2014 Running ovals Compact sand 1 0
Equestrian centre Loose sand or gravel 3 0
Alirstrip Gravel or compact sand 2 0
Campground Gravel 4 0
Picnic site Gravel 1 0
Beach (lake) Loose sand 1 0
Cemetery Gravel, compact sand 1 0
Natural area (desert) Covered in vegetation 1 0
Misc. open area Loose sand 1 0
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Figure 1. Cerceris fumipennis colony north of the Stein Valley Nlakapamux School, Lytton, BC.

Table 2. Site description of the 3 Cerceris fumipennis colonies in BC.

Site name City Date Site type coo(r;jlf;g::el; lEiI;D) Elevation (m)

Central Park Merritt | 3 August 2012 | Dirt path _?(2)01;33?2?\7’(/ 599
Nkapamun Sehool | 0n | 111y 2014 | Pukinglor | 5760000 | 220
Corrz:Lgli ’iiglgintre Lillooet | 17 July 2014 | Parking lot i ?g 16;22?(1)%7 1136
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Figure 3. Map showing the location of the 3 Cerceris fumipennis colonies.
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is within the lower range of eastern specimens. Lytton and Lillooet occur within the
Ponderosa Pine biogeoclimatic zone which is characterized by very warm, dry summers
and cool winters with light snow cover (Anonymous 2007). Large diameter (+45 cm
dbh) ponderosa pine, Pinus ponderosa Douglas ex. Lawson and C. Lawson (Pinaceae),
is the most common tree at both sites, with declining and dead pine observed near the
Lytton colony. Some hardwood trees were observed within a few hundred metres of the
Lytton colony, while both sites also contained woody shrubs. The Lytton colony occurs
at the junction of the northern portion of the Cascade Mountains and the eastern edge
of the Coast Mountains. The Lillooet colony occurs within the eastern limits of the
Coast Mountains while the Merritt colony lies within the Thompson Plateau (Holland
1976). Including the Merritt colony, a total of 99 sites was examined but only 3 C.
fumipennis colonies have been discovered in BC resulting in a 3% success rate.

The following wasps were also collected in sweep nets at the 3 Cerceris fumipen-
nis colonies. Crabronidae: Bembix americana Fabricius (Lytton), Cerceris nigrescens
Smith (Merritt), Ectemnius dilectus (Cresson) (Merritt), Philanthus multimaculatus
Cameron (Lytton), Tachytes sayi Banks (Lytton), and Zanysson texanus (Cresson) (Lil-
looet). Chrysididae: Parnopes edwardsii (Cresson) (Lillooet). Halictidae: Agapostemon
sp. (Merritt). Megachilidae: Coelioxys sp. (Lytton). Sphecidae: Ammophila azteca Cam-
eron (Lytton). Vespidae: Polistes dominula (Christ) (Merritt, Lytton). However, Cerc-
eris californica Cresson, another wasp known to prey upon buprestids (Scullen 1965)
and previously recorded from British Columbia, was neither observed nor collected at
any of the examined sites.

Prey collected at nest entrances

The majority of jewel beetles were collected at the Merritt colony and included Chryso-
bothris leechi Barr (Fig. 4), C. laricis Van Dyke, Agrilus crataegi Frost, Phaenops drum-
mondi (Kirby) and P intrusa (Horn). Anthaxia caseyi caseyi Obenberger was collected
at the Lillooet colony. This specimen was discovered lying within a collapsed nest en-
trance covered with soil. Two other collapsed nest entrances were also covered by soil,
but buprestid beetles were not observed.

Nest excavation

A 30.5 x 30.5 x 20 cm hole was dug at the Lytton site. Between ground level and 10 cm
below grade, fly pupae and other insect larvae were collected within 4 cells. Based on the
presence of wasp cocoons and/or buprestids, Cerceris fumipennis cells were discovered
from a depth of 10 to 20 cm. In total, 17 C. fumipennis cells were discovered, with most
occurring 14 to 18 cm below the surface. Eleven cells contained a single C. fumipennis
cocoon, but only fragments remained in the other cells. All cells with the exception
of one located at a depth of 15.25 cm only contained buprestid body parts; primarily
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Figure 4. Two discarded Chrysobothris leechi at 2 different nest entrances, 11 July 2014, Merritt, BC.

Acmaeodera spp. and Phaenops spp. elytra were uncovered. The jelly bean-shaped cell at
15.25 cm contained 4 buprestids wrapped together of which only 3 could be identified
as Phaenops gentilis (LeConte). Acmacodera idahoensis Barr and P drummond;i were also
collected during excavation of this nest. One Harpalus affinis (Schrank) (Coleoptera:
Carabidae) was discovered within another cell at 15.25 cm that also contained Acmae-
odera spp. elytra. A similar sized hole was dug on 7 August 2015 at the Central Park
colony. The first C. fumipennis cell was uncovered at a depth of 9.5 cm and the last
cells were 15.3 cm below grade. Half the cells were located between 12.7 and 15.3 cm
beneath the surface. In total, 23 C. fumipennis cells were uncovered of which 13 had
intact cocoons (2) or cocoon fragments (11). Only the cells at 12.7 and 14 cm below
grade contained intact buprestids, Anthaxia caseyi caseyi. Otherwise all other cells con-
tained elytra or other buprestid body parts primarily belonging to Agrilus and Anthaxia
spp. During nest excavation on 11 August 2014, intact specimens of Agrilus granulatus
populi Fisher, A. caseyi caseyi, Chrysobothris leechi and P drummondi were collected.

In total 9 buprestid species were collected at the Merritt, Lillooet and Lytton colo-
nies (Table 3). The smallest beetle was Anthaxia caseyi caseyi (4.2 mm) while the largest
was Chrysobothris leechi (12.0 mm). The average size of all buprestid prey from all 3
colonies is 8.8 mm. All beetles have been archived in the Pacific Forestry Centre Ar-
thropod Collection (PFCA, Victoria, BC) which is part of Natural Resources Canada-
Canadian Forest Service.

Silt comprised 66.6% of the soil from the Merritt colony, while sand comprised
59.6 and 80.9% of the soil from the Lillooet and Lytton colonies, respectively. Clay
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Table 3. Average length of C. fumipennis prey from largest to smallest. Measurements were not recorded

for A. idahoensis and P, gentilis as their heads were missing. *New prey record for C. fumipennis.

Species Average length (mm)
Chrysobothris leechi* 10.5 (n=10)
Chrysobothris laricis* 9.8 (n=1)

Agrilus granulatus populi* 8.7 (n=4)
Phaenops drummondi 8.2 (n=5)
Phaenops intrusa* 7.5 (n=1)
Agrilus crataegi* 6.7 (n=1)
Anthaxia caseyi caseyi* 4.7 (n=3)
Acmaeodera idahoensis* N/A (1 specimen)
Phaenops gentilis* N/A (3 specimens)

Table 4. Soil characteristics of the Lillooet, Lytton and Merritt colonies.

Site Soil Texture 2 mm Sieve Loss on
% Sand % Silt % Clay Pass % Ignition %
Merritt 11.6 66.6 21.8 100 2.2
Lillooet 59.6 34.1 6.3 99.3 2.0
Lytton 80.9 15.3 3.8 99.0 2.0

comprised 21.8% of the soil from Merritt, but only 3.8 and 6.3% of the soil from Lyt-
ton and Lillooet, respectively. All of the soil components from Merritt were less than 2
mm in any dimension, while 99 and 99.3% of soil constituents from Lytton and Lil-
looet passed through the 2 mm sieve. The organic content of all 3 soils is similar with
2.0 — 2.2 % loss on ignition (Table 4).

Discussion

Lytton and Lillooet represent 2 newly discovered Cerceris fumipennis colonies in BC.
Eleven other species of wasps, including C. nigrescens, were collected at the Merritt,
Lillooet and Lytton colonies; yet C. californica was not among them. A tremendous
amount of time and resources were used to examine multiple sites from 2012 to 2014,
yet only 3 C. fumipennis colonies have been discovered, resulting in a 3% success rate.
Compared to a 22% success rate in finding C. fumipennis colonies in Connecticut,
North Carolina and Maine (Nalepa et al. 2012), it appears that colonies are less com-
mon in BC. The northernmost colony in Ontario is in Parry Sound District (Mac-
Dougall Public School, 45.39861°N) (P.D. Careless, personal observation) which is
substantially further south than all 3 BC colonies. Lillooet (50.67669°N) represents
the most northern North American colony to date. The annual number of degree days
above 5 °C in Lillooet is 2387.8 compared to 1702.4 in Beatrice, ON, which is the
weather station closest to Parry Sound (Anonymous 2015). As colonies can occur at
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Figure 5. Red shale typically found in baseball fields in southwestern BC. Note 2 ant nests.

sites in Ontario that are cooler than Lillooet, there may be additional colonies further
north in BC.

Unlike Cerceris californica in Washington state (Looney et al. 2014) or C. fumi-
pennis in eastern North America (Nalepa et al. 2012; Careless et al. 2014), none of
the BC colonies were discovered in baseball fields. Most baseball fields in southwest-
ern BC are comprised of red shale containing many rock fragments which is likely a
poor nesting substrate for C. fumipennis (Fig. 5). All 3 colonies occur within compact
sand parking lots (Lytton and Lillooet) or compact silt pathways (Merritt) with full
sun exposure throughout the day (Figs 1, 2). The colonies occur in the 2 biogeocli-
matic zones, Bunchgrass and Ponderosa Pine, with the warmest and driest summers in
BC. The Bunchgrass zone is generally characterized by widely spaced Pseudoroegneria
spicata (Pursh) A. Love (bluebunch wheatgrass) and Artemisia tridentata Nuttall (big
sagebrush) although ponderosa pine and Douglas-fir, Pseudotsuga menziesii (Mirbel)
Franco (Pinaceae), also occur in this zone. The Ponderosa Pine zone consists of very
open, park-like stands of ponderosa pine with an understory of bluebunch wheatgrass
(Anonymous 2007). Both zones have a sparse distribution of trees, allowing many
areas to receive full sun throughout many summer days. The nesting areas in Merritt
and Lytton both occur on a slight incline that assists in drainage. There is very little
similarity in soils between the 3 sites. Merritt is predominantly silt (66.6%) and has
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the largest component of clay at 21.8%. Lytton is primarily sand (80.9%), and Lil-
looet is 59.6% sand and 34.1% silt. Further analysis is required to determine if there
are specific constituents required for nesting or if there are other factors that play a
more significant influence in nest site selection. Three additional sites in Merritt with
suspect Cerceris entrance holes were excavated, but Cerceris nests were not present and
the substrate consisted of substantially more and larger pebbles.

Recently, archived Cerceris fumipennis specimens have been discovered in the Wal-
lis-Roughley Museum (University of Manitoba) and the Strickland Museum (Univer-
sity of Alberta). These specimens were collected in Spruce Woods Provincial Park, MB
and Writing-on-Stone Provincial Park, AB and resemble the eastern race of C. fumi-
pennis in size and colouration. Both sites are further south than the Lillooet colony.
Perhaps Cerceris fumipennis is more cold tolerant than C. californica, thus explaining
its distribution within many of Canada’s provinces whereas the latter occurs in western
North America where winters are relatively short and mild.

A total of 9 buprestid species were collected at the 3 Cerceris fumipennis colo-
nies. Chrysobothris leechi was the most common intact beetle collected, followed by
Phaenops drummondi, Agrilus granulatus populi, Anthaxia caseyi caseyi, and P. gentilis.
Single specimens of A. crataegi, P. intrusa, C. laricis and Acmaeodera idahoensis were
also found at these C. fumipennis colonies. During nest excavation, buprestid-filled C.
fumipennis cells occurred between 10 and 20 cm below the surface which is similar
to nests in eastern North America (Careless et al. 2009). Since wasp larvae feed on
paralyzed prey, body parts were collected more often than intact beetles during nest
excavation thereby making species-level identification difficult if not impossible. Many
Chrysobothris, Anthaxia and Acmaeodera elytra were found in the cells which could al-
ter the actual ratio of species preyed upon by C. fumipennis. Population size, predatory
avoidance behaviour, size of the beetle, and other factors will affect whether or not a
beetle is suitable prey for C. fumipennis.

The size of Cerceris fumipennis prey ranged from 4.2 mm (Anthaxia caseyi caseyi)
to 12.0 mm (Chrysobothris leechi). Chrysobothris leechi was not only the most common
intact beetle collected, but on average it was the largest species at 10.5 mm. In compari-
son, Phaenops intrusa comprised over 70% of the prey taken by Cerceris californica Cres-
son in southcentral Washington (Looney et al. 2014). In New York State, C. fumipennis
captured prey ranging in size from 4.1 to 18.9 mm (Hellman and Fierke 2014); the lat-
ter is 57% larger than the C. leechi found at the Merritt colony. Buprestis aurulenta (Lin-
naeus) is a relatively common and large buprestid (12-20 mm) occurring in southern
BC that breeds within Douglas-fir and ponderosa pine (Furniss and Carolin 1977), yet
it was not collected at any of the C. fumipennis colonies. Although only a handful of C.
fumipennis specimens have been collected in BC, females appear to be within the lower
size range (wing length 9.5-10.5 mm; n = 6) of their eastern counterparts (wing length
9.5-13.5 mm; n = 75) (Kimoto and Buck 2015). There is a positive linear relationship
between the size of Cerceris arenaria L. and C. halone Banks with the size of the prey
weevils collected (Byers 1978; Polidori et al. 2005). The smaller size C. fumipennis from
BC has likely contributed to the smaller prey items captured by provisioning females.
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Table 5. Distribution and host records for C. fumipennis prey. Unless otherwise noted the information
is based on Nelson et al. (2008). Some host names have been changed according to The Plant List (www.
theplantlist.org/, accessed 3 March 2015).

Species Distribution Larval hosts
Celtis occidentalis
Cercocarpus ledifolius
. .| BC, WA, OR, CA, ID, NV, Crataegus douglasii
Acmaeodera idahoensis MT, WY, UT Quercus garryana
*Adults occur on a variety of flowers, notably in
the family Asteraceae.
Agrilus crataegi transcontinental Amelanchier alnifolia
&7 & Crataegus douglasii (Westcott 2005)
. .| NV (Solomon 1995), AB, Populus trichocarpa
Agrilus granulatus populi | g \yx OR| CA, ID, MT P nigra
Anthazia (Haplanthaxia)| BC, WA, OR, CA, ID, MT, Pinus coulteri
. . P ponderosa
cuseyr caseyr NV, AZ, UT P sabiniana
Chrisobothris lavici NWT, BC, AB, WA, OR, ID, | No larval host recorded; however, adults found on
)so00EILS ricis MT, WY, UT, CO, NM, AZ a variety of trees in the family Pinaceae.
. . BC, AB, WA, OR, CA, ID, Pinus aristata
Chrysobothris leechi NV, MT P ponderosa
Phacnaps drummond rranscontinental A wide variety of trees in the family Pinaceae

(MacRae and Westcott 2012).

BC, Rocky Mountain and

Phaenops gentilis Pacific States, NE, SD Pinus spp.
Larix occidentalis
Pinus attenuata
Phaenops intrusa BC, WA, OR, CA, ID, NV, P flexilis
MT, CO, AZ, NE, SD .
P lambertiana
P ponderosa

All of these beetles represent the first prey records for Cerceris fumipennis in BC.
Phaenops drummondi is a known prey of eastern C. fumipennis (Paiero et al. 2012);
however, all the other species and subspecies (i.e. Agrilus granulatus populi) are new
prey records for this wasp. Agrilus granulatus populi and P. intrusa are also prey of C.
californica in Washington state (Looney et al. 2014). Based on the list of prey species it
is almost certain that female C. fumipennis forage on shrubs, conifers, deciduous trees
and possibly flowers in BC (Table 5).

One ground beetle, Harpalus affinis was collected in a cell at 15.23 cm below
grade along with the elytra of Acmacodera spp. As other carabids were not discovered
anywhere else in the nest it is uncertain if Cerceris fumipennis intentionally captured
and provisioned the cell with this beetle. In 2009 and 2010, female C. fumipennis in
Connecticut, Maine and New York captured 3 chrysomelids, Neochlamisus bebbianae
(Brown), Bassareus mammifer (Newman), Leptinotarsa decemlineata (Say); 1 scarab,
Popillia japonica Newman; and 2 cerambycids, Saperda discoidea ., Oberea schaumii
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LeConte (Rutledge et al. 2011). Neochlamisus bebbianae, B. mammifer and P. japonica
are shiny and similar in appearance to many jewel beetles, while S. discoidea and O.
schaumii occur in tree canopies where C. fumipennis will forage. Therefore, collection
of these non-prey items is understandable. Harpalus affinis is similar in length to some
buprestids, however it looks different than most jewel beetles. Although adult A. af
finis can fly, this specimen may have wandered into the nest entrance searching for prey
or shelter. Until female wasps are intercepted carrying H. affinis back to their nests, this
species can not be considered a prey item of C. fumipennis.

Conclusions

Despite a significant amount of time spent searching many sites, only 3 Cerceris fumi-
pennis colonies have so far been discovered in BC; they seem to be less common than
colonies in eastern North America. A total of 9 buprestid species are recorded here as
prey items of BC C. fumipennis and with the exception of P drummondi, are all new
prey records for this wasp. The prey ranged in size from 4.2 to 12.0 mm and seem to
be smaller than prey collected by eastern wasps. Cerceris fumipennis in BC appear to be
smaller than specimens occurring east of the Rocky Mountains which may contribute
to the difference in size of prey collected.
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Abstract
‘Three new species from Brazil, Plesiocoelus anomalus sp. n., P areolatus sp. n. and Mesocoelus lobatus sp. n.,
are described and illustrated, and new records for Plesiocoelus bassiformis van Achterberg are also included.

A key to the species of both genera is provided.
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Introduction

Plesiocoelus bassiformis van Achterberg, 1990 is the type species and the only described
species of the genus. It is characterized by the apically reduced fore wing venation and
the merging of discal and first submarginal cells. It has been recorded from Colombia,
Ecuador and Honduras (Yu et al. 2012). There are no biological data for the genus.
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The genus Mesocoelus Schulz, 1918 is recorded from Cuba and Saint Vincent (Yu
et al. 2012) and the two known species so far are parasitoids of Acrocercops sp. and
Chilocampylla psidiella Busck (Lepidoptera, Gracillariidae) (van Achterberg 1990). It
has reduced apical wing venation, as in Plesiocoelus, but differs by the absence of veins
Im-cu and 2RS in the fore wing (Sharkey 2006).

Those morphological similarities led van Achterberg (1990) to revalidate the status
of the subtribe Mesocoelina Viereck, also including the genus Aneurobracon Brues,
1930. Despite these similarities the subtribe is not consistent phylogenetically. The
clade Aneurobracon + Mesocoelus was not recovered in some analyses in Sharkey et
al (2006), but the morphological similarities led the authors to propose them as sis-
ter groups (Shakey et al. 2006, 2009). The genus Plesiocoelus was recovered in some
analyses as closely related to some clades of Bassus s.l. (Sharkey et al. 2006). The ge-
neric concept of Bassus s.]. has gone through changes and split into other genera; now
Plesiocoelus is thought to be the sister group of Zacremnops Sharkey & Wharton and
Therophilus Wesmael (Sharkey et al. 2009)

In this paper, we describe two new species of Plesiocoelus and a new species of Me-
socoelus and we include new distribution records for P. bassiformis. A key to the species
of both genera is provided.

Methods

The examined specimens are deposited in the DCBU Collection (Departamento de
Ecologia e Biologia Evolutiva da Universidade Federal de Sao Carlos, Sao Carlos, SP,
Brazil); all were collected in Brazil in the States of Amazonas, Minas Gerais and Sao
Paulo with Malaise traps. The genera were identified using the key by Sharkey (2006)
and the species were compared with the description and illustrations in van Achterberg
(1990). The morphological terminology follows Wharton (1997), except for “precoxal
sulculs” which replaces “sternaulus”. The colour photographs were taken and edited
with a Leica® M205C with LAS image software.

Results

Plesiocoelus bassiformis van Achterberg, 1990
Figs 1-4

New record. Plesiocoelus bassiformis is recorded for the first time from Brazil. One
female (DCBU 51443) “Bom Repouso, MG, Brasil, Serra dos Garcias, Armadilha
Malaise, $22°29'25.6", W46°11'25.8", 04.V.2010, I.E. Melo col.” One female (DCBU
51444) “Ribeirao Grande, SP, Brasil, Pq. Estadual de Intervales, Armadilha Malaise,
$24°16'28.8", W48°25'20.6", 22.111.2010, N.W. Perioto ¢ eq. cols.”
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Figures 1-4. Plesiocoelus bassiformis van Achterberg, 1990; | Habitus, lateral view 2 Head, frontal view
3 Mesosoma, lateral view 4 Propodeum and T'1, dorsal view.

Plesiocoelus anomalus sp. n.
http://zoobank.org/ ACECDA73-0CDA-486B-BD0D-0691905BA02D
Figs 5-12

Material examined. Holotype — male. (DCBU 51445) “Sao Luiz do Paraitinga, SP,
Brasil, Pq. Estadual da Serra do Mar, Nucleo Santa Virginia, 22.X1.2010, Armadilha
Malaise, $23°19'27.1", W45°5'38.4", N.W. Periotto e eq. col.”
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Figures 5-12. Plesiocoelus anomalus sp. n.; 5 Habitus, lateral view 6 Body, dorsal view 7 Head, frontal
view 8 Head, mesonotum and scutellum, dorsal view 9 Mesosoma, lateral view 10 Fore wing, arrows
indicating vein 2RS and 1m-cu present | | Vein 1M of hind wing, arrow indicating widened part 12 Pro-

podeum and T'1, dorsal view.
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Description of holotype. Body length: 4.0 mm. Fore wing length: 3.9 mm.

Head. Antenna with 33 segments, whitish setose, length of third segment equal
to fourth; length of third, fourth and penultimate segments 3.6, 3.6 and 1.25 times
their width, respectively. Maxillary palp with 5 segments and 0.6 times height of head.
Length of eye in dorsal view 2.2 times temple. OOL: diameter of ocellus: POL =
15:10:15. Head completely smooth with long whitish setae on lateral parts of face,
length of malar space 1.5 times basal width of mandible.

Mesosoma. Length of mesosoma 1.8 times its height. Propleuron sparsely punctate.
Pronotum smooth but anteriorly punctate. Mesopleuron smooth, with precoxal sulcus
faintly impressed and smooth. Mesonotum smooth, with notauli weakly impressed,
crenulate anteriorly and smooth posteriorly. Scutellum smooth. Propodeum areolate.

Fore wing. Mostly infumate and hyaline near apex, length of pterostigma: R1 =
30:40, 1-CU1:2-CU1 = 3:20.

Hind wing. Mostly infumate and hyaline near apex, vein CUDb present and tubular,
vein 1M widened and with small cell (Fig. 11).

Legs. All legs smooth, length of femur, tibia and basitarsus of hind leg 5.0, 10.7, 8
times their width, respectively. Apex of hind tibia with 15 pegs. Length of hind spur
0.25 times hind basitarsus.

Metasoma. T1 striate, T2 with weakly granulate sculpture, remaining tergites
smooth. T1 2.1 times longer than its apical width.

Colour. Head black, except ocelli dark yellow; clypeus, mandible, maxillary and
labial palpi and glossa yellow. Mesosoma brown, but propleuron, basal half of prono-
tum, metanotum, propodeum and ventral margin of metapleuron black. Legs yellow
except for brownish to black fore and mid telotarsi; lateral area of hind coxa, hind
trochanter, hind trochantellus, base of femur, apex of tibia, hind basitarsus and hind
tarsus brownish. Metasoma brown to black, but ventrally yellowish.

Diagnosis. This species differs from all other species of Plesiocoelus by the mostly
brown mesosoma, completely yellowish legs and striate T'1.

Etymology. This species is named after the unique shape of vein 1M of the hind
wing (Fig. 11).

Biology. Unknown.

Distribution. Only known from the type locality in Brazil.

Plesiocoelus areolatus sp. n.
http://zoobank.org/8D4AA3C4-02F6-4937-9864-86DCBD02940C
Figs 13-19

Material examined. Holotype — female. (DCBU 51038) "Manaus, AM, Brasil, Reser-
va Km 41, trilha, 24-25-X1-2004, S03°05'07", W60°02'4.92", Armadilha Malaise sus-
pensa, R.B.Q. Silva col.”

Description of holotype. Body length: 4.5 mm. Fore wing length: 3.2 mm
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Figures 13-19. Plesiocoelus areolarus sp. n.; 13 Habitus, lateral view 14 Head, frontal view 15 Head,
mesonotum and scutellum, dorsal view; 16, Mesosoma, lateral view |7 Fore tarsus 18 Hind tarsus
19 Propodeum and T1, dorsal view.

Head. Antenna with 34 segments, whitish setose, length of third segment equal to
fourth, length of third, fourth and penultimate segments 3.0, 3.0 and 1.5 times their
width, respectively. Maxillary palp with 5 segments and its length 0.5 times height of
head. Length of eye in dorsal view 2.1 times temple. OOL: diameter of ocellus: POL =
25:12.5:15. Head completely smooth, with long whitish setae on lateral parts of face,
length of malar space 1.5 times basal width of mandible.

Mesosoma. Whitish setose, length of mesosoma 2.0 times its height. Propleuron
sparsely punctate. Pronotum smooth, but apical and dorsal sides finely punctate. Mes-
opleuron smooth, with precoxal sulcus smooth. Mesonotum smooth, with notauli



New species of Plesiocoelus van Achterberg and Mesocoelus Schulz... 67

smooth, crenulate anteriorly with apical third joining. Scutellum smooth. Propodeum
smooth with large propodeal areola medially.

Fore wing. Infuscate, hyaline apically, length of pterostigma: R1 = 40:70, 1-CU1:2-
CUI = 2:13.

Hind wing. Hyaline, vein CUD present as a very short stub. Vein 1M normal.

Legs. All legs smooth, length of femur, tibia and basitarsus of hind leg 5.0, 10.0,
6.0 times their width, respectively. Length of hind spur 0.5 times length of hind ba-
sitarsus.

Metasoma. All terga completely smooth, T1 1.2 times as long as its apical width.
Length of ovipositor about 1.4 times fore wing.

Colour. Black, except pedicellus and base of scape dark brown; mandibles, maxil-
lary and labial palps yellowish; fore and mid legs dark brown, hind leg dark brown
with femur orange brownish and tibial spurs yellowish. Tegula brownish. Metasoma
ventrally yellowish, ovipositor sheath dark brown.

Diagnosis. This species is closely related to Plesiocoelus bassiformis but it differs
by the anteriorly crenulate notauli, the completely smooth precoxal sulcus, the larger
propodeal areola (covering most of the length of the propodeum) and the longer ovi-
positor sheath (about 1.4 times fore wing).

Etymology. This species is named after the large propodeal areola.

Biology. Unknown.

Distribution. Only known from the type locality in Brazil.

Mesocoelus lobatus sp. n.
http://zoobank.org/25795B99-0CE1-425F-9235-F78E86441F9C
Figs 20-26

Material examined. Holotype — female. (DCBU 51446) “Palestina, SP, Brasil, Faz. Boa
Vista, $20°17'18", W49°30'01", 18.VII1.2008, Armadilha Malaise, Noll, F. e eq. col.”

Description of holotype. Body length: 2.8 mm. Fore wing length: 2.7 mm.

Head. Antenna with 25 segments, whitish setose, length of third segment equal to
fourth, length of third, fourth and penultimate segments 2.0, 2.0 and 1.2 times their
width, respectively. Maxillary palp with 5 segments and its length 0.7 times height of
head. Length of eye in dorsal view 2.2 times temple. OOL: diameter of ocellus: POL
= 25:10:20. Head completely smooth with long whitish setae on lateral parts of face;
length of malar space 1.5 times basal width of mandible.

Mesosoma. Length of mesosoma 2.0 times its height. Propleuron sparsely punctate.
Pronotum smooth. Mesopleuron smooth, with precoxal sulcus smooth. Mesonotum
smooth, with notauli crenulate anteriorly and smooth posteriorly, joining at apical
third. Scutellum smooth. Propodeum rugose medially, apically faintly rugulose and
with median longitudinal carina.

Fore wing. Hyaline, length of pterostigma: R1 = 40:70, 1-CU1:2-CU1 = 2:13.

Hind wing. Hyaline.
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Figures 20-26. Mesocoelus lobatus sp. n.; 20 Habitus, lateral view 21 Head, frontal view 22 Head, mesono-
tum and scutellum, dorsal view 23 Mesosoma, lateral view 24 Wings, arrows indicating veins 2RS and 1m-cu
absent 25 Hind tarsus 26 Propodeum and T1, dorsal view.
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Legs. All legs smooth, length of femur, tibia and basitarsus of hind leg 5.0, 10.0,
6.0 times their width, respectively. Length of hind spur 0.25 times hind basitarsus.
Tarsal claws with a basal lobe.

Metasoma. T1 striate, remainder of metasoma smooth. T1 length 1.1 times its api-
cal width. Length of ovipositor sheath about 2.0 times hind tibia.

Colour. Black, except antenna dark brown; mandible, maxillary and labial palpi
yellowish. Fore and mid legs yellowish with coxae and telotarsi brown. Hind leg dark
brown. Metasoma ventrally yellowish, ovipositor sheath dark brown.

Diagnosis. This species differs from the two previously described species by the presence
of notauli on the mesoscutum and the mid and hind tarsal claws with basal lobes.

Etymology. This species is named after the presence of tarsal lobes

Biology. Unknown.

Distribution. Only known from the type locality in Brazil.

Key to species of Mesocoelus and Plesiocoelus

(modified from Sharkey 2006 and van Achterberg 1990).

1 Discal and first submarginal cells of fore wing combined, closed by veins 1m-
cu and 2RS (Fig. 10)....ccoiiiiiiiiiiiiiiiiiicicee e 2
- Discal and first submarginal cells of fore wing open, veins 1m-cu and 2RS
absent (Fig. 24) ....ccccooiiiiiiiiiiiiiii 4
2 Vein 1M of hind wing widened and with a small cell (Fig. 11). Mesosoma

mostly brown (Figs 6, 8, 9). Hind femur yellow. T1 striate (Fig. 12)............
....................................................................................... P. anomalus sp. n.
- Vein 1M of hind wing normal. Mesosoma black (Figs. 3, 15, 16). Hind fe-
mur black or brownish. T1 smooth or punctate (Figs 4, 19)......cccceueuneeee. 3
3 Propodeum with a large areola medially (Fig. 19). Ovipositor sheath about
1.4 times as long as fore wing. Notauli crenulate anteriorly. Precoxal sulcus
SMOOth POSTETIOrlY ...veuveiiiiciiiiciiccc e P. areolatus sp. n.
- Propodeum mostly rugose medially and without distinct areola (Fig. 4). Ovi-
positor sheath about 0.8 times as long as fore wing. Notauli completely smooth.

Precoxal sulcus crenulate posteriorly................ P. bassiformis van Achterberg
4 Mesonotum with notauli present (crenulate anteriorly and smooth posteri-

orly; Fig. 22). Mid and hind tarsal claws with basal lobes (Fig. 25).................
............................................................................................ M. lobatus sp. n.
- Mesonotum without notauli. Mid and hind tarsal claws simple, without basal

LODIES ettt e e e s e e e e e eaaaes 5
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5 Mesoscutum with round depression medio-posteriorly. Hind basitarsus
about 5 times as long as wide. Epistomal suture absent medially. Hind leg
largely yellowish. Ovipositor sheath as long as hind tibia. Area between an-
tennal sockets evenly convex .......c.coeeevirieiniecnnenene. M. laeviceps (Ashmead)

- Mesoscutum without round depression medio-posteriorly. Hind basitarsus
about 9 times its width. Epistomal suture shallowly impressed medially. Hind
leg largely dark brown or blackish. Ovipositor sheath about 0.8 times as long
as hind tibia. Area between antennal sockets with a pair of weak crests............
.......................................................................... M. acrocercopsis Muesebeck
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Abstract

Herbivory significantly impacts the growth and reproduction of plants. Many plants have developed
ways to defend against herbivores and one common strategy is to associate with ants. In many ant-plant
interactions, ants are known to protect their host. However, in the Neotropical ant-plant genus Zriplaris,
the benefits provided by associated ants have never been tested. Many Pseudomyrmex spp. ants are obligate
inhabitants of Triplaris spp. trees. In this scudy, Triplaris americana was studied in association with Pseu-
domyrmex dendroicus, an ant highly specific to its host (it has not been collected from any other species
of Triplaris). Ant exclusion experiments were carried out to assess the protective effect of ants. In addi-
tion, ant behavior was monitored in control plants to study the mechanisms by which ants might confer
protection against herbivory. Ant removal led to a more than 15-fold increase in herbivory. Pseudomyrmex
dendroicus are active at all times of day and night and aggressively and efficiently remove insect herbivores

from their host.
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Introduction

Herbivory can have significant negative effects on plant fitness. Both the incidence
and the impact of damage can vary with leaf ontogeny and the specific tissue being
attacked, and herbivory can result in decreased survivorship and reproductive output
(Marquis 1984, Spotswood et al. 2002). Since herbivory confers often high costs to
plant fitness, and its extent is largely dependent on the plant’s defense investment
(Coley and Kursar 1996, Strauss and Agrawal 1999, Strauss et al. 2002), plants have
evolved several ways to protect themselves or to compensate for the effects of attack.
The protective strategies plants use include structural defenses, toxins, digestibility-re-
ducing compounds, and mutualistic relationships with natural enemies of herbivores,
such as ants (Gong and Zhang 2014).

Myrmecophytes (i.e., plants sheltering the colonies of a limited number of ‘plant-
ant’ species in hollow structures called domatia and sometimes also providing them with
food in the form of extrafloral nectar and food bodies) are pervasive and very diverse in
the Tropics (Chomicki and Renner 2015). This is a mutualistic association as, in return
for being housed and sometimes fed, plant-ants protect their host myrmecophyte from
encroaching vegetation, herbivores and pathogens, and/or provide them with nutrients
(i.e., myrmecotrophy) (Rico-Gray and Oliveira 2007, Mayer et al. 2014).

Several studies have shown that herbivory increases when ants are excluded from their
host (e.g., Janzen 1967, 1972, Agrawal 1998, Michelangeli 2003). However, the degree of
protection may vary with the identity of the ant partner (Bruna et al. 2004, Djiéto-Lordon
et al. 2004, Frederickson 2005, Dejean et al. 2006), and in some cases the ants provided
no protection against herbivory (Fowler 1993, Frederickson and Gordon 2007).

Myrmecophytic-plant genera that have received much attention in the literature
include Acacia, Cecropia, Macaranga, Duroia, and Cordia. However, several other gen-
era remain to be studied. One such case is the myrmecophyte 77iplaris. Some aspects of
the ecological interaction between 77iplaris and its associate ants have been addressed,
but they have been limited to understanding the pruning behavior of Pseudomyrmex
(Davidson et al. 1988, Larrea-Alcazar and Simonetti 2007), the taxonomy of the Azte-
ca that inhabit Triplaris melaenodendron (Bertol.) Standl. & Steyerm. (Longino 1996),
the foraging behavior of some of the ants associated with 77iplaris surinamensis (= T.
weigeltiana (Rchb.) Kuntze; Brandbyge 1986) in Brazil (Oliveira et al. 1987), and host
discrimination following chemical cues (Weir et al. 2012).

Questions regarding the effectiveness with which ants associated with 77iplaris
protect the plant against herbivores remain unexplored. The association between 7.
americana L. (Polygonaceae) and P. dendroicus Forel (Formicidae) is particular in that
it displays high levels of specificity. After examining more than 200 collection records
of Triplaris and its associated ants (A. Sanchez unpublished data), it was clear that
P. dendroicus only colonizes individuals of 7. americana, even when other species of
Triplaris occur in sympatry. Therefore, in this study we expected a dramatic reduction
in herbivory afforded by Pseudomyrmex ants compared to an ant-exclusion experiment
and high and effective levels of protection.
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Methods
Study site

This study was carried out at Los Amigos Biological Station (12°34'9"S, 70°6'0.40"W/;
ca 250 m) in the department of Madre de Dios in southeastern Peru. Los Amigos con-
servation area is a private conservation concession established in 2000 by the Peruvian
government in conjunction with the Amazon Conservation Association (ACA) and
the Asociacién para la Conservacién de la Cuenca Amazénica (ACCA). The station
comprises more than 145.000 ha of lowland Amazonian forest between 250-320 m in
altitude, at the confluence of the Madre de Dios and Los Amigos rivers, and protects
pristine ecosystems including wetlands, seasonally inundated and terra firme forests,
and palm swamps. The climate is characterized by a single dry and wet season each
year. The area receives most of its estimated 2000 mm of annual rainfall during the wet
season, which typically lasts from November to May (Pitman et al. 1999). During the
dry season, from May to November, temperatures are usually at their lowest point, and
can be as low as 10 °C. This study was conducted during 42 days of the dry season, in
August-September 2008. During our study, the precipitation was sporadic, with only
a few days with rainfall amounts greater than 10 mm. The minimum temperature
recorded for that period was 13.3 °C, the maximum 35.3 °C, and the average tempera-
ture was 23.4 °C (http://atrium.andesamazon.org/).

Study system

The species chosen for this study were Triplaris americana and Pseudomyrmex dendroi-
cus. Triplaris americana is the most common and widespread species in the genus. It is
found from Panama to Bolivia and Brazil, usually in lowlands and disturbed areas close
to water (Brandbyge 1986). The stems of 7. americana are hollow (Schremmer 1984,
A. Sanchez pers. obs.) and harbor an entire colony of ants. Although these plants pro-
duce no food bodies or extrafloral nectaries, rewards to the ants are provided by a third
symbiont — scale insects (Coccoidea, Hemiptera) in the form of honeydew (Schremmer
1984, Davidson and McKey 1993, Ward 1999). It has also been suggested that another
symbiont — fungi is involved and may also provide food (Schremmer 1984, Defossez
et al. 2009, Blatrix et al. 2013). Pseudomyrmex (Formicidae, Pseudomyrmecinae) is a
genus that comprises ca. 200 species and is distributed in the New World (Ward and
Downie 2005). The ants are characterized by large conspicuous eyes, a well-developed
post-petiole and a well-developed sting (Ward 1990) with potent venoms (Pan and
Hinks 2000, Touchard et al. 2014). Several different clades within Pseudomyrmex are
associated with distantly related myrmecophytes such as Acacia, Cordia, Tachigali, and
Triplaris (Ward 1999). Among other characteristics, Pseudomyrmex dendroicus is recog-
nized by the coloration of its workers, with a light brown body that contrasts with a
dark brown head (Ward 1999). Pseudomyrmex dendroicus is an obligate symbiont of the
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myrmecophyte 77iplaris and nests exclusively on 1" americana. However, T. americana
can be found in association with other species of Pseudomyrmex and with ants of other
genera such as Crematogaster and Azteca (Longino 1996, Ward 1999; A. Sanchez pers.
obs.). A single 7" americana plant nearly always hosts only one ant colony (A. Sanchez
pers. obs.).

Ant removal and its effect on herbivory

Prior to conducting the ant-exclusion experiments we explored two methods of exclu-
sion, in order to determine which was the most effective. Following previous ant-exclu-
sion experiments (e.g., Stanton and Palmer 2011), we applied a sticky resin in two sep-
arate branches per individual (Tangle-trap, Tanglefoot Company, Grand Rapids, MI).
We applied the resin directly on the branch and over duct tape. However, the resin
was not effective because of the formation of ant bridges (ants connected to each other
in order to get over the barrier), and additionally bees ate the resin. Therefore, two to
three days after the application of the resin, ants were already moving freely across the
barrier and patrolling the leaves from which we intended to exclude them. We then
used 0.5% Permethrin (Vidagro, Lima) to kill the entire colony. The use of insecticides
has proven to be effective in previous ant-exclusion experiments (Stanton and Palmer
2011, Frederickson et al. 2012). The Permethrin was carefully injected through the
prostoma of each internode avoiding contact with other parts of the plants. The pros-
toma are small unlignified zones between 6 to 10 mm long by which queens gain entry
to make nesting sites (Schremmer 1984, Sanchez in review). Prostoma are present on
twigs, branches, and the main stem (except at the base of the stem; A. Sanchez pers.
obs.). Since adult plants of 77iplaris can grow more than 15 m high, we chose saplings
of less than 2 m tall for this study to ensure appropriate monitoring of herbivory and
ant behavior. A total of 22 plants of similar sizes were used, with 11 replicates for each
treatment (control and ant-exclusion). The Permethrin had no apparent effects on the
plants’ viability and growth during the study. The insecticide was used at low concen-
tration (0.5%), and was only applied to the interior of the stem through the prostoma
to minimize effects on the plants and on the potential herbivores.

To quantify the effects of ants on herbivory, two fully expanded leaves per sapling
were monitored, always choosing the third leaf from the apical meristem from two
adjacent branches. Prior to ant exclusion, photographs of every leaf were taken using
a digital camera. A transparent sheet subdivided in grids of 1 square cm, each with 25
equidistant points within, was placed on top of the leaf, and photographs were always
taken from the same distance. Percentage of herbivory was calculated by counting all
the points that fell on areas where there was herbivory and divided by the total number
of points that covered the leaf area. Photographs of each leaf were taken every two
weeks for a total of six weeks.

We conducted a non-parametric Mann-Whitney U test for two independent sam-
ples to compare percentage of herbivory between control and experimental plants, us-
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ing SigmaPlot version 12.5 (Systat Software Inc, San Jose, CA). We compared average
herbivory after two, four and six weeks. The two leaves per sapling were used to calcu-
late an average percentage of herbivory for each individual. A non-parametric ANOVA
for repeated measures (Friedman ANOVA) was also conducted, to test if there was an
increase of herbivory through time in the control and the ant-excluded plants.

Observations on ant behavior

Prior to taking the photographs, we conducted observations on the ants behavior,
recording their patrolling activities and their interactions with potential herbivores
and with other ants that occasionally visit 77iplaris. Plants were monitored for ap-
proximately 5 to 10 min every visit. Since ants seem to have patrolling activities that
span the 24-hour cycle, observations were also recorded for some plants before dusk
(between 1600 h and 1700 h) and at night (between 2100 h and 2200 h).

Results

Ant exclusion

Removal of ant colonies resulted in an increase in the percentage of herbivory. In each
time interval (after 2, 4, and 6 weeks) there was a significant increase in herbivory
compared to the control (U = 14, P< 0.05; U = 21; P < 0.05; U = 14.5, P < 0.01 re-
spectively; Fig. 1). There was also a higher percentage of herbivory in the ant-excluded
plants through time (ANOVA *_ | .., = 15.8, P < 0.001; Fig. 1), but not in the
control plants (ANOVA % ., =4, P> 0.05).

Seven out of eleven control plants had zero percent herbivory during the six weeks
of the experiment. The four other control plants suffered some herbivory by weeks 4
and 6 (- 1%). In contrast, of the ant-excluded plants, six plants had more than 3%
herbivory, having as high as 16% leaf damage (outlier not shown; Fig. 1). By the end
of the experiment, the average percent of leaf damage was 3.2 in ant-excluded plants
and 0.19 in controls. Plants with ants excluded had, on average, more than 15 times
more herbivory than plants with resident ants. It was clear that the effect of herbivory
was more pronounced as time progressed, especially in the experimental group (Fig. 1).

Ant behavior

Pseudomyrmex dendroicus actively patrolled their hosts, at all times of day and night,
even when the temperature was as low as 13 °C. Whenever the plant was disturbed,
they efficiently recruited other workers, and were very aggressive against any intruder.
During their patrolling activities they removed any debris found on top of the leaves.
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Figure 2. Interaction between ant workers of Pseudomyrmex dendroicus and caterpillars visiting Triplaris

americana.

They repeated this cleaning process constantly, on all the leaves of their host. In all
saplings studied, the leaves had no signs of mosses, fungi or lichens growing them, and
no sign of accumulated debris.
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From our observations, the most common herbivores were grasshoppers (uniden-
tified; Orthoptera) and caterpillars of the lepidopteran genera Lophocampa (Arctiidae,
subfamily Arctiinae) and Hylesia (Saturniidae). When an ant encountered a caterpil-
lar, a worker approached and detected it with its antennae, and then recruited more
workers (Fig. 2). Typically more than 10 workers recruited around the intruder in less
than five minutes. Several workers harassed the herbivore by stinging or biting, until
it dropped off the plant. The caterpillars usually hung by a silk thread and attempted
to move back onto the plant. However, individuals of Psexdomyrmex continued to
chase them until they dropped again. This cycle was repeated several times. Other her-
bivores found in 77iplaris included some Coleoptera. Most of the visitors frequented
the plants at night or dawn. In all instances, Pseudomyrmex attacked the herbivores
aggressively by biting and stinging.

Discussion

Herbivory

This is the first study to report that Pseudomyrmex provides benefits to Triplaris by re-
ducing herbivory. Our results indicated a significantly higher percentage of herbivory
on the plants where ants were excluded (more than 15 times more; Fig. 1), suggesting
that the ants play an important protective role against herbivores. This has also been
demonstrated in numerous other myrmecophytes, proving that there is a benefit from
the effectiveness of the ant defense against herbivores (e.g., Chamberlain and Holland
2009, Rosumek et al. 2009, Trager et al. 2010). Frequent observations of the experi-
mental plants revealed that herbivory tends to occur in a few concentrated events. As
discussed by Michelangeli (2003), plants usually remain unharmed for a few weeks or
days, but once they are discovered by herbivores, the damage occurs in a short time,
often only a few hours.

According to the optimal defense theory (McKey 1974, 1979, Sagers and Coley
1995), defense should be concentrated on young shoots and leaves, since they consti-
tute the most valuable and vulnerable parts of the plant (McKey 1974, Coley and Kur-
sar 1996). In many plant species the nitrogen content in young leaves is very high, due
to active growth, making them highly appealing to herbivores (Coley 1982, Kursar
and Coley 1991). Vulnerability in young leaves is usually a result of being less tough,
fibrous, and the lack of a protective cuticle (Coley and Kursar 1996). Since most of the
herbivory damage a tropical plant will suffer throughout its lifetime is accumulated in
juvenile leaves (Coley and Kursar 1996), having protection on these vulnerable areas
constitute a great advantage. As expected, in several myrmecophytes, patrolling ants
concentrate on these younger parts (Janzen 1972, McKey 1984, Fiala et al. 1994, Heil
et al. 2001), though they also provide protection for mature leaves. In the association
between 7. americana and P. dendroicus, the ants actively guard young leaves and stip-
ules, as well as mature leaves (A. Sanchez pers. obs.).
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It has also been suggested that the protective role of ants extends to protecting the
host against pathogenic fungi (Heil et al. 2001). Although we did not quantify fungal
colonization directly, Pseudomyrmex dendroicus constantly removes debris, which could
result in protection against fungi and other pathogens (Garcia-Guzmadn et al. 2001).

Ants constitute a rapid and direct line of defense, which can mobilize where they are
required (McKey 1984, Fiala and Maschwitz 1990, Gaume et al. 1997, Agrawal 1998,
Itioka et al. 2000, Michelangeli 2003). Pseudomyrmex behaves aggressively against other
insects (Janzen 1967, Fonseca 1994, This study), viciously attacking any herbivore on
the host, until it leaves the tree. This ant genus is also characterized by possessing potent
venoms (Pan and Hink 2000, Touchard et al. 2014), which may allow them to effec-
tively attack herbivores. We observed that P. dendroicus workers patrol their host at all
times of day and night, even when temperatures are low. Workers do not forage outside
the plant and do not eat the insect herbivores they attack (Fonseca 1994; A. Sanchez and
E. Bellota pers. obs.). Although in some cases P. triplarinus Weddell and P. dendroicus
take termite bait and/or tuna into the colony (Oliveira et al. 1987; E. Bellota pers. obs.),
based on our observations, other larger insects such as caterpillars or Orthoptera do not
seem to be preyed upon (as seen in other ant-plant Pseudomyrmex by Dejean et al. 2014).

The effects of herbivory may also extend beyond growth, ultimately affecting re-
productive success and fitness of the host. Decreased energy spent on reparative growth
could translate into increased energy allocation towards reproduction (Maron and
Crone 2000). In addition, by protecting young individuals, survivorship would in-
crease enhancing a plant’s chances of living into adulthood, even if the production of
domatia is costly (Brouat and McKey 2000, 2001). In 77 americana, queens colonize
plants as little as 30 cm tall and the first brood of workers was seen in seedlings ranging
between 40 to 50 cm (Schremmer 1984, Sanchez in review). Therefore ants could play
a fundamental role in the establishment and success of 77iplaris.

Conclusion

Ant-exclusion experiments revealed that the myrmecophyte Triplaris americana is sig-
nificantly affected by herbivory in the absence of its symbiotic associate Pseudomyrmex
dendroicus. Ants actively patrol their host at all times of day and night, and rapidly
recruit when an herbivore is encountered. Even though caulinary domatia are costly to
produce (Brouat and McKey 2000, 2001), 7. americana hosts queens of 1 dendroicus
as young seedlings. The specificity of P dendroicus gives a clear difference in the poten-
tial survival of these plants. Therefore, following the development of seedlings through
time and measuring the impact of herbivory before an ant colony establishes, would be
fundamental to understanding how significant ant protection is during plant establish-
ment. Short-term experiments give an idea of herbivore damage, but long-term experi-
ments have revealed how vital ants can be for the plant’s survival and the importance of
ants on plant vitality, growth, and reproductive success (Heil et al. 2001). In addition,
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since our experiment was conducted during the dry season, experiments comparing
herbivory in the wet versus dry seasons would be beneficial, since higher herbivory
rates can occur during the rainy season (Coley 1982).
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Abstract

Encarsia singhiellae Polaszek & Shih, sp. n., is described and illustrated. It is known so far from Taiwanand
China. All specimens were reared from the ficus, or fig, whitefly Singhiella simplex (Singh), an Asian species
recently attaining pest status in California, Colombia, and Florida.

Keywords
Parasitoid, invasive species, potential biocontrol agent

Introduction

The ficus or fig whitefly Singhiella simplex was described from India (Singh 1931),
and appears to have a natural distribution across South and Southeast Asia that in-
cludes China, India, Myanmar and Taiwan (EPPO 2014, Natural History Museum,
London, unpublished data). It was first recorded as an invasive species established in
Florida (2007) and California (2012), has since become widespread in Central and
South America and the Caribbean, and was recorded from Cyprus in 2014. It appears
to be restricted to developing on several Ficus species, and is commonly recorded from
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F. benjamina L. and F. microcarpa L.£. Some Ficus species appear to be unsuitable for
its development (EPPO 2014).

There are three published records of parasitoids of this species, all apparently from
Florida. Hodges (2007), recording S. simplex for the first time from Florida, cited Encar-
sia tricolor Forster, 1878 a species that occurs nowhere in the New World, nor anywhere
within the natural Old World distribution of S. simplex. We therefore consider this para-
sitoid record to be a misidentification. Encarsia protransvena Viggiani, 1985, and Amitus
bennetti Viggiani & Evans, 1992 were recorded from S. simplex in Florida (Avery et al.
2011) and, although no identification authority was cited, these seem to have been iden-
tified correctly. Given the origin of S. simplex in the Old World tropics, it seems likely
that a native parasitoid, screened for a reasonable degree of host-specificity, might be a
good candidate for classical biological control of S. simplex in the New World. Such a
possible candidate is described below. Terminology follows Huang and Polaszek (1998).

Abbreviations

FAFU  Fujian Agriculture and Forestry University, Fuzhou, CHINA.
NHM  Natural History Museum, London, U.K.
NTU  National Taiwan University, Taipei, TAIWAN.

Material and methods

A single series of reared specimens collected in September 2010 by the second author
(YTS) was studied in detail for taxonomically useful morphological characters by the
second and fourth (AP) authors. A single specimen reared one month later from the
same host from mainland China proved to be morphologically identical. DNA was
successfully sequenced from four individuals from the original sample, using the pro-
tocol described in detail by Polaszek et al. (2013). This “non-destructive” extraction
method has proven extremely effective for the smallest parasitoids. Sequence data for
the ribosomal 285-D2 region were aligned using MUSCLE (Edgar 2004) and analysed
using RAXML (Stamatakis 2014) by the third author.

Results

Encarsia singhiellae Shih & Polaszek, sp. n.
http://zoobank.org/3E0E06D7-3280-44E4-B2C3-56BED3E54000
Figs 1-15

Description of female. Colour: Head yellow, antenna yellow, slightly darker towards
apex. Mesosoma yellow except following light brown: pronotum, posterior margin of
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mesoscutum, anterior margin of scutellum, axillae and sides of propodeum. Metasoma
yellow except T5 dark brown in strong contrast. Base of T1, and T4, infuscate cen-
trally. Fore wing slightly infuscate below marginal vein. Legs yellow.

Morphology: Mandibles each with three small teeth. Stemmaticum with five ro-
bust setae and reticulate surface sculpture. Antennal formula 1,1,4,2. F1, F2, F3 ap-
proximately equal in length, with any of the three antennomeres the longest in differ-
ent specimens. Pedicel with two robust setae dorsally. F4 0.9 times F1 (0.85 in holo-
type); F5 0.7-0.9x F1 (0.73 in HT); F6 0.8—1.0times F1 (0.9 in HT); funicle length
2.5times clava length (2.3 in HT). F1-F6 with the following numbers of multiporous
plate sensilla: F1:0; F2:2; F3:2; F4:3; F5:3 F6:3. Mid lobe of mesoscutum with 4 or 5
pairs of setae, 1 lateral pair and 3—4 centrally (one central seta unpaired in holotype);
side lobes with three setae. Scutellar sensilla closely placed, separated by less than the
maximum width of one sensillum. Distance between posterior pair of scutellar setae
2 times distance between posterior pair (2.1 times in HT). Fore wing 2.8 times maxi-
mum width of disc (2.84 in HT). Marginal fringe 0.26 times maximum width of disc
(0.25 in HT). Submarginal vein with 3 setae; marginal vein anteriorly with 7-9 setae
(8+9 in HT). Basal cell with 9-15 setae (11+12 in HT). Tarsal formula 5-5-5. Mid
tibial spur 0.56 times corresponding basitarsus. Mid tibia with a prominent spine-like
seta apically. Metasomal tergites with the following numbers of setae: T'1: 0, T2: 2, T3:
2, T4: 2, T5: 4, T6: 4, T7: 4. Ovipositor 1.2 times mid tibia; 2nd valvifers 3.8 times
third valvulae (3.7 in HT).

Male. Unknown.

Material examined. Holotype female (NHM) on slide, labelled “TAIWAN:
Taoyuan, Kuanyin (25.034°N, 121.113°E), 07 July 2011, ex Singhiella simplex on
Ficus microcarpa Y.T. Shih col. Holotype Encarsia singhiellae Shih & Polaszek”; para-
types: 9 females, same data as holotype (NHM, NTU). CHINA: Fujian, Xiamen
(24.481°N, 118.089°E), 6.x.2010 ex Singhiella simplex on Ficus microcarpa, ] Huang,
A Polaszek, Z-H Wang col. (1 female, FAFU).

Species group placement. The close proximity of the scutellar sensilla, coupled
with three setae on the submarginal vein might suggest placement of the new species
in the E. strenua group, but the shape of the stigma vein indicates that this placement
would be incorrect. E. strenua group species have a distinct constriction between the
marginal and stigmal veins. DNA analysis of the 28S D2 region places E. singhiellae
sp. n. far away from the monophyletic E. strenua group, in an assemblage that includes
E. tricolor Foerster, E. tachii (Polaszek & Hayat), and E. mineoi Viggiani (S. Schmidt,
unpublished data). Encarsia singhiellae is therefore currently unplaced with respect to
any known species group of Encarsia. The sequence has been deposited in GenBank
under accession number KT279403.

In the key to Chinese Encarsia species (Huang and Polaszek 1998), E. singhiellae
sp. n. keys to E. noyesana Huang & Polaszek, 1998. It can be easily distinguished from
that species by the three setae on the submarginal vein (two in E. noyesana); 2-segment-
ed clava (3-segmented in E. noyesana); and the distinct colour pattern of the metasoma.

Host. Singhiella simplex (Singh) (Hemiptera: Aleyrodidae).
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Figures 1-9. E. singhiellae sp. n.: | Head, frontal view 2 Head, back view 3 Fore leg 4 Mid leg 5 Hind

leg 6 Dorsal mesosoma 7 Dorsal metasoma 8 Antenna 9 Fore wing.

Remarks. Encarsia singhiellae sp. n. is not closely related to any known Encarsia
species, either in the Oriental Region or elsewhere. It has several unusual characters as
follows: antenna with two robust setae on the pedicel, and F1 having distinct sculp-
ture; anterior apex of mid tibia with one distinct long spine-like seta. The following
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Figures 10-15. E. singhiellae sp. n.: 10 Apex of antenna Il Detail of compound eye 12 Articulation

of tibia and femur, fore leg 13 Ventral habitus 14 Mouth 15 Articulation of tibia and femur, mid leg.

character states place the new species in the genus Encarsia: fore and hind tarsi five-
segmented, eight antennomeres (excluding radicle), scutellum with two pairs of setae,
marginal vein longer than submarginal vein, stigmal vein very short and postmarginal
vein absent.

It is the first recorded parasitoid of Singhiella simplex in Asia, and appears to show a
high degree of host specificity, as there are no host records from other whitefly species.
The species is currently only known from the type locality.



90 Chiun Cheng Ko et al. / Journal of Hymenoptera Research 46: 85-90 (2015)

Acknowledgements

This study was funded by the Taiwan Ministry of Science and Technology (Project No.
102-2628-B-002-019-MY3 to CCK and YTS). Field work in China by AP was facili-
tated by a grant from the Chinese Academy of Sciences to Prof Huang Jian, Fujian Ag-
ricultural and Forestry University. We are grateful to the following for useful comments
on earlier versions of the MS: John Heraty, John Huber, John Noyes, JimWoolley.

References

Avery PB, Mannion CM, Powell CA, McKenzie CL, Osborne LS (2011) Natural enemies
managing the invasion of the Fig Whitefly, Singhiella simplex (Hemiptera: Aleyrodi-
dae), infesting a Ficus benjamina Hedge. Florida Entomologist 94(3): 696-698. doi:
10.1653/024.094.0338

Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32(5): 1792-1797. doi: 10.1093/nar/gkh340

EPPO (European and Mediterranean Plant Protection Organisation) (2014) Singhiella simplex
(Hemiptera: Aleyrodidae) Ficus whitefly. htep://www.eppo.int/ QUARANTINE/Alerc_
List/insects/singhiella_simplex.htm [accessed March 2015]

Hodges G (2007) The Fig Whitefly Singhiella simplex (Singh) (Hemiptera: Aleyrodidae): A New
Exotic Whitefly Found on Ficus Species in South Florida. Pest Alert DPI-FDACS. http://
www.freshfromflorida.com/pi/enpp/ento/Singhiella%20simplex.html [accessed March 2015]

Huang J, Polaszek A (1998) A revision of the Chinese species of Encarsia Foerster (Hyme-
noptera: Aphelinidae): parasitoids of whiteflies, scale insects and aphids (Homoptera:
Aleyrodidae, Diaspididae, Aphidoidea). Journal of Natural History 32: 1825-1966. doi:
10.1080/00222939800770911

Polaszek A, Ayshford T, Yahya BE, Fusu L (2013) Wallaceaphytis: an unusual new genus of
parasitoid wasp (Hymenoptera: Aphelinidae) from Borneo. Journal of Natural History,
special issue celebrating the Wallace100 centenary in 2013: 17-29.

Stamatakis A (2014) RAxML version 8: a tool for phylogenetic analysis and post-analysis of
large phylogenies. Bioinformatics 30: 1312-1313. doi: 10.1093/bioinformatics/btu033

Singh K (1931) A contribution towards our knowledge of the Aleyrodidae (Whiteflies) of India.
Memoirs of the Department of Agriculture in India 12: 1-98.



JOURNAL OF **

Hymenoptera

JHR 46:91-105 (2015)

doi: 10.3897/JHR.46.5586 RESEARCH ARTICLE

http://jhr.pensoft.net

Doryctobracon areolatus (Hymenoptera, Braconidae)
a parasitoid of early developmental stages of
Anastrepha obliqua (Diptera, Tephritidae)

Félix D. Murillo', Héctor Cabrera-Mireles', Juan F. Barrera',
Pablo Liedo', Pablo Montoya?

| El Colegio de la Frontera Sur, Carretera Antiguo Aeropuerto Km 2.5, Tapachula, 30700 Chiapas, Mexico
2 Programa Moscafrut SENASICA-SAGARPA. Camino a los Cacaotales S/N, Metapa de Dominguez, CP
30860, Chiapas, México

Corresponding author: Félix D. Murillo (fmurillo@ecosur.edu.mx)

Academic editor: Mark Shaw | Received 3 July 2015 | Accepted 24 August 2015 | Published 30 November 2015

http://zoobank.org/35180BB2-5388-4568-ACCA-BE29B053E138

Citation: Murillo FD, Cabrera-Mireles H, Barrera JE, Liedo B, Montoya P (2015) Doryctobracon areolatus (Hymenoptera,
Braconidae) a parasitoid of early developmental stages of Anastrepha obliqua (Diptera, Tephritidae). Journal of
Hymenoptera Research 46: 91-105. doi: 10.3897/JHR.46.5586

Abstract

Natural parasitism of Doryctobracon areolatus (Szépligeti) (Hymenoptera: Braconidae) on various devel-
opment stages of Anastrepha obligua (Macquart) (Diptera: Tephritidae) attacking Spondias mombin L.
fruits was studied under field conditions. We collected 120 fruits of S. mombin from which we got 495 A.
o0bliqua larvae of different instars. A total of 88% of these larvae were parasitized. Within the parasitized
cohort, the first-instar of D. areolatus was frequently detected in all 3 larval stages (L1 = 94.3%, L2 =
98.1%, and L3 = 100%), and the rest (i.e., L1 = 5.7%, L2 = 1.8%) corresponded to the presence of eggs.
In fruits with controlled infestation and cage-induced parasitism under field conditions, D. areolatus
oviposited in mature eggs and recently hatched larvae of A. 0bligua with comparable frequencies. Seven
preimaginal stages of D. areolatus were observed during their development, which was completed in 27
days. It is concluded that D. areolatus has the capacity to oviposit in embryo eggs and neonate larvae
of A. obliqua and that its first-instar larvae (with three distinct sizes) are capable of synchronizing their
development with the development of the host larvae. This finding represents the first report of a native
parasitoid attacking eggs or neonate larvae of a tephritid in the Neotropics. The implications of this find-
ing are discussed within the context of the competitive interactions of this species with other parasitoid
species under sympatric conditions, as well as the relevance for developing laboratory rearing methods for
biological control purposes.

Copyright Félix D. Murillo 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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Introduction

The native parasitoid guild that attacks fruit flies of the genus Anastrepha Schiner in the
Neotropics is mainly composed of a group of solitary koinobiont endoparasitoids (primar-
ily Braconidae and Figitidae) that oviposit in the host larvae and emerge from the pupae.
The genus Doryctobracon constitutes 27% of the parasitoid species and shares a closely
related evolutionary history with Anastrepha (Lépez et al. 1999, Ovruski et al. 2000).

Another smaller group of Anastrepha parasitoids are pupal idiobionts that attack
their hosts when they are in the soil and is represented by five species within the genera
Coptera and Trichopria (Diapriidae) and three polyphagous species, Pachycrepoideus
vindemiae (Rondani), Spalangia cameroni Perkins, and S. endius Walker (Pteromali-
dae) (Ovruski et al. 2000). The parasitoid guild of Anastrepha spp. in the Neotropics
represents an important source of species with potential to be used in biological con-
trol programs against native tephritids (Aluja et al. 2003). However, native Anastrepha
parasitoids attacking eggs or early larval developmental stages have not been reported.
The only report of a parasitoid attacking Anastrepha eggs in the Americas correspond to
Wharton et al. (1981), who found a small level of parasitism of the introduced Fopius
arisanus (Sonan), apparently on A. striata (Schiner) eggs.

According to Aluja et al. (2009) species of the genera Doryctobracon, such as D.
crawfordi (Viereck) and D. areolarus (Szépligeti), exhibit great potential as biologi-
cal control agents and should be examined from the point of view of mass rearing
projects. D. areolatus has been reported as a solitary koinobiont endoparasitoid that
attacks third instar larvae of Anastrepha spp., both in native and exotic commercial
fruits, with a wide distribution from Florida to Argentina (Herndndez-Ortiz et al.
1994, Lépez et al. 1999, Ovruski et al. 2000, Sivinski, et al. 2000, Aluja et al. 2003,
2009). This species frequently shows field dominance among concurrent parasitoid
species attacking Anastrepha spp. (Lépez et al. 1999, Sivinski et al. 1997, 2000;
Aluja et al. 2003, Ovruski et al. 2004). The presence of diapause (Aluja et al. 1998,
Ovruski et al. 2004) and an extrinsic capacity to find patches with low host density
(Sivinski et al. 1998) allows an ample distribution in regions with low plant diversity
(Eitam et al. 2004).

In the central region of Veracruz, Mexico, D. areolatus is the most abundant para-
sitoid species attacking Anastrepha obligua (Macquart) in Spondias spp. (Cabrera et al.
2006), where it has frequently been observed at the beginning of the fruiting season.
This suggests that this species could parasitize earlier developmental stages in relation
to sympatric parasitoid species. Normally, parasitoids attacking eggs and first instar
larvae of their hosts become more competitive than those attacking later stages (Wang
and Messing 2002, Wang et al. 2003, Wang et al. 2008, Argov et al. 2011), showing
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important potential to be used as biocontrol agents. Therefore, our aims in this study
were: 1) to determine if D. areolatus parasitize immature stages of A. 0bligua and 2) to
characterize its developmental stages during each phase of host development.

Materials and methods

Study area

The study was conducted in the coastal region of central Veracruz, which is character-
ized by high densities of A. 0bliqua hosts, such as mango (Mangifera indica L.), native
Spondias species and guavas (Psidium guajava L.). Fruit samples were collected from
trees located in backyard orchards and marginal zones, which provide resources for the
presence of flies and parasitoids all year round. This zone is located between 19°00" and
18°55" North latitudes and 96°10" and 96°13" West longitudes, with a mean altitude
of 18.5 m.a.s.l. The climate is semi-humid, with a mean annual rainfall of 1,358 mm
and a very marked rainy season from June to September. The highest mean monthly
temperature (29.1 °C) occurs in the month of June and the lowest mean monthly
temperature (21.4 °C) occurs in the month of January (SMN 2010).

Determination of the natural parasitism of A. obliqua larvae by D. areolatus un-
der field conditions

From September to October 2013, hog plum (Spondias mombin L.) fruits were col-
lected from four sites, three in the locality of “El Copital” and one in “El Mangal”,
municipality of Medellin de Bravo, from four to five trees per site. Fruits were collected
directly from the trees (36 fruits, 30%) and from the ground surrounding the trees
(84 fruits, 70%). Each sample consisted of 10 fruits per site. Samples were in three
sampling dates separated by seven days to cover the fruiting season of Spondias spp. A
total of 120 fruits were dissected.

Anastrepha obliqua larvae were extracted from each of the fruits the same day they
were collected. Larval instars were categorized based on the width of the cephalic cap-
sule and the body length (mean + SE) (Carroll and Wharton 1989). Larvae were dis-
sected immediately after collection, and the frequencies of the immature stages of D.
areolatus, or any other parasitoid species, were recorded following descriptions by Aluja
etal. (2013) and Murillo et al. unpublished data.

Photographs were captured with a Motic Plus 2.0° camera connected to a Carl
Zeiss Smz -168° stereomicroscope. The D. areolatus immatures inside the A. obligua
larvae were measured using Motic Imagen Plus 2.0 © software. The percentage of para-
sitized larvae was calculated, and frequencies of immature D. areolatus stages per larval
instar of A. 0bliqua were determined.
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Induction of D. areolatus parasitism on A. obliqua eggs and recently hatched larvae

Wild A. obliqua flies were collected as larvae from infested S. mombin fruits in the
field. Upon completion of their development, the larvae were placed in containers with
sterile sand for pupation. They were maintained under these conditions until adult
emergence. Adults were maintained with water and food (sugar plus hydrolyzed yeast
in a 3:1 ratio) until they were sexually mature.

Hog plum (S. mombin) fruits were previously protected from natural infestation
by bagging clusters of young fruits using 30 x 20 cm brown paper bags. A total of 30
bags (=10 fruits/bag) were used to protect ~300 fruits. The fruits were subsequently
collected, taking their maturity into account to allow for experimental infestation.

Infestation on the previously protected fruits was induced by exposing the fruits to
A. obliqua gravid females (8—10 days old) in Plexiglass cages (20x20x20 cm) placed on
a table in the field. Two clusters with five to eight fruits were placed in each cage to-
gether with 10 female flies and remained in the field at a mean temperature of 28.2 °C
(range: 23.2-36.1) and a mean RH of 81.6% (range: 55.1-95.3). Flies were main-
tained for six hours in each cage and dead flies were replaced.

Anastrepha obliqua eggs were exposed to the parasitoid in the same type of cages
24, 48, and 72 hours after fly oviposition in the fruit (~egg age), in order to cover
the different egg stages before larval hatching. Twenty 7-day-old D. areolatus fe-
males were placed in each cage for three hours, time enough to locate and oviposit
in the exposed eggs. Immediately after exposure, 35 A. 0bliqua eggs and 15 newly
hatched larvae were extracted from the fruits. The eggs were characterized as either
yolk-egg or embryo-egg (after Chapman 2013, pp: 358-407). All of the A. 0bligua
individuals in the egg and larval stages were dissected to characterize and record the
immature stages of D. areolatus.

Characterization of D. areolatus development and morphological changes

Development of D. areolatus eggs and larvae was individually photographed and meas-
ured. To follow the development of D. areolatus in A. obliqua pupae, mature A. obliqua
larvae were obtained from presumably infested fruit collected in the field. These larvae
were placed in 100-ml plastic containers with sterile sand as a substrate to facilitate
pupation. Three cohorts of 50 A. 0bliqua pupae were examined, and 3 to 5 pupae per
day were dissected from 0 to 12 days of growth. D. areolatus individuals and their de-
velopmental stages were recorded for each A. 0bliqua pupa.

The frequencies of the different immature developmental stages and the character-
istics of D. areolatus were calculated for each immature stage of A. obligua. All of the
observations of the organisms were conducted using the above-mentioned microscope.
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Data analysis

Chi-square test was used to compare the number of D. areolatus individuals observed
at each developmental stage with the expected number, using SPSS Statistic 17.0.
(SPSS Inc., 2008). Measurements of the cephalic capsules of A. 0bligua larvae are given
as the mean + (SE). The proportions of the immature stages of D. areolatus for each
A. obligua egg and larval stages are presented as observed numbers, and D. areolatus
development is presented as numbers of individuals and percentages.

Results

Natural parasitism in the field

From the 120 fruits that were sampled, 495 A. 0bligua larvae were extracted; 85, 115 and
295 of these were L,L, and L, larvae, respectively, and 69 (82%), 104 (90%) and 264
(89%) of these larval stages were parasitized, respectively (mean parasitism = 88 + 5.2%).

D. areolatus was the dominant parasitoid species (93.1%), and only Utetes anastre-
phae (Viereck) (5.4%) was found as the second most dominant parasitoid (Figure 1a).
The remaining 1.5% (third-instar larvae) was parasitized by both species and no appar-
ent advantage was observed for either species, except for the occasional larger size of D.
areolatus larvae (Figure 1b). D. areolatus and U. anastrephae larvae found together were
first-instar larvae, which were easily distinguishable from each other, primarily because
of the larger sizes of the cephalic capsule and the jaws of U. anastrephae (see Fig. 1).

The mean + (SE) of the widths of the cephalic capsules and the body lengths, re-
spectively, of A. obligua larval instars were 0.09 + 0.001 mm and 0.90 + 0.05 mm for
the L,,0.37+0.03 mm and 4.67 + 0.3 mm for the Lz’ and 0.63 + 0.004 mm and 9.16
+ 0.3 mm for the L.

Figure |. Parasitoids found in naturally parasitized A. 0bliqua larvae. a First instar larva of U. anastrephae
found in a third instar larva of A. 0bliqua and b Larvae of U. anastrephae and D. areolatus found together
in a third instar larva of A. 0bligua. Scale bars = 1 mm.
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Table I. Numbers of observed individual stages of development of D. areolatus recorded in the different

larval stages of A. 0bliqua extracted from field-collected hog plums (S. mombin).

A. obliqua
D. areolatus 11 12 13
Egg 3 2 0
L, Early 66 5 0
L, Intermediate 0 97 2
L, Late 0 0 262

L1 Early = First instar larva small (= 0.8 mm long); L1 Intermediate = First instar larva medium (= 1.4
mm long); L1 Late = First instar larva large (= 1.7 mm long).

The numbers of the developmental stages of D. areolatus recorded in the various
stages of naturally parasitized A. obliqua are given in Table 1. Embryo-eggs and
a high frequency of early first-instar larvae were detected in A. 0bliqua first-instar
larvae. In second-instar larvae, the presence of D. areolatus eggs was minimal, with
a higher frequency of intermediate first-instar larvae. In the third-instar larvae,
nearly all of the D. areolatus were late first-instar larvae. The relationship between
the immature stages of D. areolatus and the larval states of A. 0bliqua was significant
(= 800.9, P < 0.0001).

Presence of D. areolatus eggs in recently hatched A. obliqua larvae

In the controlled infestation experiment, A. obligua yolk-eggs were not parasitized,
which indicates that D. areolatus did not parasitize eggs without a formed embryo
(Table 2). However, parasitism was detected in A. 0bliqua embryo-eggs. A recently laid
D. areolatus egg (with yolk in its interior) on an A. obligua embryo can be observed
in Figure 2 and is folded in the embryo’s interior, given that both structures are of a
similar length. Seven recently hatched A. 0bligua larvae that were parasitized by D.
areolatus eggs were dissected; five were still in the yolk stage and two in the embryo
stage (Figure 3a).

Table 2. Numbers of D. areolatus developmental stages found in A. 0bligua eggs and first instar larvae
when S. mombin fruits were infested in a controlled manner.

A. obliqua
D. areolatus Eggs First instar larvae
Yolk Embryo Newly emerged Mature
Egg (yolk) 0 3 5 0
Egg (embryo) 0 0 2 2
L, Early 0 0 0 13

L1 Early = First instar larva small (= 0.8 mm long).
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Figure 2. D. areolatus parasitizing an A. obliqua embryo. a A. obliqua egg embryo b A. obliqua embryonic
egg removed € D. areolatus egg extracted from A. 0bliqua embryo, and d D. areolatus egg. Scale bars = 1 mm.

Figure 3. Parasitized A. 0bligua newly hatched larvae a with a D. areolatus egg inside and b with six eggs

of D. areolatus inside. Scale bars = 1 mm.

Superparasitism by D. areolatus was recorded in two out of seven recently hatched
A. obliqua larvae, and six parasitoid eggs were recorded from one larva (Figure 3b).

Fifteen mature first-instar A. 0bliqua larvae were dissected. Of these, 13 were para-
sitized with early first-instar larvae and 2 with embryo-eggs of D. areolatus. Yolk-eggs of
D. areolatus were not found (Table 2). The relationship between the immature stages of
D. areolatus and the immature stages of A. obliqua was significant (37, = 22.4, P < 0.0001).
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Figure 4. Development of immature stages of D. areolatus. a egg yolk b egg embryo ¢ early first instar

larva d intermediate first instar larva e late first instar larva f second instar larva g third instar larva h jaw
of third instar larva i prepupa j male pupa, and k female pupa with her ovipositor. Scale bars = 1 mm.

Characterization of D. areolatus development

The D. areolatus egg measures ~ 1 mm long and has an elongated shape and a whitish
color with a dark yolk. After 24 hours, the embryo is formed with a claviform appear-
ance and measures ~ 0.5 mm in length (Table 3 and Figure 4).

The embryo of D. areolatus becomes an early first-instar larva within 24 to 36 hours
of oviposition and measures ~ 0.8 mm in length. After three to four days, an early first-
instar larva grows into an intermediate first-instar larva, with a length of ~ 1.4 mm.
After another three to four days, the larva grows into a late first-instar larva measuring
~ 1.7 mm in length. This larva almost immediately changes to a second-instar once the
host pupa has formed, increasing in size and changing its shape (Table 3 and Figure 4).



99

D. areolatus a parasitoid of early developmental stages of A. obliqua

“(Suoj wwr /1 =) 23xe] eAre] 1easur 3811 =a1e ' pue (SUO] WU §'| ~) WNIPIUW BATE] JEISUT ISIL] = = erpauntaru] ' <(Suo] wur §°() =) [[eus eATe] Jeasur as1i] = A[1eq '

796 [e10],
(44 AM%V Ammmv 3npe arereyJ
(1D | (61) | (€D | (LF) d
% y | L] 8 | nd
F1) | (89) | (8%) dnd
1T m 3 01 edndaI
(€9) | (L9) .
/4 9 g T
(€0 | L) | ()| (9 ¢
w S 9 01 I 1
OD | (8) e
£ ¢ |79t i
66 @ | (86) eIpawINU]
T | L6 1
L (L) | (€6) Apeg
S | 99 "1
S AQMC of1quiyg
(0%) (09) (0) 33
¢ C ¢ 0 q
eiojorig | €T [ Tr 1ot | 6 | 8 [ L |9 s | %[ €|z 1]o]| T[] T| T okquyg|yex
aress) edng eATE] 33q snvjoauv ‘(q
u vnbyqo 'y

‘urquious - Ut pnbijqo ' jo saers feruswdooasp snotrea oy Junmp sugwjoair (7 Jo 23eas [eruawdo[padp yoea jo senpiarpur jo (saeiusoiad pue) sraquuny] ‘€ d|qel



100 Félix D. Murillo et al. / Journal of Hymenoptera Research 46: 91-105 (2015)

In recently formed A. obligua pupae, a higher frequency of late first-instar larvae of
D. areolatus in the process of transformation to the second instar stage were observed.
In 1-day old pupae, the D. areolatus larva had changed completely to the second instar
stage, measuring ~ 3.5 mm long, losing the cephalic capsule and occupying more than a
third of the host pupa. In 3-to-4-day old pupae, the larva develops into the third instar
stage, measuring ~ 6.0 mm long, changing body shape, and occupying all of the host
pupa. In 6 day-old A. obliqua pupae, D. areolatus pre-pupae that exhibit eye develop-
ment have formed. In 8-day old host pupae, the parasitoid pupae are already observed
with well-defined structures and genitalia. In 12-day old and older A. 0bliqua pupae, the
parasitoids are found as their complete adult structure (Table 3 and Figure 4).

Discussion

The presence of eggs and larvae of D. areolatus in the interior of eggs and recently
hatched A. obligua larvae represent a novel finding within the native parasitoid guild
that attack fruit flies in the Neotropics, because there have been no previous reports
of any native parasitoid covering this ecological niche (Lépez et al. 1999, Ovruski et
al. 2000).

Among the particular observations regarding this finding under forced conditions,
it was notable that D. areolatus oviposit inside embryo-eggs of A. 0bliqua, depositing a
flexible egg that can fold inside the interior of the host embryo, and that the first-instar
larvae present a prolonged development with three distinct sizes that synchronize with
the development of the host larva and pupa. The low number of embryo-eggs found
with egg parasitoids could be explained by the short developmental time of eggs (less
than 24 hours).

In Mexico, D. areolatus has been reported to be closely associated with A. obligua
in fruit hosts of the genus Spondias (Lépez et al. 1999, Ovruski et al. 2000, Sivinski et
al. 2000), which most likely is favored by the presence of semiochemicals that could
allow it to attack early stages of A. obliqua (eggs and recently hatched larvae). This
scenario seems similar to that of £ arisanus, which detects marking pheromones and
kairomones that emanate from the eggs of its host or from the interaction of the fruit
and the host egg (Rousse et al. 2005, 2007, Pérez et al. 2013).

The finding of the parasitism of D. areolatus on eggs and recently hatched larvae
of A. obliqua sheds light on two relevant aspects of its role as a natural enemy and bio-
logical control agent of fruit flies: 1) its competition and coexistence with other opiine
parasitoids, highlighting the exotic species Diachasmimorpha longicandata (Ashmead)
and the native species U. anastrephae (Garcia-Medel et al. 2007, Sivinski et al. 1998,
Paranhos et al. 2013, Aluja et al. 2013), and 2) the promising development of its mass
rearing under laboratory conditions (Eitam et al. 2003, Aluja et al. 2009).

It has been argued that D. areolatus is an inferior competitor compared to D.
longicaudata (Sivinski et al. 1998, Eitam et al. 2004) and to U. anastrephae (Aluja et
al. 2013). It has also been suggested that D. longicaudata, given its larger ovipositor,
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could cause a local extinction by displacing D. areolatus when deprived of free space
left by its competitors, as it has been suggested to explain the reduction of the disper-
sion range in Florida, USA, in the presence of D. longicaudata (Sivinski et al. 1998).
For U. anastrephae, it has been suggested that the historic sympatry of D. areolatus
and U. anastrephae depends on the ability of D. areolatus to avoid competition with
the intrinsically superior competitor by exploiting hosts in larger fruits that are out of
the reach of the smaller ovipositor of U. anastrephae (Sivinski et al. 1997, Aluja et al.
2013). However, our new findings suggest that both hypotheses can be reformulated
in relation to the biology and oviposition behavior of D. areolatus.

An early action of D. areolatus against immature A. 0bliqua could represent an eco-
logical advantage that prevents its displacement or local extinction by other competi-
tors such as U. anastrephae and D. longicaudara, since these latter species invariably will
attack mature larval stages that could already be parasitized by D. areolatus. According
to Wang et al. (2003, 2008), in F. arisanus this earlier attack increases the probability
to suppress the invasive larva through starvation or suffocation mechanisms. Field ob-
servations seem to support this assertion. Even though D. longicaudata has become es-
tablished in numerous sites in Mexico where it has been released, its presence in Spon-
dias species is inferior to that of D. areolatus (Lépez et al.1999, Sivinski et al. 2000,
Montoya et al. unpublished data). Our data showed that this species also competes
successfully against U. anastrephae by parasitizing eggs and recently hatched larvae,
which enables D. areolatus to become the dominant parasitoid species in these hosts.

Laboratory studies have reported that D. areolatus is an inferior competitor relative
to D. longicaudata and U. anastrephae (Paranhos et al. 2013, Aluja et al. 2013) because
larvae of D. longicaudata and U. anastrephae kill larvae of D. areolatus during com-
petition through sequential exposures. However, these studies were conducted using
mature host larvae (3rd instar), which, according to our results, presents a disadvantage
to D. areolatus.

One difficulty in rearing D. areolatus has apparently been the oviposition stimuli
in oviposition units (artificial devices with third-instar host larvae mixed with food)
(Eitam et al. 2003), which has not been a problem in the case of D. longicaudata
because this species detects its host by larval vibrations when feeding or moving (Law-
rence 1981). However, in light of our new findings, new perspectives on laboratory
rearing of this species are realized. The use of late-stage eggs or neonate larvae, similar
to Fopius arisanus rearing (Harris et al. 1991, Zenil et al. 2004, Rousse et al. 2005,
Montoya et al. 2009), should be tested.

Unsuccessful attempts have been made to rear D. areolatus using fruits with third
instar host larvae (Eitam et al. 2003). This could be because D. areolatus females need
different stimuli, such as chemical signals emitted by host (eggs or young larvae) inter-
acting with fruit volatiles, as has been demonstrated for £ arisanus (Rousse et al. 2007,
Pérez et al. 2013).

The preimaginal development of D. areolatus in A. obliqua required approximately
27 days, and 7 preimaginal stages were classified: egg, three larval stages, prepupa,
pupa, and pharate adult. The morphological observations of the preimaginal stages of
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D. areolatus are in agreement with what has been reported for F. arisanus and D. lon-
gicaudata (Rousse et al. 2005, Carabajal-Paladino et al. 2010). However, the develop-
ment of D. areolatus is more akin to F. arisanus because both exhibit a facultative syn-
chronization between their larval development and that of its host, which is reflected
in the long period of time for the first-instar larva, which finally changes when its host
reaches the prepupal stage (Rousse et al. 2005). This type of development allows the
second or third instars of £. arisanus (and probably D. areolatus) to occupy most of the
available space inside the pupa, which facilitate the elimination of competing larvae
(Wang et al. 2003, 2008).

Our study shows that D. areolatus can parasitize A. obliqua eggs and recently
hatched larvae, giving an advantage over other parasitoids that attack the later-stage
larvae. This finding represents a novel report regarding the oviposition behavior of this
species, suggesting that it may occupy an ecological niche that was previously thought
empty in the Americas. These findings also open new perspectives for the biological
control of fruit flies. If mass rearing methods are developed, this will allow release of
the most dominant fruit fly parasitoid species in the Neotropics.
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Abstract

A new species of subgenus Neodoryctes Szépligeti (Hymenoptera: Braconidae), Doryctes (Neodoryctes) henanensis
Li & van Achterberg, sp. n., is described and illustrated. This species is associated with Prerolophia sp. (Coleop-
tera: Cerambycidae), a twig-boring pest of Broussonetia papyrifera (L.) LHert. et Vent. (Moraceae), in Henan
(Central China). A key to the Palacarctic species of the subgenus Neodoryctes is provided.

Keywords
Doryctinae, Doryctini, Doryctes, dearycm, new species, parasitoid

Introduction

The subgenus Neodoryctes Szépligeti, 1914 of the genus Doryctes Haliday, 1836 (Hyme-
noptera: Braconidae: Doryctinae: Doryctini) includes eight described species, of which
six species are known from the Afrotropical Region (Yu et al. 2012). The other two
species are known from China (Taiwan) and Japan (Belokobylskij 1996, Belokobylskij
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and Maetd 2008). The subgenus Neodoryctes can be separated from the nominate sub-
genus by the relative length of vein 1-M of the hind wing (1.3—1.8 times as long as vein
M+CU in Neodoryctes; 0.7-1.0, rarely up to 1.1, times in Doryctes). In addition, the
hind tibia has long erect setae and tergites II+III have sublateral longitudinal grooves.
The biology of the species of this subgenus is unknown but members of the subgenus
Doryctes Haliday are ectoparasitoids of mainly Cerambycidae and Buprestidae (Yu et
al. 2012). The subgeneric status of Neodoryctes is doubtful according to the study of
Zaldivar-Riverén et al. (2008); Doryctes and Neodoryctes appeared distantly related ac-
cording to the molecular analysis thus supporting a generic status for Neodoryctes.

Here we describe the third non-Afrotropical species of Neodoryctes, D. (Neodor-
yctes) henanensis Li & van Achterberg, sp. n., from Henan (Central China).

Materials and methods

Twigs of heavily infested Broussonetia papyrifera (L.) UHert. et Vent. trees were col-
lected, brought to the laboratory and maintained in a large nylon cage at room tem-
perature. Distilled water was sprayed over the trunks and twigs twice a week in order to
prevent desiccation and the emerged insects were collected daily. After the emergence
of hosts and parasitoids was complete, all remaining twigs were dissected to record
their condition (i.e. status of hosts, and parasitism). The associated host was identified
by Dr. Guang-Lin Xie (Yangtze University, Jingzhou, Hubei, China).

For the morphological terminology used in this paper see van Achterberg (1993)
and Harris (1979). The descriptions, measurements and figures were made with a
Leica M205A microscope. Focused photographs were combined using Leica DFC550
with Leica Application Suite (Version 4.5.0).

The type specimens and hosts are deposited in the Insect Museum, General Sta-
tion of Forest Pest Management (GSFPM), State Forestry Administration, Shenyang,
China. One paratype is deposited at the Naturalis Biodiversity Center (RMNH), Lei-
den, The Netherlands.

Key to Palaearctic and Oriental species of the subgenus Neodoryctes Szépligeti

1 Mesoscutum mainly striate or rugose (Fig. 5) and dorsal face of propodeum
reticulate-rugose (Fig. 7); dorsal tooth on hind coxa absent (Fig. 8); vein
m-cu of hind wing straight posteriorly (Fig. 12); second metasomal suture
hardly impressed (Figs 1, 13) ..oveveueiininiiieiciiinieecceseeeeeeceseeeee e 2

- Mesoscutum and dorsal face of propodeum smooth or granulate; small dorsal
tooth on hind coxa present; posteriorly vein m-cu of hind wing curved dis-
tally; second metasomal suture distinctly impressed..........cccoceveviecinincnnnnns 3

2 Apical half of vein M+CUT1 of fore wing strongly curved (Fig. 12); vein 1-M
of hind wing 1.5-1.6 x as long as vein M+CU (Fig. 12); vein 3-SR of fore
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wing about 1.6 x as long as vein m-cu; medial part of tergite II (between sub-
lateral grooves) distinctly transverse (about twice wider than long medially);
ovipositor sheath about as long as fore wing; propodeum weakly areolate......
................................................. D. henanensis Li & van Achterberg, sp. n.
- Apical half of vein M+CU1 of fore wing slightly curved; vein 1-M of hind
wing about 1.3 x as long as vein M+CUj vein 3-SR of fore wing about 1.2
x as long as vein m-cu; medial part of tergite II about 1.2 x wider than long
medially; ovipositor sheath 0.60-0.75 x as long as fore wing; propodeum
distinctly areolate.......cceveevievcriniecnnenene. D. slavianka Belokobylskij, 1996
3 Mesoscutum and dorsal face of propodeum smooth; setae on dorsal surface
of hind tibia long and erect; hind coxa with distinct submedian dorsal tooth;
vein SR of hind wing largely absent; apical width of tergite I 1.2-1.4 x its
basal width.......ccoviviniiiniinis D. denticoxa Belokobylskij, 1996
- Mesoscutum and dorsal face of propodeum granulate; setae on dorsal surface of
hind tibia short and semi-erect; hind coxa with minute and hardly protruding
dorsal tooth; basal half of vein SR of hind wing present; apical width of tergite
[ 1.5-1.8 x its basal width ....... D. makibarai Belokobylskij & Maetd, 2008

Description

Doryctes (Neodoryctes) henanensis Li & van Achterberg, sp. n.
http://zoobank.org/726282A2-3F85-42B8-A264-2E130E8CSEBB
Figs 1-13

Type material. Holotype, ¢ (GSFPM), China: Henan, Xinxiang, 3.vi.2013, Mao-
Ling Sheng. Paratypes (RMNH, GSFPM): 1 @ + 1 &, same data as holotype.
Diagnosis. Frons weakly concave behind antennal sockets, with 3—4 furrows.
POL 1.2 x Od, 0.5 x OOL. Width of face 0.8 x height of eye, 1.2 x height of face and
clypeus combined. Apical half of vein M+CUT1 of fore wing strongly curved, vein 3-SR
of fore wing about 1.6 x as long as vein m-cu and vein 1-M of hind wing 1.5-1.6 x as
long as vein M+CU. Tergite II with oblique lateral depressions, medial part of tergite
IT (between sublateral grooves) distinctly transverse (about twice wider than long me-
dially). Ovipositor sheath 1.3 x as long as metasoma and as long as fore wing.
Holotype. Female, length of body 5.8 mm, and of fore wing 4.8 mm (Fig. 1).
Head (Figs 2-3). Head width 1.3 x its median length in dorsal view, 1.1 x width
of mesoscutum. Temple behind eye (dorsal view) roundly narrowed. Frons (Fig. 3)
weakly concave behind antennal sockets, with 3—4 furrows. Stemmaticum (ocellar tri-
angle) situated before middle of head. Ocelli medium-sized, and lateral areas weakly
concave. POL 1.2 x Od, 0.5 x OOL. Eyes glabrous, slightly concave near antennal
sockets, 1.2 x higher than wide. Diameter of antennal sockets 0.8 x distance between
antennal sockets, 2.3 x distance between socket and eye. Face (Fig. 2) uniformly con-
vex, with fine rugae and long setae, medially glabrous under sockets, rugae weaker
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Figure |. Neodoryctes henanensis Li & van Achterberg, sp. n., female, holotype. Habitus, lateral aspect.

laterally; width of face 0.8 x height of eye, 1.2 x height of face and clypeus combined.
Length of malar space 0.4 x height of eye and 1.1 x basal width of mandible. Ma-
lar suture absent. Clypeus suture complete. Hypoclypeal depression round, equal to
distance from depression to eye and 0.4 x as wide as face. Occipital carina complete
dorsally, ventrally remaining separated from hypostomal carina. Length of maxillary
palp 1.3 x height of head. Antenna (Figs 1, 4) broken (holotype), remaining antennal
articles 34, setiform and slender. Scape 1.6 x longer than its maximum width (Fig. 4).
Third article 5.5 x longer than its apical width (4.8 x in paratype) and 1.2 x as long
as fourth article (as in paratype). Paratype with 39 antennal articles and antenna 1.3 x
longer than body. Penultimate antennal article of paratype 3.1 x longer than its maxi-
mum width and about as long as apical segment.

Mesosoma (Figs 5-6). Mesosoma 2.4 x longer than high. Pronotum convex dor-
sally and distinctly concave medially, with irregular rugae. Mesoscutum largely cov-
ered with curved rugae (Fig. 5), interspaces smooth and strongly shiny and middle lobe
of mesoscutum distinctly convex with fine median furrow, its posterior third glabrous.
Notauli complete, distinctly crenulate anteriorly but posterior half shallowly crenu-
late and in a medio-posterior rugose area. Scutellar sulcus wide, deep, with a coarse
median carina, almost smooth, 0.4 x as long as scutellum. Scutellum slightly convex
and smooth, but rugulose posteriorly, its lateral carinae almost complete. Metanotum
dorso-medially with three distinct carinae. Subalar depression shallow and wide, with
short striae. Mesopleuron (Fig. 6) with rugose area anteriorly and with smooth inferior
areas. Precoxal sulcus distinctly impressed, smooth and straight. Propodeum convex
and reticulate-rugose, vaguely areolate and costulae indistinctly developed (Fig. 7); its
median carina about 0.5 x as long as propodeum.
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Figures 2-13. Neodoryctes henanensis Li & van Achterberg, sp. n., female, holotype, but 6 and 11 of fe-
male paratype. 2 Head, front aspect 3 Head, dorsal aspect 4 Basal anternal segments 5 Mesosoma, dorsal

aspect 6 Mesosoma, lateral aspect 7 Propodeum, dorsal aspect 8 Hind coxa 9 Hind femur 10 Hind tibia
I'l Hind tarsus 12 Wings 13 Metasoma, dorsal aspect.
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Wings (Fig. 12). Fore wing: length about 4.0 x as long as its maximum width.
Pterostigma 4.3 x as long as its maximum width. Vein M+CUT1 strongly curved; vein
r-m present, weakly oblique; vein 2-M present; vein r arising from near middle of
pterostigma; 2-SR 1.4 x as long as r, 0.7 x as long as 3-SR, 0.3 x as long as SR1, 1.5 x
as long as r-m; 1-SR+M curved; 1-CU1 0.2 x as long as 2-CU1; 3-CU1 0.5 x as long
as m-cu. Hind wing: vein 1-M 1.6 x as long as M+CU; vein m-cu straight posteriorly;
vein SR present basally.

Legs (Figs 6, 8-11). Fore tibia with 7-8 strong spines arranged in almost single
straight row. Hind coxa (Fig. 8) 1.6 x as long as wide, rugose dorsally and without tooth;
hind femur 2.6 x as long as wide and with long erect setae (Fig. 9); hind tibia with me-
dium-sized erect setae (Fig. 10); hind tarsus (Figs 10—11) almost as long as to hind tibia;
basitarsus (Fig. 11) 0.9 x as long as second-fifth segments combined; second segment of
hind tarsus 0.4 x as long as basitarsus, 1.5 x as long as telotarsus (without arolium).

Metasoma (Fig. 13). Length 1.1 x as long as head and mesosoma combined. Ter-
gite I 1.1 x longer than wide apically, with large dorsope, its surface with distinct, uni-
form and complete striae, and with minute transverse sculpture between striae; medio-
posteriorly weakly convex and smooth; dorsal carinae conspicuous and half as long as
tergite I; apical width 1.6 x its basal width. Tergite II with oblique lateral depressions,
medial part of tergite II (between sublateral grooves) distinctly transverse (about twice
wider than long medially), tergites II+III 0.9 x as long as its basal width, 1.8 times as
long as tergite IV in lateral view; its surface with distinct, uniform and complete striae
in basal 0.7, smooth in apical 0.3; second suture hardly impressed, striate and curved.
Basal half of tergites IV and V with fine sculpture, and apically (as remaining tergites)
smooth. Ovipositor sheath 1.3 x as long as metasoma and as long as fore wing.

Colour. Black. Head brown but stemmaticum and apical half of mandible black-
ish brown, median part of face and scape yellowish brown with some reddish, apical
half of antenna rather dark brown; pronotum, mesoscutum, mesopleuron (apically
dark brown) and mesosternum reddish brown; tegula, fore leg (but femur and tibia
blackish brown), mid leg (but coxa, femur and tibia blackish brown), hind trochanters
and base of tibia, yellowish brown; pterostigma (except for yellowish brown base and
apex) and veins blackish brown; sublateral striae of tergite II dark reddish brown.

Male. Length of body 4.2 mm, and of fore wing 2.9 mm. Antennal articles 29, an-
tenna 1.1 x longer than body. Length of mesosoma 2.8 x longer than high. Length of
tergite I 1.5 x as long as its apical width and apical width 1.7 x its basal width. Length
of tergites IT+III 1.8 x its basal width, 2.2 x as long as length of tergite IV. Head (but
stemmaticum and apical half of mandible blackish brown; basal half of antenna yellow,
apical half brown), fore leg, mid leg (but telotarsus and claws blackish brown), hind leg
(but coxa and most of femur yellowish brown with some reddish; telotarsus and claws
blackish brown), pterostigma and veins yellowish brown; pronotum and mesoscutum
yellowish brown with some reddish; propodeum and metasoma reddish brown and
partly blackish.

Variation. Female paratype has length of body 4.6 mm, and of fore wing 3.7 mm.
Head (but stemmaticum and apical half of mandible blackish brown; apical half of an-
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tenna brown), legs except claws blackish brown, tegulae, yellowish brown; pterostigma
(but basally and apically yellowish brown) and veins brown; pronotum and mesoscu-
tum yellowish brown with some reddish; scutellum, propodeum, hind coxa and meta-
soma (but tergites II+I1I yellowish brown with some reddish), dark reddish brown.

Biology. Presumably larval parasitoid of Prerolophia sp. (Coleoptera: Cerambyci-
dae) boring in Broussonetia papyrifera (L.) L'Hert. et Vent. (Moraceae).

Distribution. Palaearctic China (Henan).

Remarks. The new species belongs to the subgenus Neodoryctes Szépligeti because
of the short vein 1-M of the hind wing. It can be separated from other Palaearctic and
North Oriental species of this subgenus by having vein 3-SR of fore wing about 1.6
x as long as vein m-cu, apical half of vein M+CU]1 of fore wing strongly curved and
vein 1-M of hind wing 1.5-1.6 x as long as vein M+CU (vein 3-SR of fore wing about
1.0-1.5 x as long as vein m-cu, apical half of vein M+CUT1 of fore wing slightly curved
and vein 1-M of hind wing about 1.3-1.4 x as long as vein M+CU in the remaining
species). It shares with D. slavianka Belokobylskij, 1996, from Korea and Far East
Russia, the lack of a dorsal tooth on the hind coxa and the striate or rugose mesos-
cutum; however, it differs from the latter species by having the medial part of tergite
IT (between the sublateral grooves) distinctly transverse (about twice wider than long
medially; about 1.2 x in D. slavianka), the ovipositor sheath about as long as fore wing
(0.60-0.75 x), the propodeum weakly areolate (distinctly areolate) and vein M+CU1
of fore wing distinctly curved (nearly straight).

Etymology. The specific name is derived from the locality of the holotype.
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Abstract

A widespread European nocturnal ichneumonid, Ophion luteus, is shown to be a parasitoid of at least two
species of noctuid moth, Agrotis exclamationis and A. segetum, probably most frequently a parasitoid of the
former. The taxonomy, nomenclature and diagnostic features of this species are discussed. Possible expla-
nations for a spring-flying generation, usually referred to as the ‘distans’ morph, are discussed.

Keywords
Host-parasitoid, rearing, Lepidoptera, Noctuidae, Noctuinae

Introduction

In Europe, Ophion luteus (Linnaeus) is a widely distributed, often common, nocturnal
ichneumonid, and a conspicuous visitor to light traps in August and September. But
despite its near ubiquity in Britain (and probably much of north-west Europe) (Brock
1982; Natural History Museum and National Museums of Scotland collections), its
biology has remained almost entirely unknown. Establishing the hosts of O. luzeus is of
interest because it is such a widespread (Fig. 1) and often common species, yet is one
of very few ophionines that had not been reared in Britain. Population modelling work

Copyright Gavin R. Broad 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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o

Figure I. Preliminary distribution map of Ophion luteus in Britain and Ireland (Northern Isles displaced
southwards), based on 475 occurrence records held in the database of the Nocturnal Ichneumonoidea
Recording Scheme; note that many specimens in BMNH and NMS have not yet been databased and this
map is presented only to give an impression of the range of the species, bearing in mind bias in coverage
and omissions. Map plotted using DMAP, developed by Alan Morton (www.dmap.org).

in Finland has appeared to implicate parasitism by O. /uteus as the cause of population
cycles of boreal Xestia spp. (Noctuidae: Noctuinae) (Varkonyi et al. 2002), although
O. luteus has never been reared from Xestia, neither in the wild nor by experimental
exposure.

As Brock (1982) had suggested that the usual host of O. luteus is a “noctuid larva
of such frequent occurrence that it is seldom reared by lepidopterists”, GRB and MRS
surmised that Agrotis exclamationis (Linnaeus) (Noctuidae: Noctuinae), the Heart &
Dart, must be a good candidate for the usual host of O. luteus, given its wide distri-
bution and suitable phenology. Agrotis exclamationis flies mainly from May to July,
with well-grown larvae occurring in late summer to early autumn before overwintering
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Figure 2. Phenology of adult Ophion luteus in Britain (percentages per month of 887 specimens from the
Nocturnal Ichneumonoidea Recording Scheme database). Note the tiny May emergence.

fully fed to pupate the following spring. Adult O. luteus specimens have been col-
lected in Britain mainly (90% of specimens seen) in August and September (Fig. 2)
which would mean they are adult at a time coincident with suitable A. exclamationis
larval hosts. Ophioninae almost always oviposit into well-grown Lepidoptera larvae
(e.g. Price 1975; Vickery 1929; MRS pers. obs., see below) and many of the British
species attack Noctuidae (Brock 1982 and collections of NMS); but larvae of common
noctuids feeding partly subterraneously, such as A. exclamationis, are not often reared
by lepidopterists. An opportunity to rear O. luteus (including experimental exposure to
the parasitoid) arose when GRB collected several final instar larvae of A. exclamationis
at night on 10.x.2012 in his garden, in Aldbury, Hertfordshire, England (51°47'59"N,
0°35'59"W), where O. luteus is frequent at the light trap. While these caterpillars
were being reared, MRS and HS coincidentally reported further rearing records for
O. luteus. The rearings by HS took place as a result of large populations in 1976 and
some subsequent years of Agrotis segetum (Denis & Schiffermiiller) and, to a lesser
extent, A. exclamationis in Saxony and other regions of Central Germany (specimens
retained from Diibener Heide and Eisleben), where the larvae (particularly of A. sege-
tum) caused significant damage to crops.

Materials and methods

Specimens are deposited in the Natural History Museum, London (BMNH), National
Museums of Scotland (NMS) and the Heinz Schnee collection (HSC). Rearing by
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Table I. Rates of parasitism of two Agrotis spp. by Ophion luteus in Central Germany.

Agrotis exclamationis Agrotis segetum
Year No. larvae Parasitism (%) Year No. larvae Parasitism (%)

1976/7 138 0.7 197617 585 0.5
197718 100 11 1979/80 115 0.9
1981/2 48 2.1 1981/2 75 1.3
1983/4 64 7.6 1983/4 200 0.5
1984/5 44 6.8 1984/5 69 4.3
1985/6 52 7.7 1986/7 148 0.7
1990/1 58 1.7 1988/9 388 0.3

1991/2 90 1.1

GRB of A. exclamationis larvae collected in the wild in their final instar was carried
out in a shed at ambient temperatures throughout the winter, with livestock brought
indoors, to a shaded environment, in the summer. Two wild-collected adult female
Ophion luteus were fed on diluted honey and six final instar A. exclamationis larvae were
exposed to them overnight, around 10.x.2012. Ophion luteus adults were introduced to
large tubes containing single A. exclamationis larvae in the evening and observed from
about 20:00-22:00. The two O. luteus were then separately left overnight with multiple
A. exclamationis. In Germany, larvae of A. exclamationis and A. segetum were collected
in October and November over several years (see Table 1), mainly from potato and
sugar beet fields but also from corn and carrot. Larvae were reared individually in Petri
dishes under long daylight conditions (18 hours light / 6 hours darkness) until emer-
gence of adult moths, parasitoid larvae or death of the larvae. Parasitoid cocoons were
over-wintered outdoors. Photographs of specimens were taken with a Canon EOS
450D digital camera attached to a Leica MZ12 stereomicroscope and partially focused
images were combined using Helicon Focus v. 4.80 software. A photograph of the early
cocoon was taken with a Samsung Galaxy SII mobile phone.

Results and discussion

The Agrotis exclamationis larvae collected in Aldbury in October 2012 were exposed to
O. luteus females; during the period of observation, from about 20:00-22:00. Ophion
luteus females paid no attention to the Agrotis larvae, even when walking over them. In
light of the subsequent parasitoid emergence, they could already have been parasitized,
or oviposition may have subsequently occurred in the dark, when they were not under
observation. It proved difficult to overwinter the A. exclamationis larvae, which bury
themselves in soil but are periodically restless. Most larvae succumbed to fungi but
one survived the winter. On 19.iv.2013, it was found that a large parasitoid larva had
emerged from this, probably prepupal, caterpillar and had begun to spin a cocoon
below the host remains. Cocoon formation took about seven days, with the cocoon
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Figure 3. Cocoon of Ophion luteus ex Agrotis exclamationis (Aldbury, Herts.); a early stage in cocoon
formation, 20.iv.2013 b same cocoon after emergence of adult O. luteus.

initially composed of loose, white silken threads (Fig. 3a) but gradually darkening and
taking on the characteristic appearance of an Ophion cocoon, dark brown, slightly
paler centrally (Fig. 3b). An adult female O. /uteus emerged in the night of 2-3.ix.2013
(specimen deposited in BMNH). At around this time, O. luteus were regularly caught
in GRB’s light trap.

At about the same time as this specimen was pupating, MRS identified a female
O. luteus reared from a fully grown Agrotis 2vestigialis (Hufnagel) larva, or prepupa,
collected from under moss at Braunton Burrows, North Devon (§S4437) on 8.v.2007
(coll. B.P. Henwood) (specimen in NMS). The exact dates of cocoon formation and
emergence of the adult parasitoid are not recorded, but were later in 2007.

HS also reported his previously unpublished rearing records from 1976-1992,
when he reared 43 O. luteus from both Agrotis exclamationis and A. segetum field-col-
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lected larvae in Germany (Table 1) (12 reared O. /uteus specimens deposited in HSC).
Unlike GRB’s rearing, the O. luteus larvae in HS’s rearings all emerged from their host
larvae in the year of collection, although it should be noted that these emergences took
place under unnatural light conditions, as detailed in Materials and Methods. HS also
found some Ophion cocoons in the soil in November; however, emergence of these O.
luteus adults was almost invariably between July and early September in the following
calendar year, except for two that emerged in May. The phenology of both hosts and
O. luteus may differ in Germany, at least in particularly warm years (such as 1977) but
in Britain, A. exclamationis usually overwinters as a prepupa in the soil, pupating the
following spring.

Host records for O. luteus in the literature cover a very wide range of Lepidoptera
across ten families, including many noctuids, and even a tenthredinid sawfly (Yu et al.
2012). Most can be dismissed out of hand, especially as in the past almost any large
yellowish ichneumonid was liable to be referred to O. luteus. However, Meyer’s (1927)
and Gy0rfi’s (1943, 1944) references to, respectively, Agrotis segetum and A. vestigialis
as hosts are, in retrospect, entirely plausible.

Almost all O. luteus records from GRB’s Nocturnal Ichneumonoidea Recording
Scheme are from August and September (and into early October) (Fig. 2), which is
when large larvae of A. exclamationis and some other Agrotis species are available. How-
ever, as discussed by Brock (1982), there is a distinct, though rarely collected, cohort of
apparent O. luteus on the wing in May. These specimens are typically smaller than nor-
mal O. luteus, with fewer antennal flagellomeres and more buccate heads (there is a dis-
tinct ocellar-ocular space and the temples are long in dorsal view). These have informally
been referred to as the ‘distans morph. The taxonomy of this morph is rather complex;
the lectotype of Ophion distans Thomson, 1888 is very similar to that of Ophion luteus
(Linnaeus, 1758) (Brock 1982) so, although this spring generation is informally called
the ‘distans morph, if there were found to be two species (spring and autumn-flying)
then the ‘distans’ morph would actually take the name Ophion luteus, with the autumn
generation taking the next available name, Ophion slaviceki Kriechbaumer, 1892 (Brock
1982). However, Schwarzfeld et al. (submitted) have found that all British specimens of
O. luteus sequenced for Cytochrome Oxidase I, including two ‘distans specimens col-
lected in May, cluster together as apparently one monophyletic species.

Brock (1982) reports that O. luteus of the ‘distans form have been reared from
Ochropleura praecox (Linnaeus) (Noctuidae: Noctuinae) on sand dunes, based on spec-
imens in Claude Morley’s collection, but the location of these specimens is now un-
known. Four specimens in BMNH, reared by Claude Morley but with no host names
given, seem to be ‘distans’ although three of these have atypical mandibles, having the
acute internal angle between the teeth that is a feature of most Ophion species other
than O. luteus. The lectotype of Ophion luteus, and other ‘distans’ specimens, have
mandibles typical of the common and widespread form of O. luteus.

Agrotis exclamationis can have a small second brood (as occurred in 2013 in south-
ern England), and it is plausible that the early-flying ‘diszans’ form results from late
summer or autumn-pupating host individuals, with the parasitoid’s early cocoon for-
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mation triggered by hormonal changes in the host. These could give rise to adult O.
luteus emerging in the late spring. However’s HS’s autumn-cocooning O. luteus are
of the usual, autumn-flying morphology, including the two specimens that emerged
in May (possibly as a result of unnatural rearing conditions). There are also, perhaps
more pertinently, closely related dune-inhabiting noctuid species with this different
phenology. Both factors mean that alternative hosts may be available in some areas for
an early summer brood of O. luteus.

There are no reliable rearing records of O. /uteus from any Xestia species. Xestia
spp- and O. luteus have non-synchronous life cycles in Britain, with fully-grown Xeszia
larvae unavailable at the time for oviposition by O. luteus. The available evidence is that
O. luteus is a parasitoid of Agrotis larvae, contrary to Vdrkonyi et al. (2002). Varkonyi
etal.’s (2002) population modelling of boreal Xeszia species implicitly assumes that O.
luteus is a parasitoid attacking early instar host larvae, switching between two cohorts
of Xestia spp. (which have a two year life history at high latitudes), because Xestia are
not fully grown in Finland when O. luteus is on the wing. Virkonyi et al. (2002) also
report O. luteus rearings from Euxoa species, which over-winter as small larvae, and use
this as evidence for O. luteus ovipositing in small larvae of Xestia spp. This is contrary
to our findings, as O. luteus adults are only on the wing when their Agrozis hosts are
well-grown, and oviposition in young larvae would be unique within the genus. MRS
has experience of rearing at least ten British Ophion species, always from Lepidoptera
larvae collected as late (probably final) instars and never from larvae collected young,
which he collects as often as possible for the sake of rearing Microgastrinae and Rogad-
inae (Braconidae) that kill hosts young. Furthermore, common Xestia species are easily
collected as larvae in Britain, and have repeatedly been reared in large enough numbers
for it to be implausible for regular parasitism by O. luteus to have been overlooked in
Britain. There is a possibility that the Scandinavian and British specimens identified as
O. luteus represent separate species (G. Vdrkonyi pers. comm.) although there has been
no published evidence to support this. Three specimens of Ophion reared from Euxoa
in Scandinavia have been identified as O. luteus by J.P. Brock (Brock, pers. comm.),
which again raises the question of whether O. /uteus as currently defined actually con-
ceals more than one species, assuming that the host identification as Euxoa is correct
(these specimens were not available to us). Despite these outstanding questions, we can
now say that the common European species that we call Ophion luteus is most likely a
frequent parasitoid of the noctuid Agrotis exclamationis and congeners and the hosts of
any cryptic species within this complex should be found within noctuid larvae that are
almost certainly late instars at the time the Ophion species is/are on the wing,.

Identification of Ophion luteus

As with many species of Ophion, O. luteus is predominantly testaceous/pale orange
and many Ophion in collections (and online images) are misidentified as O. luteus,
which has generally been used as a catch-all name. However, Brock (1982) clarified the
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Figure 4. Hind leg of O. luteus with arrow pointing to trochantellus (leg parts as follows from top left to

bottom right: coxa, trochanter, trochantellus, femur).

identification of O. luteus in his comprehensive key to the British Ophion species. This
key can be difficult to use (because they are on the whole difficult species to identify),
but O. luteus is usually relatively straightforward to identify. With the exception of very
aberrant specimens, such as those reared by Morley (see above), O. luteus (including
all specimens of the “ordinary” form and most of the “distans” form) can be identified
by the combination of the long hind trochantellus (Fig. 4) and the usually character-
istic mandibles (Fig. 5), which have simply tapered internal edges to the mandibular
teeth, lacking internal angles at the base of the teeth (compare with the mandible of
Ophion crassicornis Brock in Fig. 6), and often show considerable wear. Very occasion-
ally, Ophion crassicornis may have very worn mandibles too, when the internal angles
of the teeth are then not visible. Additional useful recognition features for O. luteus are
the strongly sinuous fore wing vein Rs and the very short ramellus on fore wing vein
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Figure 5. Mandibles of female O. luteus, showing differing degrees of abrasion; a Bath University,
14.x.2005 (coll. D. Watts) b Silwood Park, Berks., 16.viii.2000 (coll. G.R. Broad) ¢ Aldbury, Herts.,
13.ix.2013 (coll. G.R. Broad); all specimens in BMNH.
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Figure 6. Mandible of Ophion crassicornis (Westcott, Bucks., 21.v.2009, coll. D. Wilton, BMNH).

Figure 7. Fore wing of Ophion luteus (Aldbury, Herts., 29.ix.2012, coll. G.R. Broad) with arrows pointing
to the ramellus (left) and vein Ry (right).
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1m-cu (Fig. 7), together with the sparsely punctate mesopleuron (densely punctate in
O. crassicornis) and very weak median longitudinal carinae on the propodeum (strong
centrally in O. crassicornis). The mandibular teeth of O. luteus are frequently granu-
lose in sculpture and the teeth may be worn down; the range of mandibular abrasion
is shown in Fig. 5. Presumably the mandibles are abraded when the Ophion adults
emerge from the soil, as this is seen in males as well as females and the mandibles of
our reared specimens are unabraded and shiny. Some females have particularly strongly
abraded mandibles (Fig. 5¢), which still requires explanation — perhaps the soil that
the adults need to tunnel through from their subterranean cocoons can become very
strongly compacted and hard following a dry summer period, but males in general do
not exhibit such extreme wear. Agrotis larvae are found above the soil surface at night,
when they are presumably attacked by O. luteus, and O. luteus does not exhibit any
modifications typically seen in ichneumonoids parasitising soil-inhabiting Lepidop-
tera, such as robust legs and short antenna.
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Abstract

Leptogenys elongata and Leptogenys manni (Hymenoptera, Formicidae, Ponerinae), the only described Lep-
togenys known from the continental US, were recently included on a list of exotic ants established in
North America. To evaluate this possibility, I compiled and mapped published and unpublished specimen
records of L. elongata and L. manni. Leptogenys elongata records have an essentially continuous distribution
through central and eastern Texas (65 counties), southern Oklahoma (one county), and western Louisiana
(eight parishes), south through much of Mexico (nine states), plus one questionable record from Colorado
and one almost certainly erroneous record from the District of Columbia. Leprogenys manni records are
known from much of Florida (22 counties), plus one isolated record from Georgia that needs corrobora-
tion. I found no credible evidence that L. elongata or L. manni have established populations anywhere
beyond their native ranges.
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Introduction

More than forty ant species have well-established populations in multiple areas of both
the Old World and the New World, spread through human commerce (Wetterer
2015). In earlier papers, I have reviewed the worldwide spread of many of these cos-
mopolitan ant species, including some that have become major global pests, incurring
great ecological and economic damage, e.g., Anoplolepis gracilipes (Smith), Linepithema
humile (Mayr), Pheidole megacephala (Fabricius), Solenopsis geminata (Fabricius), So-
lenopsis invicta Buren, and Wasmannia auropunctata (Roger) (Wetterer 2005, 2011,
2012, 2013a, b, Wetterer et al. 2009).

Recently, Wittenborn and Jeschke (2011) investigated characteristics of exotic ant
species by comparing species that they classified as native to North America with those
they classified as exotic. Two species that Wittenborn and Jeschke (2011; supplemen-
tary material) considered exotic in North America were Leptogenys elongata (Buckley)
and Leptogenys manni Wheeler. Of the 307 described Leprogenys species (Bolton 2015),
L. elongata and L. manni are the only ones known from the continental US. Both L.
elongata and L. manni appear to be specialist predators of terrestrial isopods (Wheeler
1904, Trager and Johnson 1988). Here, I examine the geographic ranges of L. elongata
and L. manni and evaluate evidence concerning whether these species have any exotic
populations in North America or elsewhere.

When a cosmopolitan ant species occurs in both the Old World and the New
World, it is almost always clear that one of these ranges is entirely exotic. Within a spe-
cies’ native hemisphere, however, it can be difficult to determine what geographic area
constitutes the native range and what area, if any, constitutes the exotic range. When
evaluating the native and exotic ranges of a species, researchers consider a spectrum of
distributional, historical, evolutionary, ecological, and genetic information (see Wet-
terer 2008). For example, evidence considered indicative of a species’ native range in-
cludes 1) older records largely confined to a single continuous region, 2) occurrence in
inland native communities, and 3) proximity to the ranges of closely related species. In
contrast, evidence indicative of a species’ exotic range includes 1) sudden appearance
and spread of the species through an area discontinuous with other known popula-
tions, 2) occurrence exclusively in coastal and highly disturbed environments, and 3)
geographic isolation from closely related species.

Taxonomy

Buckley (1866) described Ponera elongata (= L. elongata) from near Austin, Texas.
Wheeler (1902) designated Ponera texana Buckley (described from Archer County,
Texas) and Lobopelta septentrionalis Mayr (described from “Districte Columbia”) as
junior synonyms of L. elongata. Lattke (2011) designated Leptogenys mexicana Mayr
(described from Mexico) as a junior synonym of L. elongata.
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Wheeler (1923) described Leprogenys elongata manni (= Leptogenys manni) from
Florida. Trager and Johnson (1988) raised L. manni to full species status.

Lattke (2011) placed Leprogenys elongata and Leptogenys manni in the elongata spe-
cies group, along with nine other species (including seven new species), all known
from Central America, and two with ranges extending into Colombia: Leptogenys bi-
fida Lattke (known from Honduras), Leptrogenys chamela Lattke (known from Jalisco,
Mexico), Leptogenys foraminosa Lattke (known from Costa Rica, Panama, and Co-
lombia), Leptogenys honduriana Mann (known from Honduras), Leptogenys oaxaca
Lattke (known from Oaxaca, Mexico), Leptogenys peninsularis Mann (known from
Baja California, Mexico), Leptogenys sianka Lattke (known from Veracruz, Chiapas,
and Quintana Roo, Mexico), Leprogenys sonora Lattke (known from Sonora, Mexico),
and Leptogenys volcanica Lattke (known from Costa Rica, Panama, and Colombia).

Materials and methods

Using published and unpublished records, I documented the known ranges of Leprog-
enys elongata and Leptogenys manni. 1 obtained unpublished site records from museum
specimens in the collections of the Archbold Biological Station (ABS), the Museum of
Comparative Zoology (MCZ), and the Smithsonian Institution (SI). In addition, I used
on-line databases with collection information on specimens by Antweb (www.antweb.
org). I obtained geo-coordinates for collection sites from published references, specimen
labels, maps, or geography web sites (e.g., earth.google.com and www.tageo.com).

If a site record listed a geographic region rather than a “point locale,” and I had
no other record for this region, I used the coordinates of the largest town within the
region or, in the case of small islands and natural areas, the center of the region. In
the only exception, I mapped Deyrup et al.’s (1989) record of L. manni from Monroe
County, Florida to a site in northeastern part of the mainland part of the county rather
than the largest town (Key West) because Trager and Johnson (1988) and others wrote
that L. manni is not known from the Florida Keys.

I was unable to map individually many records of L. elongata from caves because
the site locations are kept secret to avoid vandalism. For example, Reddell and Coken-
dolpher (2001) and Cokendolpher et al. (2009) listed records of L. elongata from seven
caves in Bexar County, Texas, including two caves on Camp Bullis Military Training
Reservation; I included all these records as just a single site record, mapped near the
center of Camp Bullis.

Results

In total, I mapped 139 site records of Leptogenys elongata (including 106 from Texas)
and 27 site records of Leptogenys manni (all but one from Florida) (Fig. 1; Table 1).
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Figure 1. Site records of Leptogenys elongata (red) and Leptogenys manni (green).

Sites records of L. elongata in Texas came from 65 counties: Archer, Bandera,
Bastrop, Bell, Bexar, Blanco, Brazoria, Brazos, Brown, Burleson, Burnet, Calhoun,
Cameron, Comal, Concho, Coryell, Dallas, DeWitt, Edwards, Fayette, Fort Bend,
Galveston, Gillespie, Grayson, Guadalupe, Harris, Hays, Hidalgo, Houston, Irion,
Jack, Jefferson, Jones, Karnes, Kendall, Kerr, Kimble, Kinney, Kleberg, Liberty, Live
Oak, Matagorda, McLennan, Menard, Milam, Nueces, Palo Pinto, Parker, Real,
Refugio, Robertson, Runnels, San Jacinto, San Patricio, Schleicher, Stonewall, Sut-
ton, Taylor, Travis, Uvalde, Victoria, Washington, Webb, Wharton, and William-
son (Buckley 1866, O’Keefe et al. 2000, Reddell and Cokendolpher 2001, Calixto
Sanchez 2008, Cokendolpher et al. 2009, Lattke 2011, antweb). The northernmost
Texas records came from Archer County and Grayson County (both ~33.6°N; Buck-
ley 1866, O’Keefe et al. 2000). The westernmost Texas record came from Irion Coun-
ty (-101.2°W; Cokendolpher and Francke 1990).

The eight site records of L. elongara in Louisiana came from eight different par-
ishes: Acadia, Avoyelles, Beauregard, Caddo, Calcasieu, Natchitoches, Rapides, and



Geographic distribution of Leptogenys elongata and L. manni

131

Table |. Earliest known records for Leprogenys elongara and Leptogenys manni in the US and Mexican

states. * = probably erroneous.

Site information given for unpublished records.

Leptogenys elongata Earliest record

Texas <1866 (Buckley 1866)

Mexico <1870 (Mayr 1870 as Lobopelta mexicana)
Washington DC* <1886 (Mayr 1886 as Lobopelta septentrionalis)
Colorado* <1894 (Emery 1894 as Leptogenys septentrionalis)
Louisiana 1908 (collector unknown, Smithsonian Institution): Marksville
Veracruz 1941 (Lattke 2011)

Michoacin 1952 (Lattke 2011)

Tamaulipas 1964 (Lattke 2011)

Hidalgo 1965 (Lattke 2011)

Jalisco 1966 (Lattke 2011)

Nuevo Leén

1972 (R.E. Gregg, antweb): Horsetail Falls

San Luis Potosi

<2005 (Vdsquez-Bolafios 2005)

Morelos <2007 (Quiroz-Robledo and Valenzuela-Gonzilez 2007 as L. mexicana)
Zacatecas <2007 (Navarrete-Heredia et al. 2007)

Oklahoma 2014 (K. Roeder, J. Trager, pers. comm.): Kingston

Leptogenys manni Earliest record

Florida <1908 (Wheeler 1908 as Leprogenys elongara)

Georgia <1947 (Smith 1947 as Leprogenys elongara)

Vernon (Dash 2004, Lattke 2011, antweb). The northernmost Louisiana record came
from Shreveport in Caddo Parish (32.5°N; Lattke 2011). The easternmost Louisiana
record came from Marksville in Avoyelles Parish (92.1°W; Lattke 2011).

James Trager (pers. comm.) provided one unpublished record of L. elongata from
Marshall County in southernmost Oklahoma (33.9°N; Table 1).

The 22 site records of L. elongata in Mexico came from nine states (Table 1). The
two southernmost Mexico record came from Los Tuxtlas, Veracruz (18.6°N; Qui-
roz Robledo and Valenzuela Gonzilez 2003 as L. mexicana) and Ticuman, Morelos
(18.7°N; Quiroz Robledo and Valenzuela Gonzdlez 2007 as L. mexicana). The west-
ernmost Mexico record came from Atenquiqui in Jalisco state (103.5°W; Lattke 2011).

Two of the new species in the elongata group that Lattke (2011) described have
distributions in Mexico that overlap with that of L. elongata (L. sianka in Veracruz and
L. chamela in Jalisco). Lattke (2011) re-identified specimens reported as L. mexicana
from Quintana Roo on the Yucatan Peninsula (Dejean et al. 1995; Dejean and Olm-
sted 1997) as L. sianka. Lattke (2011) confirmed species identification for 12 of the
22 Mexican L. elongata site records. It is possible that some Mexican specimens not
examined by Lattke (2011) that are currently considered L. elongata are actually a dif-
ferent species in the elongata group.

The 26 site records of L. manni in Florida came from 22 counties: Alachua, Bak-
er, Brevard, Columbia, Dixie, Gadsden, Gilchrist, Highlands, Indian River, Leon,
Levy, Marion, Miami-Dade, Monroe, Orange, Pasco, Pinellas, Polk, Putnam, Taylor,
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Volusia, and Wakulla (Deyrup et al. 1989, Lattke 2011, antweb, ABS collection).
The northernmost Florida record came from Tall Timbers Research Station in Leon
County (30.7°N; ABS). There is a single, isolated record of L. manni from Georgia
(33.8°N; see below).

Problematic records

There are three problematic reports of L. elongata (from Colorado, the District of
Columbia, and Maryland). Creighton (1950) wrote: “Records for elongata have been
reported from Colorado, the District of Columbia and Maryland. It is unlikely, but
not impossible, that elongata occurs in southeastern Colorado. But records from the
District of Columbia and Maryland seem plainly impossible.”

Wheeler (1908) reported L. elongata from Texas, Florida, Colorado, and Mary-
land, though Wheeler (1908) cited Pergande and Mayr for the Maryland record and
therefore this must refer to Mayr’s (1886) record of Pergande’s specimens reportedly
from the District of Columbia. Wheeler (1923) wrote that L. elongata “occurs in the
Gulf States from Texas to Florida and north to Colorado and the District of Colum-
bia.” Records of L. elongata from Florida were actually L. manni (see above), and it
seems likely that published records of L. elongata from Colorado and the District of
Columbia did not come from outdoor populations in these areas. Both southernmost
Colorado (37.0°N) and the District of Columbia (38.9°N), have considerably higher
latitudes (and much cooler climate) than the next highest latitude records for L. elon-
gata (33.9°N, see above).

The single record of L. elongata from Colorado was based on specimens that Ezra
T. Cresson collected (Emery 1894 as L. septentrionalis). Cresson made substantial col-
lections of Hymenoptera in the Western US for the Academy of Natural Sciences of
Philadelphia. Cresson collected in Colorado, but he also worked extensively in Texas
(see Cresson 1872). Even though the validity of this record is questionable, I mapped
it to Campo in southeastern Colorado.

The single record of L. elongata from the District of Columbia was based on speci-
mens that Theodore Pergande collected (Mayr 1886 as L. septentrionalis). Pergande
worked for the Federal Bureau of Entomology in Washington DC. All other ant speci-
men records I have found for Pergande from Washington DC were from inside houses
and greenhouses (e.g., Monomorium pharaonis, Paratrechina longicornis, and Tapinoma
melanocephalum in the Smithsonian collection). It is possible that the specimens Mayr
(1886) reported came from a greenhouse. It seems more likely, however, that the speci-
mens were mislabeled or their provenance was misunderstood. Pergande (1893, 1894,
1896) collected ants extensively in Mexico and Texas, which are more likely sources
of his specimens. Lattke (2011) similarly concluded that this record was “an obvious
error as the District of Columbia lies far beyond the range of L. elongata.”

Smith (1947) wrote that he saw specimens of elongata labeled “Stone Mt., Decatur,
Georgia.” These specimens are at the Smithsonian and Lattke (2011) identified them
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as L. manni. Lattke (2011) wrote: “The specimens labeled as from Georgia constitute
a single series and lack a date, though the state of the label suggests the early 1900’s. L.
manni is now known to range into northern Florida, but over 300 kilometers separate
Decatur from the nearest L. manni collection sites in Florida. The Georgia locality is a
possibility but needs corroboration.”

Discussion

Trager and Johnson (1988) wrote that Leptogenys elongata occurs in “western Louisiana,
Texas, and northeastern Mexico.” However Lattke’s (2011) designation of Leptogenys
mexicana as a junior synonym of L. elongata extends the reported range of this species
south into central Mexico (Fig 1). Despite the paucity of records, L. elongata appears
to show an uninterrupted range across much of Texas (65 counties) into southernmost
Oklahoma (one county), east to central Louisiana (eight parishes), and south through
much of Mexico (nine states) (Fig. 1). This continuous range gives no indication that
L. elongata is exotic to any part of this region. The one questionable record from Colo-
rado could be an isolated northern extension of this native range, but seems more
likely to be an error, and the one record of L. elongata from the District of Columbia
is almost certainly an error. The relatively recent first records of L. elongata from some
states in Mexico (Table 1) are likely to be due to the scarcity of specimens and the dif-
ficulty of distinguishing L. elongata from the 16 other Leprogenys species known from
Mexico (Antweb 2015), including five other members of the elongata species group (L.
chamela, L. oaxaca, L. peninsularis, L. sianka, and L. sonora), rather than recent expan-
sion into parts of Mexico.

Trager and Johnson (1988) listed Leptogenys manni only from Florida and wrote
that L. manni “must be added to the growing list of Florida’s endemic ants.” Leptogenys
manni records are now known from much of Florida (22 counties), plus one isolated
record from a natural area in central Georgia that could be based on a labeling error
and needs confirmation.

Leptogenys elongata and L. manni are large, distinctive ants that have been rarely
collected, perhaps due to largely subterranean habits. In fact, Reddell and Cokend-
olpher (2001) and Cokendolpher et al. (2009) found L. elongata relatively often when
surveying caves in Texas. Trager and Johnson (1988) speculated: “in south Florida, L.
manni may be entirely subterranean.” Virtually all records of L. elongata and L. manni
come from relatively undisturbed natural areas, a character not normally indicative of
an exotic species. In fact, I found no credible evidence that L. elongata or L. manni
have established exotic populations beyond their native ranges. I conclude that Wit-
tenborn and Jeschke (2011) were wrong in classifying L. elongata and L. manni as
exotic to North America.

In documenting the ranges of other species on Wittenborn and Jeschke’s (2011) list
of North American exotics, I have found that numerous other species also appear to be
misclassified. For example, Wittenborn and Jeschke (2011) categorized Gramptogenys



134 James K. Wetterer / Journal of Hymenoptera Research 46: 127-136 (2015)

hartmani (Wheeler), Labidus coecus (Latreille), and Pachycondyla harpax (Fabricius) as
exotics in North America, but all three species have apparently continuous ranges from
South America, through Central America, and into Mexico and the southern US and
give no indications of being exotic in any part of their ranges (Wetterer 2014, in press
a, Wetterer and Snelling 2015). Similarly, Cephalotes varians (Smith), Tapinoma litorale
Wheeler, Temnothorax allardycei (Mann), and Trachymyrmex jamaicensis (André), also
on the list of exotics, appear to be native throughout their seemingly continuous ranges
in the West Indies and southern Florida (Wetterer in press b, in prep.). It is unfortunate
that native North American ant species wound up on Wittenborn and Jeschke’s (2011)
list of exotics. Exotic species are an important ecological problem around the world. In
order to protect native species and minimize the negative impacts of exotic species, it is
essential to distinguish which species are native and which are exotic.
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Abstract

Conostigmus albovarius Dodd, 1915 (Hymenoptera: Megaspilidae) is a species previously known by a
single female holotype. Here, we provide a redescription of this peculiar ceraphronoid based on several
female specimens and describe the male of the species for the first time. Intraspecifically-variable morpho-
logical traits such as female antenna color pattern are documented and discussed. A phenotype bank of
morphological characters is provided for use in future megaspilid taxonomic treatments. We also provide
phenotypic data in a semantic form to allow for ease of data integration and accessibility, making taxo-
nomic data more accessible to future systematic efforts.

Keywords
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Introduction

Conostigmus Dahlbom, 1858 (Hymenoptera: Ceraphronoidea; Megaspilidae) is a rela-
tively small genus of parasitoid wasps that has been largely neglected by modern taxo-
nomic efforts, though they are commonly collected and are worldwide in distribution
(Johnson and Musetti 2004). Relatively little is known about the biology of Conostigmus
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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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(Graham 1984, Bijoy et al. 2014). However, the superfamily Ceraphronoidea is known
to contain both endoparasitoids and ectoparasitoids, with examples of both known to
occur even within the same genus (Miké et al. 2013; Broad and Livermore 2014).

Ceraphronoids have been reared from hosts spanning a large variety of orders,
including Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, Mecoptera,
Neuroptera, Thysanoptera, and Trichoptera (Schaffner 1959; Dessart 1967; Graham
1984; Dessart 1992; Goulet and Huber 1993; Miké and Deans 2009). Information
about the specific hosts of Conostigmus is limited: Kamal (1926) reports two species,
Conostigmus triangularis Thomson, 1858 and C. timberlakei Kamal, 1926, as reared
from Syrphidae (Diptera) puparia. Vidal (2003) reports that Conostigmus rufescens
Kieffer, 1907 is known to parasitize the eggs and larvae of the brassica pod midge,
Dasineura brassicae Winnertz, 1853 (Diptera: Cecidomyiidae), which is a pest of rape-
seed (Brassica napus L. 1753). While species such as C. rufescens could be economically
important, research efforts are hampered because so little work has been done on the
systematics of Ceraphronoidea (Vidal 2003; Mik¢ et al. 2013).

Alan P. Dodd described the species Lygocerus albovarius from a single female speci-
men he captured in Australia (Dodd 1915). Dodd later expressed doubts on being able
to distinguish between females of Conostigmus and Lygocerus after discovering the male
of another Australian species he had described from a female specimen, Conostigmus
unilineatus Dodd 1915. He advised that all of the Australian species he had described
from female specimens, including L. albovarius, were more likely to be Conostigmus
(Dodd 1916). Paul Dessart initially transferred Lygocerus albovarius from Lygocerus to
Dendrocerus (Dessart, 1972), but later transferred the species to Conostigmus following
the suggestion of Dodd (Dessart 1995; Dessart 1997).

Materials and methods

Air-dried point-mounted specimens were obtained from the Canadian National Col-
lection of Insects (CNC). To prepare specimens for dissection, air-dried point-mounted
specimens were removed from their points, cleared with BioQuip Specimen Clearing
Fluid #6373, and subsequently kept in glycerol for dissection and storage. Dissections
were performed with #2 insect pins and #5 forceps.

Air-dried point-mounted specimens and glycerol-stored specimens were examined
using an Olympus SZX16 stereomicroscope with an Olympus SDF PL APO 1X PF
objective (115x) and an Olympus SDF PL APO 2X PFEC objective (230x magnifica-
tion). Blue-Tack (Bostik, Inc., Wauwatosa, Wisconsin, USA) was used to stabilize
specimens while making observations and images. Measurements were taken using a
KR 851 stage micrometer (Imm in 100 divisions) attached to the same microscope.
Bright field images were taken with an Olympus DP71 digital camera attached to
an Olympus ZX41 compound microscope. Images were subsequently aligned and
stacked using Zerene Stacker Version 1.04 Build T201404082055.
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For the male and female species descriptions, 87 morphological characters were
scored based on observations of air-dried point mounted specimens and glycerol
stored specimens. Following the Phenotypic Quality Ontology (PATO; available at
http://obofoundry.org/), the preferred label “count” was used instead of its synonyms,
including “presence”. It logically follows that the character “presence” should not
include “absent” as a state because the correct use of this syntax would be “presence/
absence: absent”, which would over-complicate descriptions. Specimen data, OTU
concepts, natural language phenotypes and images of specimens were compiled in
the MX database (http://mx.speciesfile.org). This software was used to render the
Diagnosis, Description, and Material Examined sections. Definitions and descriptions
of the morphological terms and structures were mapped to classes in the following
phenotype-focused ontologies: Hymenoptera Anatomy Ontology (HAO), Phenotypic
Quality Ontology (PATO), Biospatial Ontology (BSPO), OBO Relation Ontology
(RO), Ontology for Biomedical Investigations (OBI), and Information Artifact
Ontology (IAO), all available at http://www.ontobee.org/ (Xiang et al. 2011).

Semantic statements were generated in Protégé Version 5.0.0 (Build beta-17)
to build an ontology where phenotypes are represented semantically. Standardizing
taxonomic data through ontology-based semantic representation could benefit future
systematic work by allowing taxonomic data sets from different sources to be easily
integrated, expediting computerized searches across these data sets (Deans et al. 2012;
Balhoff et al. 2013; Miké et al. 2014). Statements were written in OWL Manchester
syntax, modeled after examples set by Balhoff et al. (2013), Miké et al. (2014), and
Miké et al. (2015). A list of the semantic statements generated is presented in Sup-
plementary file 1: Appendix 1. The data matrix file, the NEXUS file corresponding
to the data matrix and the semantic annotations file are available at http://dx.doi.
org/10.6084/m9.figshare.1539620, http://dx.doi.org/10.6084/m9.figshare.1544551,
and http://dx.doi.org/10.6084/m9.figshare.1539621.

Taxonomy

Conostigmus albovarius (Dodd, 1915)
Figs 1-6

Lygocerus albovarius: Dodd, A. P. 1915: 453 (original description)
Conostigmus albovarius: Dodd, A. P. 1916: 18

Dendrocerus albovarius: Dessart, P. 1972: 291

Conostigmus albovarius: Dessart, P. 1995: 320

Conostigmus albovarius: Dessart, P. 1997: 7, 133

Diagnosis. Conostigmus albovarius differs from all other Megaspilidae by the presence
of metallic coloration and foveolate sculpturing.
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Redescription. Color and sculpture. Color hue pattern male: cranium, mesoso-
ma, F1-9, pedicel, distal region of hind femur, abdomen brown; scape, forelegs and
midlegs, tibia of hind leg yellow; hind coxa and petiole neck white. Color hue pattern
female: cranium except supraclypeal depression and mesosoma except posteroventral
region metallic brown/purple; F9, distal and proximal region of scape, supraclypeal de-
pression, abdomen, dorsal proximal regions of femur and tibia brown; F1-F5, pedicel,
scape except distal and proximal regions, posteroventral region of mesosoma, petiole
neck white; F6-F8 variable white or brown. Foveolate sculpture on body count: pre-
sent on mesosoma and frons; present on frons. Occipital carina sculpture: crenulate.

Head morphometrics. Cephalic size (csb): Mean: 300-450 Mm. Head height (lat-
eral view) vs. eye height (anterior view): HH:EHf = 1.0-2.0. Head height vs. head
length: HH:HL = 1.0-1.5. Head width vs. interorbital space: HW:IOS = 2.0-2.5.
Head width vs. head height: HW:HH = 1.0-1.5. Male ocular ocellar line vs. lateral
ocellar line: OOL:LOL = 1.0-2.0. Male ocular ocellar line vs. posterior ocellar line:
OOL:POL = 0.5-2.0. Female ocular ocellar line vs. lateral ocellar line: OOL 1.5-2.5
x as long as LOL.

Head and antenna. Median flange of occipital carina count: absent. Submedial
flange of occipital carina count: absent. Dorsal margin of occipital carina vs dorsal
margin of lateral ocellus in lateral view: occipital carina is ventral to lateral ocellus in
lateral view. Preoccipital lunula count: present. Preoccipital carina count: present . Pre-
occipital furrow count: present. Preoccipital furrow anterior end: Preoccipital furrow
ends inside ocellar triangle. Postocellar carina count: absent. Transversely reticulate re-
gion on frons count: present. Transversely reticulate region on frons extent: restricted
to lateral branches of supraclypeal depression. Rugose region on frons count: absent.
White, thick setae on frons count: present. Ventromedian setiferous patch and ventro-
lateral setiferous patch count: absent. Antennal scrobe count: absent. Facial pit count:
no external corresponding structure present. Supraclypeal depression count: present.
Supraclypeal depression structure: absent medially, represented by two grooves later-
ally of facial pit. Intertorular area count: present. Intertorular carina count: present.
Median region of intertorular area shape: flat. Transverse frontal carina count: absent.
Ventral margin of antennal rim vs dorsal margin of clypeus: not adjacent. Torulo-cl-
ypeal carina count: present. Subtorular carina count: absent. Mandibular tooth count:
2. Female first flagellomere length vs pedicel: F1 as long as pedicel (1.0-1.1). Female
ninth flagellomere length: F9 less than F7+F8; F9 = F7+F8. Male first flagellomere
length vs male second flagellomere length: 1.0-1.1. Length of setae on male flagel-
lomere vs. male flagellomere width: setae shorter than width of flagellomeres; setae as
long as width of flagellomeres. Sensillar patch of the male flagellomere pattern: F5-F9.

Mesosoma and metasoma. Ventrolateral invagination of the pronotum count: pre-
sent. Anterior mesoscutal width vs. posterior mesoscutal width: AscW/PscW = 0.8—
0.9. Mesoscutal length vs anterior mesoscutal width: MscL/AscW = 1.0-2.0. Weber
length: WL = 400-550 ®m. Notaulus posterior end location: adjacent to transscutal
articulation. Median mesoscutal sulcus posterior end: adjacent to transscutal articula-
tion. Scutoscutellar sulcus vs transscutal articulation: adjacent. Axillular carina count:
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absent. Speculum ventral limit: not extending ventrally of pleural pit line. Epicnemial
carina count: complete. Epicnemium posterior margin shape: anterior discrimenal pit
absent; epicnemial carina curved. Sternaulus count: present. Sternaulus length: short,
not reaching 1/2 of mesopleuron length at level of sternaulus. Mesometapleural sulcus
count: present. Metapleural carina count: present. Transverse line of the metanotum-
propodeum vs. antecostal sulcus of the first abdominal tergum: adjacent sublaterally.
Lateral propodeal carina count: present. Lateral propodeal carina shape: straight (left
and right lateral propodeal carinae compose a carina that is not broken medially).
Anteromedian projection of the metanoto-propodeo-metapecto-mesopectal complex
count: absent. Posterior margin of nucha in dorsal view shape: concave. Transverse
carina on petiole shape: concave.

Abdomen and male genitalia. S1 length vs. shortest width: S1 wider than long.
Distal margin of male abdominal sternum 9 shape: straight. Proximolateral corner
of abdominal sternum 9 shape: blunt. Cupula length vs. gonostyle-volsella complex
length: cupula less than 1/2 the length of gonostyle-volsella complex in lateral view.
Proximodorsal notch of cupula count: present. Proximodorsal notch of cupula shape:
arched. Distodorsal margin of cupula shape: straight. Proximodorsal notch of cupula
width vs length: wider than long. Proximolateral projection of the cupula shape: blunt.
Distoventral submedian corner of the cupula count: absent. Dorsomedian conjunc-
tiva of the gonostyle-volsella complex count: present. Dorsomedian conjunctiva of
the gonostyle-volsella complex length relative to length of gonostyle-volsella complex:
dorsomedian conjunctiva extending 2/3 of length of gonostyle-volsella complex in
dorsal view. Distal end of dorsomedian conjunctiva of the gonostyle-volsella complex
shape: acute. Parossiculus count (parossiculus and gonostipes fusion): present (not
fused with the gonostipes). Apical parossiculal seta number: one. Distal projection of
the parossiculus count: absent. Distal projection of the penisvalva count: absent. Dor-
sal apodeme of penisvalva count: absent. Harpe length: harpe shorter than gonostipes
in lateral view. Distodorsal setae of sensillar ring of harpe length vs. harpe width in
lateral view: setae as long or shorter than harpe width. Distodorsal setae of sensillar ring
of harpe orientation: medially. Sensillar ring area of harpe orientation: medially. Lat-
eral setae of harpe count: present. Lateral setae of harpe orientation: oriented distally.

Material examined. Specimens (3 males, 7 females): AUSTRALIA: 3 females.
PSUC_FEM 35246, 45237, 83872. AUSTRALIA: Queensland: 3 males, 4 females.
PSUC_FEM 36035, 45221, 45227, 45257, 84276, 91442, 98392. A full list of the
locality data for each specimen is provided in Table 1.

Specimens will be deposited at the Canadian National Collection of Insects
(CNC), Ottawa, ON, Canada and at the Frost Entomological Museum (FEM), Uni-
versity Park, PA, USA.

Comments. Conostigmus albovarius stands out from other species of Conostigmus
due to its unique, white color pattern, for which the species was named (albus as in
“white” and varius as in “variegated”) (Dessart 1997). Dessart (1997) was intrigued by
the stark white color present on the back of the mesosoma and on portions of the legs
and antennae. He attributed the unique color of the antenna and legs to a lack of pig-
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Figure 1. Bright field image of Conostigmus albovarius (Dodd, 1915) female. A Head and antennae,

lateral view showing antennae and scape coloration (see http://dx.doi.org/10.6084/m9.figshare.1539641)
B Habitus lateral view showing a variation in antennae coloration (see http://dx.doi.org/10.6084/

m9.figshare.1539639).

ment in these areas, but voiced concerns whether the color of the mesosoma could be an
artifact due to damage of the sole holotype specimen (Dessart 1997). With the discovery
of ten new specimens, it is now clear that this coloring of the mesosoma is not an artifact,
and that it is a phenotype shared by both females and males of the species (Figs 1, 2, 3).

Another phenotype that both males and females share is the presence of foveolate
sculpturing, a feature which has not been described before in Conostigmus. Most mem-
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Figure 2. Bright field images of Conostigmus albovarius (Dodd, 1915). A Female head and frons, anterior
view (see http://dx.doi.org/10.6084/m9.figshare.1539640) B Male head and frons, anterior view (see
http://dx.doi.org/10.6084/m9.figshare.1539642).

bers of Conostigmus exhibit reticulate sculpturing (Yoder et al. 2010), which refers to
the polygonal microreticulation of the cuticular surface that is most likely based on the

pattern of epithelial cells (Krell 1994).
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Figure 3. Bright field images of Conostigmus albovarius (Dodd, 1915) male habitus, lateral view (see
http://dx.doi.org/10.6084/m9.figshare.1539644).

Table 1. A list of the locality data for the specimens examined.

Materials examined
Specimen ID Locality data

Australia: QLD: Wooroonooran National Park 17°34'09"S; 145°46'35"E:
PSUC_FEM 98392 375m, 25.ix.2004 s.s. L. Masner, rainforest, Q-28
Australia: QLD: Wooroonooran National Park 17°34'09"S; 145°46'35"E:
375m, 25.ix.2004 s.s. L. Masner, rainforest, Q-28
Australia: QLD: Wooroonooran National Park 17°34'09"S; 145°46'35"E:
375m, 25.ix.2004 s.s. L. Masner, rainforest, Q-28
Australia: QLD: Tully River Falls Road Misty Mountains Trail 12.IX.2004, s.s.
Q-11 L. Masner, rainforest
Australia: QLD: Wooroonooran National Park: 17°34'06"S; 145°42'21"E:
500m, 9-14.ix.2004 YPT L. Masner, rainforest, Q-7a
Australia: QLD: Tully River Falls Road Misty Mountains Trail 12.1X.2004, s.s.
Q-11 L. Masner, rainforest
Australia: QLD: Tully River Falls Road Misty Mountains Trail 12.1X.2004, s.s.
Q-11 L. Masner, rainforest
Australia: QLD: Wooroonooran National Park: 17°34'06"S; 145°42'21"E:
500m, 9-14.ix.2004 YPT L. Masner, rainforest, Q-7a
Australia: QLD: Wooroonooran National Park: 17°34'06"S; 145°42'21"E:
500m, 9-14.ix.2004 YPT L. Masner, rainforest, Q-7a
Australia: QLD: Ella Bay Nat. Park 17°28'14"S, 146°03'48"E 21-23.1X.2004
YPT L. Masner, rainforest, Q-23

PSUC_FEM 45257

PSUC_FEM 91442

PSUC_FEM 45237

PSUC_FEM 36035

PSUC_FEM 35246

PSUC_FEM 83872

PSUC_FEM 45221

PSUC_FEM 84276

PSUC_FEM 45227
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Figure 4. Bright field images of Conostigmus albovarius (Dodd, 1915) female. A Head and mesosoma,
lateral view (see http://dx.doi.org/10.6084/m9.figshare.1539643) B Posterior mesoscutum and ante-
rior mesoscutellum showing areolate sculpture and metallic coloration (see http://dx.doi.org/10.6084/

m9.figshare.1539645).
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Figure 5. Bright field images of Conostigmus albovarius (Dodd, 1915) male. A Head and mesosoma,
dorsal view (see http://dx.doi.org/10.6084/m9.figshare.1539647) B Head and mesosoma, lateral view
(see http://dx.doi.org/10.6084/m9.figshare.1539646).
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Figure 6. Bright field images of Conostigmus albovarius (Dodd, 1915) male genitalia. A Dorsal view
(see http://dx.doi.org/10.6084/m9.figshare.1539648) B Ventral view (see http://dx.doi.org/10.6084/
m9.figshare.1539649).

C. albovarius, in contrast, exhibits foveolate sculpturing. Our definition of foveo-
late sculpturing is based on Harris (1979), where the cuticle is divided into irregular
pits with raised edges and a single seta is present at the center of each pit. In females,
foveolate sculpturing is present on the head and mesosoma, while in males the fo-
veolate sculpturing is only present on the frons. In females, the areas with foveolate
sculpturing are also present with a metallic coloration ranging from a bronze sheen to
a deep iridescence (Fig. 4). This metallic coloration is absent from males.

In comparing the antennae of different female specimens, it was observed that
there was variation in the coloration of the apical flagellomeres (Fig. 1). Whereas F9 is
always melanized and F1 through F4 always have transparent cuticle (it appears white
because of the soft tissue, e.g. fat bodies and muscles, underneath), F5 through F8 vary
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in whether melanization is present or not. When melanization is present, it is always
present in the apical flagellomeres after the melanized flagellomere, such that if F5 is
melanized, then F6-9 will also be melanized. It is unclear whether this intraspecific
phenotypic variation in color is influenced by genetic or environmental factors, such as
temperature (Quicke 1997). Females from different sampling events in different areas
sometimes shared the same pattern of melanization on the antennae, though females
collected from the same sampling event sometimes had different patterns.

It is known that the antennae play important roles in the courtship of parasitic
wasps in general (Ayasse et al. 2001; Romani 2008). In Cotesia rubecula (Hymenop-
tera: Braconidae), females use their antennae to signal their receptivity to the males
(Field and Keller 1993). It is possible that the melanization seen in female C. albo-
varius antennae could be used for visual signaling to males during courtship.
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Abstract

Social wasps commonly exhibit impressive, pheromone-mediated nest defenses with stinging attacks on
potential vertebrate nest predators. Studying this type of nest defense and comparing results across stud-
ies is challenging because there is no standardized method for quantifying defense intensities. For that
reason, we developed a simple, paired-target apparatus coupled with easy and inexpensive data recording
and analysis technologies. Each target is formed by two conjoined black plastic weigh boats that generate
distinct percussive sounds when struck by attacking wasps. A battery-powered microphone inside each
target converts the sounds into electrical signals that are transferred to a digital audio recorder. These audio
files are then split into left- and right-channel files, saved as 16-bit WAV files, and the strikes to each target
are counted using the open-source software SoundRuler. Using this apparatus, we show that workers of
Vespula pensylvanica, V. alascensis, and V. germanica strike targets that are treated with conspecific venom
sac extract more frequently than paired control targets. We also show that workers of V. alascensis, V. pen-
sylvanica and V. germanica strike targets that are treated with heterospecific extracts more frequently than
paired control targets, indicating that the wasps recognize nest alarm pheromones from congeners. These
data provide evidence for conserved nest defense pheromones among some Vespula wasps and proof of
concept that our technology is capable of quantifying the intensity of pheromone-mediated nest defense

behavior in Vespula and other large and formidable social wasps.

Copyright Sean McCann 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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Introduction

Nest defense is an integral life history trait of social insects. Many social wasps and bees
are capable of coordinated, massed stinging attacks against potential vertebrate nest
predators. During nest defense, large numbers of workers are mobilized and engage in
stinging, biting or venom spraying to dissuade potential nest predators (Smith et al.
2001). These defense tactics are trademarks of many vespine wasps and have earned
them a fearsome reputation.

Nest defense is often coordinated by alarm and marker pheromones released by
worker wasps. The alarm pheromone recruits nest mates out of the nest, and the mark-
er pheromone that is deposited on potential predators directs the attacking workers
toward them (Verheggen et al. 2010). In social insects with autotomizing stings, the
(barbed) stinger and its associated venom sac becomes severed from the stinging insect
and then remain attached to the host. If the venom sac contains marker pheromone,
the stung predator is effectively marked for attack (Hermann 1971, Overal et al. 1981,
Mulfinger et al. 1992). In other social species, such as hornets (Vespa) and some yel-
lowjackets (Vespula), alarm and marker pheromones are present in the venom sac, and
may be deposited on a predator’s skin during stinging or venom-spraying (Veith et al.
1984, Landolt et al. 1995).

Pheromone-mediated nest defense seems to be widespread in vespines (Bruschini
et al. 2010). Several vespines reportedly orient toward nest defense pheromones ex-
tracted from the venom sac of conspecific workers, and attack targets treated with
such extract at a greater rate than similar untreated targets (Landolt et al. 1995). With
southern yellowjackets, V. squamosa (Drury), and eastern yellowjackets, V. maculifrons
(Buysson, 1905), sharing at least one alarm pheromone component [3-methyl buty-
lacetamide (Heath and Landolt 1988, Landolt et al. 1995)], it is conceivable that V.
squamosa and V. maculifrons recognize and respond to each other’s alarm pheromones.
The ability to recognize heterospecific nest defense pheromones may be adaptive in
that worker wasps may recognize the approach of a wasp nest predator marked with
heterospecific alarm pheromone and then quickly stage a defense even before the nest
has come under attack.

Studying nest defense of vespines is destined to reveal complex and intricate com-
munication systems, but these studies are challenging in that nest defense is difficult
to quantify. Moreover, results of previous studies are difficult to compare because they
were obtained using rather different recording technologies and experimental designs.
Our objectives were (1) to design an apparatus for quantifying nest defense behavior,
and (2) to test experimentally whether Vespula workers respond to nest defense phero-
mones from both con- and heterospecifics.



Developing a paired-target apparatus for quantitative testing of nest defense behavior... 153

Materials and methods

Experimental insects

We worked with western yellowjackets, Vespula pensylvanica (de Saussure), common
yellowjackets, V. alascensis Packard, and German yellowjackets, V. germanica (Fab-
ricius) which are the most prevalent of the ground nesting vespines in suburban Brit-
ish Columbia (BC). All three species nest either underground or in cavities (Boieeie
1983). Workers hunt small prey and scavenge for carrion to feed larval brood in their
nests. The habit of scavenging makes workers very evident in late summer, when they
enter yards and dwellings in search of food.

The experimental nests we studied in behavioral tests were located near Vancouver
in the municipalities of Langley, Burnaby, and Richmond. We sourced workers for
pheromone extraction at separate nests in these municipalities.

Extraction of venom sacs

We captured worker wasps emerging from their nests by placing a 4-litre glass jar with
a steel-mesh cone over the nest entrance. We immediately killed and froze captured
wasps by crumbling powdered dry ice into the capture jar, emptied the frozen wasps
into polyethylene bags in an icebox, and transported them back to the laboratory for
dissection. We excised their venom sacs, placed them in acetonitrile, macerated the tis-
sue with a clean metal rod, and filtered the extract through glass wool to remove tissue
fragments. We kept extracts frozen at a concentration of one venom sac per 10 pl, and
transported extracts in an ice chest to the field for testing.

Design of the paired-target apparatus

The design of our paired-target apparatus and its recording technology was inspired
by Visscher and Vetter (1995) who engineered a device for counting strikes against a
target using microphones as transducers. Unlike Visscher and Vetter (1995), we did
not use an electronic counter but instead recorded audio files and analyzed them later
with automated counting software. We designed our apparatus so that it (7) required
only inexpensive parts for assembly, (i) recorded two channels, and (77) allowed data
analyses with open-source software. The paired design was inspired by Visscher and
Vetter (1995), who built a paired apparatus, but never used it, and suggested it for
alarm pheromone studies.

The paired-target, tripod-mounted apparatus consists of a crossbar supporting two
targets separated by 1 m (Fig. 1a). The crossbar bearing the microphones is mounted to
the quick-release plate of the tripod which is placed near the entrance of a Vespula nest
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Figure I. Graphical illustration (a) and photograph (b) of the paired-target apparatus and the recording
technology deployed to bioassay pheromone-mediated nest defense in Vespula wasps. In b, the apparatus
is placed near the entrance of a subterranean vespine nest.
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(Fig. 1b), with the two targets equidistant to the nest entrance. Each of the two targets is
formed by two black plastic weigh boats (13.97 cm?; Big Science Inc., Huntersville, NC,
USA) that are conjoined with adhesive tape to act as a percussive medium, generating dis-
tinct sounds when struck by attacking wasps. Each target houses a Sony ECM-T6 tie-clip
microphone (Sony Corporation, NY, NY, USA) powered by lithium watch cells (Fig. 1).
Each of the two microphones is connected to a stereo digital audio recorder (Edirol R-09
HR, Roland Canada Ltd., Richmond, BC, Canada), with the microphone leads secured
by tape along the crossbar, and fed into a two-mono-to-one stereo adapter plug. A stereo
extension cable with a 3.5-mm jack extends the stereo signal cable to a convenient and
safe distance from the nest for monitoring the recording event. Higher-quality shielded
cables may be necessary depending on the length of the cable run and the ambient RF en-
vironment. For recording the signal from the microphones, we used an Edirol R-09 HC
(Roland Corporation, Richmond BC) stereo field recorder. Other recorders may be used,
but it is crucial that the two channels not be mixed in the final stereo signal.

General experimental design for testing nest defense

We studied nest defense behaviour with nests of Vespula pensylvanica in August 2010, and
with nests of V. alascensis and V. germanica in August and September of 2011 and 2012.
Invariably, we wore bee suits and veils, and retreated after disturbing a nest. We placed
the paired-target apparatus 1 m from a nest entrance and recorded the wasps’ responses
for 1 min. We then disturbed the nest by tapping the nest entrance three times with a
stick and recorded for 9 min. We repeated the test with new plastic targets, alternating
the left-right position of treatment and control targets (see Supplemental Video 1).

Specific experiments

Exp. 1: Effect of target color on wasp responses

To assess the suitability of our paired-target apparatus and its recording technology for
quantifying nest defense responses by vespines, we repeated the experiment by Viss-
cher and Vetter (1995), using target color as the test variable, and a paired design. We
worked with nests of Vespula pensylvanica following the general bioassay design, alter-
nating the position of a white target and a black target on the paired-target apparatus.

Expts. 2-10: Effect of nest defense pheromones on wasp responses

We ran nest defense pheromone experiments the same way as the color experiment,
except that (7) both targets of the apparatus were black, and (i7) and one target was
treated with venom sac extract, hereafter “VSE” (at 5 venom sac equivalents), the other
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with an equivalent amount of acetonitrile (50 pl) . Rather than randomly assigning
the treatment and control stimulus to the left or right target in each test, we alternated
their position between replicates, thus avoiding the possibility of a side bias.

In experiments 2, 5, 8 and 9, we tested the response of nest mates to VSE of con-
specific workers (Exp. 2: Vespula pensylvanica; Exp. 5: V. alascensis; Expts. 8, 9: V. ger-
manica) (Table 1), predicting that the target treated with VSE would receive a greater
number of strikes by wasps than the solvent control target. In experiments 3, 4, 6, 7
and 10, we tested the response of nest mates to VSE of heterospecific workers. Specifi-
cally, we tested (i) responses of V. pensylvanica nests to VSE of V. alascensis workers
(Exp. 3) and to VSE of V. germanica workers (Exp. 4), (ii) responses of V. alascensis
nests to VSE of V. pensylvanica workers (Exp. 6) and to VSE of V. germanica workers
(Exp. 7), and (#ii) responses of V. germanica nests to VSE of V. pensylvanica workers.

Audio file processing and counting

For each replicate, we used Audacity (Audacity Team) to split the audio file into a left
and right channel, and saved them as mono 16-bit WAV files under appropriate file-
names. We then opened each file in SoundRuler (Gridi-Papp 2007), a free and open-
source audio analysis software. Opening only the first 4 min of each recording, we
analyzed the strikes against the target that show as sharp pulses and that correspond to
percussive sounds as wasps struck the target (Fig. 2). We counted percussions using the
“call recognition” ability and “auto” function of SoundRuler, and saving results as CSV
text files. Filtering sounds above 900 Hz with the software’s bandpass filter, we im-
proved the signal-to-noise ratio of percussive strikes. We set strike recognition param-
eters as follows: amplitude peak: 1.1 + 0.7 Pa; duration: 50 + 0.4 ms; and interval: 500
+ 0.4 ms (see Appendix). Our settings file is available for download as Supplemental
File 1 (see Data Resources). For all experiments except 9 and 10, we set the Soundruler
to amplify the source file by 300%. For data analyses of experiments 9 and 10 which
we ran in a noisy suburban construction setting, we set SoundRuler to amplify the
source file by only 100%, thus avoiding automated counts of extraneous noise. As each
file in any experimental series was assigned a unique name, it could be analyzed in one
session of SoundRuler, parsing detailed results later using spreadsheet software.

Statistical analyses

Because our protocol produced paired data, we compared proportions of strikes on
treatment and control targets in each replicate. In initial tests, we found a high varia-
tion in the total number of strikes on treatment and control targets between replicates,
but the proportions of strikes on treatment targets was almost invariably higher, so
a treatment effect became evident as a higher proportion of strikes on the treatment
target than on the control target. We used a Wilcoxon Signed Rank test to determine
whether the proportion of strikes on the treatment target differed from 0.5, and we
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Figure 2. Representative example of paired oscillograms (obtained during replicate 6 of Exp. 2), depict-
ing strikes caused by wasps hitting the control and treatment target of the bioassay apparatus (Fig. 1).
Venom gland extract of worker wasps and acetonitrile at equivalent amount as a solvent control were
applied to the treatment and control target, respectively (see methods for details).
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also report the results of parametric paired T-tests for the same data. The more conserv-
ative Wilcoxon test has lower power because it uses ranks and discards ties, however, in
all but one experiment the results agreed with those of the parametric tests.

Data resources

The audio data underpinning the analyses reported in this paper, as well as supplemental
videos, figures and a SoundRuler settings file, are deposited at http://figshare.com at
http://dx.doi.org/10.6084/m9.figshare.1581525

Results

Exp. 1: Effect of target color on wasp responses

Worker wasps of Vespula pensylvanica nests disproportionately struck black targets
more often than white targets (Fig. 3, Table 1). The mean (+ SE) number of strikes on
black and white targets was 16.2 (+ 12.75) and 0.1 (+ 0.31), respectively, revealing a
significant effect of target color on the wasps’ responses.

Exps. 2-10: Effect of nest defense pheromones on wasp responses

Worker wasps of Vespula pensylvanica, V. alascensis and V. germanica nests struck targets
treated with VSE of conspecific workers at a greater rate than control targets (Fig. 3,
Table 1; Exp. 2: P>0.05; Exps. 5, 8, 9: P<0.05), indicating recognition of nest defense
pheromone on treatment targets. We attribute the lack of statistical significance in ex-
periment 2 to a lower than usual number of replicates (9 instead of 10 or 12; Table 1).

There was also recognition of nest defense pheromones from heterospecifics, as
evident by nest mates striking targets treated with VSE of heterospecific workers at a
greater rate than control targets. We demonstrated this phenomenon for (i) workers
of Vespula pensylvanica nests responding to VSE of V. alascensis or V. germanica (Fig.
3, Table 1; Expts. 3, 4), (i) workers of V. alascensis nests responding VSE of V. pensyl-
vanica or V. germanica (Fig. 3, Table 1; Expts. 6, 7), and (i) workers of V. germanica
nests responding to VSE of V. pensylvanica workers (Fig. 3, Table 1; Expt. 10).

Discussion

Our experimental data coupled with personal observations in field experiments indi-
cate that the paired-target apparatus meets all the criteria to effectively quantify nest
defense behavior by vespine wasps in response to nest defense pheromones.
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Exp. Extract Test species

1 none (colour) V. pensyivanica k- { *
2 V. pensylvanica V. pensylvanica F----- ’—nl --4

3 V. alascensis V. pensylivanica fof —— - - 1 %

4 V. germanica V. pensylvanica foooon EE'_, B
5 V. alascensis V. alascensis [ e TP ST I M*

6 V. pensylvanica V. alascensis F------ - %
7 V. germanica V. alascensis b-- } I } | %
8 V. germanica V. germanica fommmmm e } I } ***** 1 x

9 V. germanica V. germanica [T _EIEI_ %
10 V. pensylvanica V. germanica b-ot---- —EEI- ,,,,,,, q *

T T T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Proportion of hits to treatment target
Figure 3. Proportion of strikes by various Vespula wasps on white or black targets in color discrimina-
tion experiment 1, and on pheromone-treated or control targets in experiments 2-10. In all experiments
except 1, the control target was treated with acetonitrile. Gray boxplots show the medians (vertical lines),
interquartile ranges (boxes), and ranges (whiskers). Pseudomedians and 95% confidence intervals are
shown in black. Asterisks indicate pseudomedians and means that are significantly different from 0.5 us-
ing Wilcoxon Signed Rank tests and t-tests, respectively. The X in experiment 8 indicates that only the
mean number of strikes on the treated target in was significantly different from 0.5.

The apparatus is assembled from inexpensive parts, its light weight facilitates trans-
port to and from test sites, and the tripod-mount with height adjustment of the paired
targets allows easy placement in uneven terrain. The conjoined plastic weigh boats serv-
ing as paired targets have surprisingly good resonant properties, thus facilitating record-
ings of the percussive sounds when they are struck by attacking wasps, with each strike
becoming a quantifiable data point. The weigh boat targets are easily treated with test
stimuli and can be readily replaced between replicates, thus avoiding the need to re-
peatedly clean the apparatus in a series of trials. The microphone and the digital audio
recorder were sufficiently sensitive to record the wasps’ strikes on targets, and “band-
pass filtering” further improved the signal-to-noise ratio of these strikes. As a result, the
number of strikes could be accurately counted by a software program (Sound Ruler),
provided that the strike recognition parameters (amplitude, duration and inter-strike in-
tervals) were finely tuned. Because the microphones also picked up sounds from a nearby
construction site, it is advisable though to seek nests in quiet settings for data recording.

Automated counting of strikes has the advantage of expedient data processing,
which is helpful when quantitative data are needed to decide on the composition of
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test stimuli in follow-up experiments. The ability to run multiple sets of experiments
in rapid succession is particularly critical in nest-defense pheromone research, where
often many experiments are required to unravel the composition of complex phero-
mone blends (Veith et al. 1984, Dani et al. 2000, Wager and Breed 2000, Fortunato
et al. 2004, Ibarra et al., unpubl.), and where research progress is tied each year to the
few weeks during which vespine nests are in defense mode.

Exposing nests to paired rather than single targets provided the option to compare
and analyze proportions, instead of absolute numbers, of strikes on treatment and control
targets. This option proved valuable because a nest’s propensity to defend in response to a
test stimulus varied between days or replicates, a fact that renders the absolute number of
strikes as an assessment criterion for the potency of a test stimulus more difficult to interpret.

Our data support evidence for the presence of nest defense pheromones in Vespula
pensylvanica, V. alascensis and V. germanica (Fig. 3, Table 1, Exp. 2, 5, 8, 9). Alarm
pheromone activity has previously only been noted for one of these species, Vespula
germanica (Maschwitz 1964). Much greater rates of attack by V. pensylvanica workers
on black targets than on white targets (Fig. 3, Table 1, Exp. 1) support similar results
from a previous study (Visscher and Vetter 1995), and suggest that vespines in nest-de-
fense mode respond to visual cues associated with potential nest predators.

Intriguingly, our data also provide evidence that vespines respond not only to
their own nest defense pheromones but also to those of heterospecifics. Workers of
Vespula alascensis, V. germanica and V. pensylvanica all struck targets treated with VSE
of heterospecifics more frequently than paired control targets (Fig. 4, Table 1), indi-
cating that they recognize nest defense pheromones from congeners. The underlying
mechanisms are likely one or more pheromone components that are shared between
congeners. N-3-methylbutylacetamide, for example, is an alarm pheromone compon-
ent of both southern yellowjackets, V. squamosa (Drury), and eastern yellowjackets, V.
maculifrons (Buysson). There are also common acetamides in VSEs of V. alascencis, V.
germanica and V. pensylvanica (McCann et al., unpubl. data), one or more of which
may have a nest defense pheromone function and may have contributed to the emer-
ging evidence for conserved alarm pheromone chemistry in Vespula (Fig. 3, Table 1).

Each species will likely respond most vigorously to its own nest defense pheromone,
because the alarm message is released by nest mates when they sense an immediate
threat to the nest and when concerted defense by nest-mates is needed to protect the
nest’s offspring. Nonetheless, the recognition of nest defense pheromones from Vespula
congeners seems advantageous because congeners sometimes nest in close proximity. If
a nest were to be attacked by a vertebrate predator, and marked with nest defense phero-
mone while being stung by defending nest mates, then this “marked” predator could be
sensed from a distance by worker wasps of a congener nest allowing nest mates to stage
a defense well before the predator has even reached the nest and initiated an attack.

In conclusion, we have described a paired-target apparatus that facilitates the quan-
tification of pheromone-mediated nest defense behavior by vespine wasps, and provide
evidence that some Vespula species respond to nest defense pheromones of both con- and
heterospecifics. This work provides the means and incentive to study this phenomenon
more closely and to chemically identify the defense pheromones of Vespula species.
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Call recognition parameters used in SoundRuler software for detecting and counting wasp strikes against
plastic targets. In addition to these settings, we also set a bandpass filter of 900 Hz.
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Abstract

The genus Paracyphononyx Gribodo, 1884 (Pompilidae) contains species that act as koinobiont parasitoids
of cursorial spiders. Here, we record a new parasitism interaction involving the pompilid wasp Paracypho-
nonyx scapulatus (Bréthes) and the hunter spider Zrochosa sp. (Lycosidae), and we describe how the wasp
develops on the spider. This study contributes new information about the interaction between koinobiont
ectoparasitoid wasps and spiders, which probably arose independently in different groups of wasps.
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Introduction

The Pompilidae family contains about 5000 known wasp species worldwide. In the
Neotropical region (Central and South America), around 1000 species have been
described, belonging to 60 genera and five subfamilies (Pitts et al. 2006). In North
America, 282 species have been documented in detail, belonging to 40 genera (Goulet
and Huber 1993). In South America, this family has been studied in Brazil, Argen-
tina, Uruguay, Paraguay, and Chile (Banks 1946, 1947, Bradley 1944) and, recent
studies are being conducted in Colombia (Ferndndez 1995, 2000). Ferndndez (2000)
reported 50 genera belonging to four subfamilies in South America; however, most of
these genera require detailed taxonomic revision.

All species of Pompilidae use spiders as a food source for larval development, lead-
ing to their common name of “Spider Wasps” (Brothers and Finnamore 1993, Broth-
ers 1995). Many species of this wasp family are idiobiont ectoparasitoids of cursorial
spiders, building their nests in pre-existing holes in the soil or burrows dug by the
wasps (Martins 1991). However, some koinobiont ectoparasitoids, belonging to the
genus Paracyphononyx Gribodo, 1884 (Pompilidae), allow the host to resume activities
after paralyzing it and laying a single egg on the spider’s abdomen (Grout and Brothers
1982, Conley 1985, El-Hennawy 1996).

Paracyphononyx has been recorded in the tropics and warmer temperate regions
throughout the world (Evans 1966), with nine species recorded in Brazil (Ferndndez
2000). Only three species of Paracyphononyx are known to use spiders as hosts, notably
those belonging to the Lycosidae. These interactions were recorded in the Afrotropi-
cal region for P. africanus (Radoskowski, 1881), P. funereus (Lepeletier, 1845) in the
Nearctic, and P. ruficrus (Klug, 1834) in the Palearctic.

The Lycosidae is distributed worldwide, containing small species (4-10 mm body
length) that roam freely among stones or low vegetation, and larger species (10-20 mm
body length) that typically dig burrows (Foelix 2011). Besides the records of Lycosidae used
by Pompilidae as hosts, recent studies have presented data of a lycosid parasitized by an ac-
rocerid fly (koinobiont endoparasitoid; Toft et al. 2012) and egg sacs parasitized by wasps of
the families Ichneumonidae and Platygastridae (Cobb and Cobb 2004, Bowden and Bud-
dle 2012). The lycosid genus 77ochosa comprises small to medium sized spiders (5.8-13.0
mm body length) which are often found at the edge of woods and in woodland habitats
(Dreyer and Brady 2008). They usually are nocturnal in the adult stage (Workman 1978).

Here, we record the occurrence of a new parasitic interaction involving Paracy-
phononyx scapulatus (Bréthes) and the hunter spider 7rochosa sp. (Lycosidae), with a
description of wasp development.

Methods

At 11:30 on July 3, 2014, we found a lycosid spider (Zrochosa sp.) with a Paracypho-
nonyx scapulatus egg on its abdomen (Fig. 1A) in a fragment of Atlantic Forest in the
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municipally of Iracema do Oeste, Parand, Brazil (24°29'11"S, 53°21'14"W). We col-
lected the spider alive, and placed it in a plastic container (12 x 12 x 10 cm). We fed
the spider with Musca domestica Linnaeus, 1758 (Muscidae) and kept the individual
at natural conditions of temperature (21 °C) and photoperiod (13 h of light and 11 h
of darkness). We then observed the behavior of the spider as the parasitoid developed
from a larva to an adult wasp. In parallel, we photographed the spider daily, to obtain
a time-series of the development of the parasitoid. We recorded the period of each
developmental stage, cocoon construction, and adult wasp emergence. We measured
the length and width of the larva throughout its development by analyzing the photo-
graphs using the software Image] (National Institute of Health).

Results and discussion

The Paracyphononyx scapulatus egg (1.4 mm length and 0.8 mm width) was deposited
on the anterior-dorsal region of the abdomen of a juvenile 7rochosa sp. (abdomen: 9
mm length and 6 mm width; cephalotorax: 7 mm length and 5.8 mm width; Fig. 1A),
and hatched after seven days. The host remained active (resting during the day and
walking at night), while the attached larva gradually fed on the spider’s hemolymph
in the abdomen. This result indicates that 2 scapulatus is a koinobiont parasitoid, like
other species of Paracyphononyx for which the biology is known (Grout and Broth-
ers 1982, Conley 1985, El-Hennawy 1996). Conley (1985) documented P funereus
(Lepeletier 1845) as a koinobiont parasitoid of the spider Geolycosa rafaelana (Cham-
berlin, 1928), causing high mortality to adult females during the winter. Grout and
Brothers (1982) observed P, africanus paralyzing its lycosine host temporarily, deposit-
ing a single egg transversely on the concave anterodorsal surface of the spider abdo-
men, and then abandoning the host, which subsequently recovered normal activity. El-
Hennawy (1996) recorded the wasp P ruficrus manipulating the behavior of a lycosid
spider, inducing the host to construct a silken cocoon around itself.

The larval development of Paracyphononyx scapulatus includes five instars, evidenced
by marked increase in size of the larva between each stage (Fig. 1B-F), doubling its
length between the fourth and fifth instars (Fig. 2). The fifth instar larva killed the spi-
der in the morning, 20 days after the egg hatched. The spider body was then completely
consumed over the next two days. On the second day, the larva spun in different loca-
tions on the ground of the plastic container looking for suitable substrate to construct
a cocoon (Fig. 1G). The larva located a suitable site on the afternoon of the second day
(16:00), and required about 16 hours to construct the cocoon (cocoon: 16 mm length
and 6 mm width). We observed the presence of meconium after six days in the portion
of the cocoon that was fixed onto the substrate (Fig. 1H, arrow). An adult female wasp
(15 mm length) emerged 32 days after cocoon construction, cutting its apical region
(Fig. 11-]). Fifty-four days was required for the development period from the egg hatch-
ing to adult emergence. This period is higher than that observed by El-Hennawy (1996)
for the congeneric wasp P. ruficrus, which had a 30-day total development period.
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10 mm

Figure 1. Juvenile Trochosa sp. spider parasitized by the wasp Paracyphononyx scapulatus and containing
on its abdomen: A the egg of the wasp; the B first € second D third, and E fourth instar larva of the
wasp F the fifth instar larva of the wasp starting the consume the spider abdomen G the fifth instar larva
constructing the cocoon H the cocoon containing the meconium (arrow) I the cocoon after adult wasp
emergence (arrow indicates the location where the wasp emerged) ) the adult female wasp. Photography:

Hebert da Silva Souza (A=D), Eduardo Messas Junior (E=G), and Yuri Fanchini Messas (H=}).

To date, all observations involving Paracyphononyx as the koinobiont ectopara-
sitoid (Grout and Brothers 1982, Conley 1985, El-Hennawy 1996), including the
present study, have shown that this wasp genus only uses spiders belonging to the Ly-
cosidae as hosts. This observation indicates the existence of host-parasitoid specificity.



Paracyphononyx scapulatus (Hymenoptera, Pompilidae)... 169

25 1
-Length S instar
20 - Width
P
=
é 15
Q
i
w2 a
4 instar
g 10 - ,
1
S ! 1
3 instar y :
51 1 1
. 2 instar 1 I
Egg: 1 instar : i |
1 1 1
0 (S S !

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Days

Figure 2. Size of Paracyphononyx scapulatus larva on the abdomen of the Trochosa sp. (length and width)

during their development.

Koinobiont ectoparasitoids of the genus group Polysphincta (Hymenoptera: Ichneu-
monidae, Pimplinae) exhibit high parasitoid-host specificity, using only one species or
groups of spider species that share common characteristics as hosts (Matsumoto and
Konishi 2007, Sobczak et al. 2009, Gonzaga and Sobczak 2011, Takasuka and Matsu-
moto 2011, Eberhard 2013, Sobczak et al. 2014). Furthermore, parasitic wasps tend to
select intermediate-sized hosts that have sufficient biomass for larval development, but
do not represent a threat to the wasp during the attack (Gonzaga and Sobczak 2011).
Few records exist of parasitism by Paracyphononyx; consequently, knowledge about
the ecology and natural history of this genus remain limited. Therefore, we encourage
future studies to elucidate the type of host selection used by this group of wasps.

Paracyphononyx scapulatus attacked the Trochosa sp. during winter, which is also
when Conley (1985) recorded 50-60% mortality of adult Geolycosa rafaclana females
caused by P. funereus. The same author observed that the parasitism rates were not
strongly related to reduced-density populations of G. rafaelana, indicating that P. fu-
nereus selectively forages in areas with higher spider density (Conley 1985). Thus, there
may be a phenological adjustment between P. scapulatus and Trochosa sp., the period
of wasp attacks coincides with the period when the number of juvenile spiders is at its
peak, which provide sufficient biomass for adequate larval development.

We did not observe any behavioral modification by the larva on the parasitized
Trochosa sp. After killing the spider, the Paracyphononyx scapulatus larva started co-
coon construction much faster than that observed for P. ruficrus by El-Hennawy
(1996). However, in the previous study the Lycosa host spun a silken chamber, clos-
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ing itself and the P. ruficrus wasp larva inside. Then, the wasp larva continued to
feed on the spider inside the silken shelter, killing the host and building its cocoon.
Similar behavior was observed by Day (1981) for Pompilus cinereus (Fabricius). Most
known behavioral manipulation interactions induced by parasitoid wasps target web
building spiders, with behavior modification tending to include the construction of
modified webs which may exhibit a tridimensional tangle structure, absence of sticky
spirals, central hub and stabilimentum, reduced number of radial lines and refuges
that protect the cocoon and increase parasitoid survival (Eberhard 2013, Korenko
et al. 2015). Data about the behavioral manipulation of pompilid hosts remains
limited. In this study, having the spider caged in a featureless container did not al-
low us to test if the parasite tried to manipulate the spider behavior (e.g. induce it
to hide itself and consequently hide the wasp cocoon). Thus, new records and more
conclusive studies are necessary to understand the behavioral modification induced
by Pompilidae species.

Many Pompilidae species hunt wandering spiders on the ground; consequently,
immobilized spiders are exposed to predators, such as ants. Thus, these wasp spe-
cies may dig burrows or use pre-existing holes to hide the paralyzed spider with its
egg. In comparison, the type of koinobiont parasitism adopted by Paracyphononyx
scapulatus (i.e., allowing the spider to continue normal activity), may be an alterna-
tive strategy to prevent the exposure hosts to predation. According to Korenko et
al. (2011), most interactions between koinobiont parasitic wasps and spiders are
host-specific, with the life histories of both wasp and spider being tightly coupled.
Therefore, we would expect P. scapulatus o kill the host during the day at the end of
the larval development under natural conditions, which is when the spider is typi-
cally resting in a refuge.

The genus-group Polysphincta is well-known to contain exclusively koinobiont
ectoparasitoids of spiders (Gauld and Dubois 20006). Yet, knowledge about the host-
parasite interactions of Pompilidae family have been summarized in a few studies that
provide limited and brief information. Further investigations detailing these interac-
tions may provide a promising path towards understanding the evolution of koinobi-
ont ectoparasitism, which probably arose independently in different groups of wasps.
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Abstract

We investigated the nest site and prey items of Lodontia auripygata (Hymenoptera: Sphecidae) in a sub-
tropical forest on Iriomote Island, ca. 200 km east of Taiwan. /. auripygata used the cavity of a dead
branch as their nest site, and the nest was composed of two cells that were divided by wood offcuts. Inside
the branch, we found large-sized adult cockroaches, Rhabdoblatta formosana (Blattodea: Epilampridae),
R. formosana adults were fed to an I. auripygata larva in each cell. To our knowledge, this is the third record
of species of the genus fsodontia that prey on cockroaches.
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Introduction

Sphecid wasps (Sphecidae s. str. Latreille, 1802) are a diverse and cosmopolitan group,
consisting of 19 genera and 736 species (Pulawski 2015). Each wasp species hunts a
limited range of arthropod groups, e.g., Hymenoptera, Lepidoptera, Coleoptera, Or-
thoptera, or Araneae (Bohart and Menke 1976), and uses particular substrates as its
nest site, e.g., plant cavities or ground nests (Bohart and Menke 1976).

Isodontia Patton, 1880 is a medium-sized genus of the family Sphecidae (Hyme-
noptera), which contains 61 described species that are distributed worldwide (Pulaw-
ski 2015). Of these, 23 species are recorded from the Oriental region, 14 from the
Neotropical region, seven from the Nearctic region, six from the Palearctic region, five
from the Ethiopia region, four from the Oceania region, and three from the Australia
region (Pulawski 2015).

In the genus Isodontia, prey items for only 13 species (21%) have been recorded;
11 of these species (85%) use orthopterans (Pulawski 2015). Only two species, /. dio-
don (Kohl, 1890) and /. formosicola (Stand, 1913), have been reported to use cock-
roaches (Blattodea) as food for their larvae (Barthélémy 2010; Iwata 1939).

Five species of Isodontia, I. auripygata (Strand, 1913), 1. boninensis (Tsuneki,
1973), I harmandi (Perez, 1905), 1. maidli (Yasumatsu, 1938), and I nigella (Smith,
1856), have been recorded from Japan. Among these, the nesting biology (cavity of
dead plants) and prey items (Orthoptera) are known for only 1. harmandi, 1. maidli,
and /. nigella (Murota, 1999). Nest sites and prey items of the other two species have
not previously been reported. One of them, /. auripygata was originally described from
Taiwan (Strand 1913). In Japan, this species was first collected from Iriomote Island,
ca. 200 km east of Taiwan, in 1978 (Nagase 2005). However, only four individuals
have been collected since the first record (Takahashi 2005).

In late May 2014, we observed at least 10 individuals of Isodontia auripygata vis-
iting flowers of Psychotria rubra (Lour.) Poir. (Rubiaceae) in the subtropical forest
of broad-leaved evergreen trees on Iriomote Is. (24.340137°N, 123.913752°E). They
frequently visited flowers between 12:00 and 15:00. In the forest, one individual was
observed to go out of a small hole (diameter: about 10.0 mm) on a dead branch of a
live tree (height: about 5 m), suggesting that a nest of /. auripygata was formed in the
branch. Therefore, we examined the inside of the branch to find the nest and prey.

Materials and methods

We used a knife to dissect the branch from which a wasp went out. The structure of
the nest and the prey items were examined. The insects collected from the nest were
preserved in petri dishes (diameter: 85 mm, height: 20 mm) and observed under labo-
ratory conditions.

To clarify whether the wasp larvae found in the nest were of Isodontia auripygara,
we compared DNA sequences of the mitochondrial COI gene between the larva and
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an 1. auripygata adult. DNA was extracted from the larva found in the nest, and an
adult collected from Psychotria rubra flowers. The detailed method of DNA extraction
is described in Ito et al. (2014), who used the primer set (LCO1490, HCO2198) de-
signed by Folmer et al. (1994). All the DNA sequences obtained are deposited in the
DDBJ/EMBL GenBank database.

Result

We found that the nest was composed of two cells in the branch. The cells were de-
limited by wood fragment partitions (each cell length: about 50 mm, tunnel diameter:
about 1.5 mm (Fig. 1b, ¢)). We found anesthetized adults of the cockroach Rhabdo-
blatta formosana (Shiraki, 1906) (Epilampridae) in these cells: one female and one
male cockroach were found in the upper cell (cell A), while two female and two male
cockroaches were found in the lower cell (cell B; Fig. 1b, ¢). We found one wasp larva
on the base of the fore coxa of a cockroach in each petri dish four days after the collec-
tion (May 16 2014).

The wasp larva collected from cell B consumed three cockroaches. The COI se-
quence of the wasp larva was identical to the sequence of 1. auripygata adult (570 bp,
100% sequence homology).

The wasp larva collected from cell A consumed two cockroaches. This larva spun
a cocoon 10 days after the collection. This individual pupated on 17 April 2015, and
emerged on 6 May 2015, suggesting one generation per year in this species. (One as-
sumes this individual was an Isodontia auripygata adult — perhaps a male given the lesser
number of prey item.) (Since the nest was provisioned in May 2014 but the mature
larva did not pupate until April 2015, this suggests extended larval diapause and fewer
than one generation per year (although the extended diapause could be an artefact)).

Discussion

Wiasps of the genus Isodontia are known to use cavities of dead plants as nest sites (e.g.
Iwata 1939; Barthélémy 2010; Murota 1999). Similarly, in the present study, £. auripy-
gata nests were found in the cavities of dead tree branch. The cavity shape was similar
to that of nests of the carpenter bee Xylocopa appendiculata circumvolans (Smith, 1873)
(Sugiura 1995). Because X. appendiculata circumvolans does not occur on Iriomote Is.,
it is likely that 7. auripygata may have used an empty nest of X. albinotum Matsumura,
1926, a similar carpenter bee which does occur there. (one might indicate that both
belong to the same subgenus, Alloxylocopa).

Iwata (1939) reported that Isodontia formosicola used adults of an unidentified
cockroach species (body length, ca. 35 mm) as food for its larvae. Barthélémy (2010)
reported that /. diodon used adults and nymphs of the small-sized cockroach genera
Balta and Blartella (5-15 mm) as food. In this study, we found 1. auripygata used
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Figure I. A dead branch of a live tree (a), inside of cell B (b), inside of cell A (c), wasp larva of cell B (d),
wasp larva of cell A (e), prepupa of wasp in cell A (f), and cocoon of wasp in cell A (g).

adults of the large-sized cockroach R. formosana (23—-33 mm; Asahina 1991). Female
body length differed among /. formosicola (17-26 mm; Hensen, 1991), 1. diodon (14—
19 mm; Hensen 1991), and /. auripygata (30 mm; in this study). The widely differing
body sizes of Isodontia wasps is a likely basis for the differences in prey (cockroach) size.

Nymphs of Rhabdoblatta formosana were not found among the prey items of /.
auripygata detected by us. The habitats of R. formosana nymphs and adults are known
to differ; nymphs are frequently being found under stones along forest streams, while
adults are found on ferns in forests (Bell et al. 2007). While our sample size is small
(1 incomplete nest), Isodontia auripygata adults are thus far known to prey only on R.
formosana adults, but not nymphs.
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