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Abstract

The external and internal cephalic morphology of males and females of Axymyia furcata is described and illustrated in detail. The docu-
mented features are compared with those of potentially related groups. Axymyia displays a number of apomorphic features of the adult
head, like the subdivision of the compound eyes, the absence of several mucles (M. clypeolabralis, M. stipitopalpalis externus, M. palpo-
palpalis maxillae primus, Mm. palpopalpalis maxillae primus and secundus), the absence of both maxillary endites, and the loss of the
salivary pump musculature (M. hypopharyngosalivarialis). Another apomorphic character is the origin of M. tentorioscapalis anterior on
the head capsule. Some features are plesiomorphic and probably belong to the groundplan of Diptera: the orthognathous head, three ocelli,
S-segmented maxillary palps, 2-segmented labial palps transformed into medially fused labella, one premental retractor, a dense vestiture
of microtrichia on all exposed parts of the head except the labrum, and the presence of an epipharyngeal food channel. The systematic posi-

tion of Axymyiidae is discussed. Our findings do not provide support for the phylogenetic position of Axymyiidae.
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1. Introduction

Axymyiidae are a poorly known group among the nem-
atoceran lineages of Diptera. The family contains only
eight described species, which are widely distributed
throughout the Holarctic Region (WiHLM & COURTNEY
2011; SincLar 2013). They are placed in three extant
genera, Axymyia McAtee, Mesaxymyia Mamayev and
Protaxymyia Mamayev & Krivosheina (MAMAYEV 1968).
Additionally three fossil species are known from the
Jurassic (ZHanG 2010).

The larvae live in small, lotic habitats, including
seeps, springs and streams (WiHLM & CourTNEY 2011).
The diets of larvae and adults are unknown (WiHLM
2009). Very little is known about the biology of the fam-
ily. Adults are considered as short-lived based on the
greatly reduced mouthparts (Woop 1981). After WiHLM

& CourtNEY (2011) they have a life span of 2—7 days.
The size of the adults (5—8 mm wing length) and pupae
is highly variable within species, but the mechanism of
this polymorphism is still unclear (WiHLM & COURTNEY
2011).

Axymyia furcata was first described by MCcATEE
(1921) and placed in Bibionidae. SHANNON (1921) es-
tablished a subfamily Axymyiinae and placed it in
Anisopodidae, a concept which was later adopted by
ALEXANDER (1942). In other contributions other species
of Axymyia were placed in Pachyneuridae or Bibionidae,
respectively (Dupa 1930; IsHipa 1953). MaMaYEV & KRi-
VOSHEINA (1966) pointed out that the peculiar larval fea-
tures suggest a more isolated lineage and consequently
proposed a separate family Axymyiidae.
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The phylogenetic relationships of Axymyiidae to the
other nematoceran families is apparently one of the most
persistent problems in “lower” dipteran systematics.
RoHDENDORF (1974) (informal non-Hennigian interpreta-
tion of morphological characters) placed Axymyiidae in
Tipulomorpha as a part of Perissommatidae. MAMAYEV
& KRIvosHEINA (1966) (morphological characters of
the larvae) and Woop & BorkEeNT (1989) (morphologi-
cal characters) proposed a status as a separate infraorder
Axymyiomorpha. HENNIG (1973) (based on morphologi-
cal characters) suggested a placement in Bibionomorpha.
This was also supported by OoSTERBROEK & COURTNEY
(1995) (morphological characters, mainly of larvae and
pupae), who placed the family as sistergroup of the re-
maining Bibionomorpha. And MIcHELSEN (1996) sug-
gested a closer relationship of Axymyiomorpha (con-
taining only Axymyiidae) with Bibionomorpha and
Psychodomorpha (Neodiptera) (morphological charac-
ters of the prothorax and neck). Analyses of a molecu-
lar data set (BErTONE et al. 2008) yielded a placement
of Axymyiidae as sistergroup of Nymphomyiidae, and
both groups together were placed as close relatives of
Culicomorpha. However, it was pointed out by the au-
thors that this is likely an artefact caused by long-branch
attraction. Finally, in agreement with Hennig (1973)
and based on a comprehensive data set WIEGMANN et al.
(2011) (combined analysis of 14 nuclear genes, complete
mitochondrial genomes and morphological characters)
suggested a placement within Bibionomorpha.

The situation is complicated by a number of hypo-
theses concerning the composition of Bibionomorpha:
only Bibionidae, Pachyneuridae, Mycetophilidae, Scia-
ridae and Cecidomyiidae were included by Woop &
BoRKENT (1989) and BLASCHKE-BERTHOLD (1994). OOSTER-
BROEK & COURTNEY (1995) added Axymyiidae as the sister
group of a clade comprising these five families. Analyses
of 28SrDNA suggested an expanded concept including
also Anisopodidae and Scatopsidae (FriEDRICH & TAuTZ
1997). Interestingly analyses of combined nuclear ri-
bosomal (28S) and protein coding genes (CAD, PGD
and TPI) supported the inclusion of Canthyloscelidae
(BerTONE et al. 2008) but the exclusion of Axymyiidae.
The most comprehensive data set to date, assembled by
WIEGMANN et al. (2011; see above), again supported the
inclusion of Axymyiidae in Bibionomorpha. The family
was placed as the 3" branch following Anisopodidae and
a clade comprising Scatopsidac and Canthyloscelidae.
However, only few superficial morphological data for
Axymyiidae were available for these analyses.

Morphological treatments of an axymyiid fly were
provided by MicHELSEN (1996) and WiHLM et al. (2012).
MIicHELSEN (1996) described the prothorax and neck re-
gion. WHILM et al. (2012) documented the external mor-
phology of all life stages of Axymyia furcata, with the
main focus on the larvae. Internal morphological features
of all life stages remained largely or completely unknown
including the head of adults. Consequently the main aim
of our study is to provide detailed data on this tagma. The
phylogenetic implications we suggest here have to be
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considered as preliminary. The comprehensive analysis
of WIEGMANN et al. (2011) provides a solid phylogenetic
framework for the discussion. A formal analysis of the
characters treated here is presently not feasible due to a
serious lack of detailed anatomical data for a number of
relevant nematoceran taxa (see Discussion).

2. Materials and methods

2.1. Material examined

Axymyiidae (Diptera): Axymyia furcata McAtee, 1921 (95% Etha-
nol; North Carolina, USA), 2 females, 2 males.

Bibionidae (Diptera): Bibio marci Linnaeus, 1758 (70% Ethanol,
Jena, Germany).

Anisopodidae (Diptera): Sylvicola fenestralis Scopoli, 1763 (70%
Ethanol, Jena, Germany).

2.2. Methods

Drawings were made using a stereo microscope MZ 125
(Leica). Figures were processed with Adobe Photoshop®
and Adobe Illustrator®. For scanning electron micro-
scopy the specimens were dehydrated with ethanol
(95%—100%) and acetone, critical point dried (EmiTech
K500 Critical Point Dryer; Ashford, Kent, UK), glued on
a fine pin and sputter coated. Images were taken with a
Philips XL 30 ESEM using a specimen holder after PoHL
(2010).

Three-dimensional reconstructions were carried out
using Imaris® 6.2.1 (Bitplane AG, Ziirich, Suisse) and
Maya 2012 (Autodesk) software based on the pCT-image
stack. For the synchrotron radiation based micro-com-
puted tomography the specimens were dehydrated with
ethanol (95%—100%) and acetone, critical point dried
(EmiTech K850 Critical Point Dryer; Ashford, Kent,
UK) and mounted with superglue on a metal rod. The
scans were performed at Beamline BW2 on the German
Electron Syncrotron Facility (DESY, Hamburg) using a
low energy beam (8 kV) and absorptions contrast (see
FriebricH et al. 2010).

2.3. Terminology

The regions and sclerites of the head are named follow-
ing the nomenclature of DUPoRTE (1946). Muscles are
named following the nomenclature of v. KELER (1963).
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Fig. 1. Axymyia furcata, female and male, entire head, SEM images. A: Female, dorsal. B: Male, dorsal. C: Female, frontal. D: Male,

frontal. Abbreviations: a — antenna, atp — anterior tentorial pits, ce — compound eyes, cly — clypeus, cs — coronal suture, fcs — frontoclypeal

suture, fr — frons, fs — frontal suture, lbr — labrum, oc — ocelli, pe — pedicellus, plb — labellum, pmx — maxillary palp, sc — scapus.

3. Results

3.1. Head capsule

The orthognathous head is kidney-shaped in dorsal view
and nearly oval in frontal view (Fig. 1). It is sclerotized
and densely covered with microtrichia. The posterodor-
sal, lateroventral and posteroventral margins are covered
with numerous bristles. A row of setae is present on the
frons of the females, below the frontal ocellus and above
the antennae (Fig. 1A). Their arrangement approximately
agrees with the three sides of a triangle (pointing upward),
with a horizontal row and two rows with an oblique longi-
tudinal orientation. In males, the triangular area between
the antennal insertions and the area of fusion of the com-
pound eyes is densely covered with setae.

The frons extends between the compound eyes and
completely separates them medially in females, whereas
in males a part of the frons is reduced in size by expan-
sion of the compound eyes (ce, Fig. 1B). It is approxi-
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mately triangular and distinctly reduced in size in males.
The frons is laterally separated from the clypeus by a
faintly developed, oblique lateral part of the frontocly-
peal ridge (= epistomal suture [ScHIEMENZ 1957]), which
is interrupted medially (see below); the area of origin
of M. clypeobuccalis (M 44) also defines the clypeal
area. The triangular clypeus lies below the antenna (cly,
Fig. 1C,D). It is distinctly convex, not subdivided into
an anteclypeus and a postclypeus, and covered by a very
dense vestiture of microtrichia. The labrum is sepa-
rated from it by an inwardly directed membranous fold
(Ibr, Figs. 1C,D, 4). A pair of forked, antler-like setae
is present on the central region of the clypeus of males
(Fig. 2B).

The frontal sutures and the coronal suture are com-
pletely absent in males. Landmarks for the upper part of
the frons are the origin of M. frontobuccalis posterior
(M. 46) and the frontal ocellus (see v. KELER 1963: pp.
615, 732). The genae alongside the lower hemispheres of
the compound eyes and the lower parts of the frons and
clypeus form the ventrolateral and ventromedian margin-
al parts of the head capsule. Its ventral posterior margins
are formed by the postgenae, which are adjacent below
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Fig. 2. Axymyia furcata, male, SEM images. A: Higher magnifica-
tion of compound eyes. B: Higher magnification of setae of the
clypeus.

the compound eyes and fused medially, thus forming a
postgenal or hypostomal bridge.

The vertex is separated from the occipital region by
the transverse epicranial ridge. Its lateral parts extend
along the circumocular suture reaching approximately
the horizontal division of the eyes. In males the eyes are
fused medially and the vertex lies directly above the dor-
sal area (Fig. 1B). It is prominent, cupola-shaped, and
approximately triangular. Its entire surface is covered
with setae. In females the vertex lies directly above the
frons and is less convex (Fig. 1A). The Y-shaped line
representing the parts of the frontal and coronal sutures
around their junction in females (absent in males, see
above) is flanked by setae on all sides. The median ocel-
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lus is located on the upper part of the frons and the lat-
eral ocelli are located on the vertex. The lateral ocelli of
males are approximately round and smaller than the oval
median ocellus (oc, Fig. 1B). All three ocelli are oval and
of equal size in females (oc, Fig. 1A). The postoccipital
region is almost vertical posterad the vertex. The postoc-
ciput is a narrow bulge enclosing the foramen occipitale.
It is separated from the occipital region by a faintly im-
pressed postoccipital furrow. The foramen occipitale has
the shape of a medially open 8, with the upper part almost
4 times as large as the ventral portion.

Cuticular strengthening ridges are distinctly devel-
oped. This includes the well-developed circumocular
ridge, several internal folds laterad the clypeus and above
the anterior tentorial pits, and a large, smooth extension
above the posteroventral margin of the compound eyes.
A frontal apodeme located between the antennal bases in
many Diptera (and also Nannochoristidae) is lacking. A
subgenal ridge and a prefrontal suture or ridge are also
missing.

The compound eyes are sexually dimorphic. The out-
line of the dichoptic eyes of the females, which cover
almost 1/3 of the surface of the head, is nearly circular
(ce, Fig. 1A,C). The holoptic eyes of the males are oval
and cover approximately 3/4 of the head surface (ce, Fig.
1B,D). The compound eyes are subdivided into a dorsal
and a ventral part in both sexes by a flat horizontal chitin-
ous stripe, which bears several terminally curved setae
(Fig. 1C,D). The ventral part of females is slightly con-
cave mesally and about twice as large as the dorsal por-
tion. The dorsal hemisphere of males is about 2.5 times
as large as the ventral one and concave posteroventrally.

3.2. Tentorium

The anterior tentorial pits at the lateral ends of the fronto-
clypeal strengthening ridge are oval in outline and funnel-
shaped (atp, Figs. 1C,D, 7A). The fissure-shaped poste-
rior pits lie on the posterior side of the head beside the
ventrolateral margins of the foramen occipitale (ptp, Fig.
7B). Anterior and posterior arms form a nearly straight,
hollow tube-like structure on each side. The dorsal arms
are absent. The posterior arms bear small thorn-shaped
processes, they are directed mesally and are fused ven-
trally with the head capsule.

3.3. Antenna

The moniliform antennae insert on the frontal part of the
head, approximately at the level of the division of the
compound eyes (a, Fig. 1C,D). The distance between the
antennal bases is approximately equal to their distance
to the margin of the compound eyes. The antennae of
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Fig. 3. Axymyia furcata, female, antenna, SEM image. Abbrevia-
tions: pe — pedicellus, sc —scapus.

females are longer and thicker than those of the males.
The 14 flagellomeres are rounded. All antennomeres are
covered by a dense vestiture of microtrichia (Fig. 3). The
scapus bears four longer setae medioventrally, three ar-
ranged in a line at the basal margin of the segment and
the fourth placed above them. Additional lateroventral
setae are present in males. The pedicellus is about twice
as long as the scapus in both sexes. In males both ba-
sal antennomeres are longer and wider than the flagello-
meres, and the basal flagellomere is approximately twice
as long as the others. All flagellomeres bear a distal whorl
of longer setae and a dense vestiture of sensilla trichodea.
In females the whorl is placed at the distal margin on the
pedicellus. In males the setae are not arranged in a regu-
lar row, but in alternating positions.

Musculature: (1, Fig. 5) M. 1: M. tentorioscapalis
anterior: long and slender muscle; O (origin) — genae, lat-
erally on the level of the most dorsal point of the fronto-
clypeal ridge; I (insertion) — anteroventral margin of the
scapus; F (function) — depressor of the antenna. M. 2: M.
tentorioscapalis posterior: long, slender muscle; O — ge-
nae, posterad M. tentorioscapalis anterior; I — posteriorly
on the basal margin of the scapus; F — levator, antagonist
of M. tentorioscapalis anterior. M. 3: M. tentorioscapalis
lateralis: absent. M. 4: M. tentorioscapalis medialis: ab-
sent. Mm. 5/6: Mm. scapopedicellaris lateralis/medialis:
not recognisable in the uCT data set.

3.4. Labrum

The small triangular labrum is largely exposed (lbr,
Fig. 4). Its relatively broad basal margin is connected
with the clypeus by an inwardly directed membranous
fold. The surface is smooth and glabrous. The pointed
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Fig. 4. Axymyia furcata, male, mouthparts, SEM image. Abbrevia-
tions: Ibr — labrum, plb — labellum.

Fig. 5. Axymyia furcata, male, sagittal section of head. Abbrevia-
tions: b — brain, eph — epipharynx, hph — hypopharynx, lbr — labrum,
oc — ocelli, pe — pedicellus, ph — pharynx, sc — scapus, sd — salivary
duct, sog — sobesophageal ganglion, tnt — tentorium, 1 — M. tento-
rioscapalis anterior, 7 — M. labroepipharyngalis, 43 — M. clypeo-
palatalis, 44 — M. clypeobuccalis, 45 — M. frontobuccalis anterior,
46 — M. frontobuccalis posterior, 51 — M. verticopharyngalis, 52 —
M. tentoriopharyngalis, 67 — M. transversalis buccae.

apex is embedded in the median fold between the labella.

A paired bulge is present at the upper margin in males.
Musculature: (7, Figs. 5, 7A) M. 7: M. labroepipha-

ryngalis: small paired muscle, diverging towards the in-
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palpomeres.

sertion; O — dorsal labral wall; I — anteromesally on the
epipharynx; F — levator of the anterior epipharynx. M. 8:
M. clypeolabralis (by ScHIEMENZ 1957): not recognisable
in the pCT-data set, apparently absent.

3.5. Mandible

Absent in both sexes.

3.6. Maxilla

The basal parts of the maxillae are fused with the head
capsule. Externally only the moniliform palps are visible
(pmx, Figs. 1C,D, 6). They insert below the anterior ten-
torial pits. The palps of the males are short and slender
(Fig. 6B). Those of the females are longer and thicker
(Fig. 6A). The 5 palpomeres are almost globular. The
basal one bears a scattered vestiture of microtrichia in
males and females. A denser ventral field of microtrichia
is present on palpomere 1 of females. Several curved se-
tae are present lateroventrally in both sexes. Palpomeres
2—5 bear a dense vestiture of microtrichia and sensilla
on their entire surface. A sensorial pit, which is present in
some dipteran groups, is absent in Axymyia. A distal row
of setae is present on palpomeres 2—4. It is restricted to
the ventral half in males but encloses the entire segment
in females. Palpomere 5 bears setae on its apex. A circu-
lar concavity is present in males on this segment.
Musculature: absent.

3.7. Labium

The labium is not distinctly delimited externally. The
prementum forms a part of the ventral closure of the
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Fig. 6. Axymyia furcata, maxillary palp, SEM images. A: Female. B: Male. Abbreviations: atp — anterior tentorial pits; -V — number of

head capsule and is partly fused with the head capsule.
The postmentum is completely reduced or is a part of
the ventral closure of the head. Glossae and paraglossae
are absent. The labial palps are transformed into labella
fused medially for most of their length (plb, Figs. 1C,D,
4). Their unsclerotized cuticle is folded, especially in the
distal region. Pseudotracheae with internal strengthen-
ing ridges are missing. Basally and terminally numerous
bristles are present, especially on the ventral surface. A
small circle with dark setae is present on the apices of
the labella.

Musculature: M. 28: M. submentopraementalis: ab-
sent. M. 29: M. tentoriopraementalis inferior: the only
premental retractor. O — mesoventral part of the tento-
rium; I — hind margin of the prementum; F — retractor of
the prementum. M. 30: M. tentoriopraementalis superior:
absent or completely merged with M. tentoriopraementa-
lis inferior. M. 31: M. praemento-paraglossalis: absent.
M. 32:M.praementoglossalis: absent. M. 33: M. praemen-
topalpalis internus: absent. M. 34: M. praementopalpa-
lis externus: apparently absent. M. 35: M. palpopalpalis
labii primus: a slender, paired muscle of the labellum;
O — laterobasally on the labellum (palpomere 1) I — lat-
eral basal margin of palpomere 2; F — extensor of the
labellum. M. 36: M. palpopalpalis labii secundus: ab-
sent.

3.8. Epi- and hypopharynx

The epipharynx forms the internal wall of the labrum
and the roof of the preoral cavity (cibarium) (eph, Fig.
5). It is smooth and unsclerotized. The lateral walls of
the epipharynx are lightly bent inwards and form a flat
epipharyngeal food channel. The sclerotized hypophar-
ynx is U-shaped in cross section (U dorsally open). Its
anterior wall forms the floor of the preoral cavity. The
distal hypopharynx is also U-shaped, but it becomes flat-
ter in the posterior region of the preoral cavity. The lu-
men between the hypo- and epipharynx is rather narrow
close to the anatomical mouth opening.
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Fig. 7. Axymyia furcata, male, 3d-reconstruction of head. A: Frontal view. B: Caudal view. Abbreviations: atp — anterior tentorial
pits, b—brain, ce — compound eye, fa — foramen antennale, oc — ocelli, ph — pharynx, ptp — posterior tentorial pits, 7 — M. labroepipharyngalis,
43 — M. clypeopalatalis, 44 — M. clypeobuccalis, 45 — M. frontobuccalis anterior, 46 — M. frontobuccalis posterior, 48 — M. tentoriobuccalis
anterior, 51 — M. verticopharyngalis, 52 — M. tentoriopharyngalis, 67 — M. transversalis buccae.
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Fig. 8. Axymyia furcata, male, 3d-reconstruction, part of digestive
tract in head. Orientation: < anterior, | ventral. Abbreviations:
ph — pharynx, 43 — M. clypeopalatalis, 44 — M. clypeobuccalis,
45 — M. frontobuccalis anterior, 46 — M. frontobuccalis posterior,
48 — M. tentoriobuccalis anterior, 51 — M. verticopharyngalis,
52 — M. tentoriopharyngalis, 67 — M. transversalis buccae.

Musculature: (43, 44, 48, Figs. 5, 7, 8) M. 4l:
M. frontohypopharyngalis: absent. M. 42: M. tentoriohy-
popharyngalis: absent. M. 43: M. clypeopalatalis: strong-
ly developed, composed of several bundles arranged in a
longitudinal row; O — clypeus; I — on the roof of the cibar-
ium (palatum); F — cibarial dilator. M. 44: M. clypeobuc-
calis: strongly developed, oblique, directed posteriorly;
O —clypeus, immediately posterad of M. clypeopalatalis;
I — dorsal wall of the palatum, immediately beside ana-
tomical mouth; F — dilator of the posterior cibarium and
mouth opening.

3.9. Pharynx

The lateral walls of the pharynx are sclerotized. The
broad precerebral pharynx has a wide lumen and appears
U-shaped in cross section (U dorsally open). The anterior
pharynx is enhanced bag-shaped dorsally (ph, Fig. 5).
Laterodorsally, approximately at the level of the anten-
nal bases, two massive apodemes are developed. These
are the insertion points of the precerebral dilators, which
form the precerebral pumping apparatus, together with
M. tentoriobuccalis anterior (M. 48). After the foramen
oesophageale of the massive complex formed by the
brain and the suboesophageal ganglion, the lumen of the
pharynx becomes narrow and it appears elliptic in cross
section and continuous with the oesophagus. The dilators
of the postcerebral pumping chamber insert at the edges
of the foramen occipitale (51, 52, Figs. 5, 7B).
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Musculature: (45, 46, 51, 52, 67, Figs. 5, 7, 8) M.
45: M. frontobuccalis anterior: O — frons, medially on
the level of the lower margin of the antennal insertion
areas; | — dorsally on the roof of the anterior pharynx,
posterad the ganglion frontale; F — dilator of the anterior
pharynx. M. 46: M. frontobuccalis posterior: strongly
developed, long muscle; O — posterior frontal region;
I — roof of the anterior pharynx, immediately before the
brain; F — widens the lumen of the precerebral pharynx.
M. 48: M. tentoriobuccalis anterior: strongly developed;
O — dorsally on the anterior tentorial arms; I — laterally on
the anterior pharynx (dorsolateral apophyses); F — dilator
of the precerebral pharynx. M. 49: M. tentoriobuccalis
lateralis: absent. M. 50: M. tentoriobuccalis posterior.
M. 51: M. verticopharyngalis: long, slender muscle; O —
dorsally on the postoccipital region, at the edge of the
foramen occipitale; I —dorsal wall of the postcerebral
pharynx, immediately posterad the brain. M. 52: M. ten-
toriopharyngalis: short muscle; O — on the lateral margin
of the foramen occipitale; I — ventrolateral wall of the
posterior pharynx; F — dilator of the posterior pharynx,
together with M. verticopharyngalis. M. 67: M. transver-
salis buccae: five muscle bands extending over the dorsal
wall of the anterior pharynx. The anteriormost band lies
immediately posterad of anatomical mouth. M. 68: M.
anularis stomodaei: Not recognisable in the uCT data set.
M. 69: M. longitudinalis stomodaei: absent.

3.10. Salivary duct and glands

The salivary duct opens posteriory on the hypopharynx,
approximately at the level of the labral apex (sd, Fig. 5).
It extends posteriorly below the suboesophageal ganglion
and enters the thorax. It appears almost circular in cross
section close to its anterior opening but its remaining part
is transversely oval in cross section and narrowing poste-
riorly. The salivary duct is only sclerotized at its opening.
The salivary glands lie in the prothorax.

Musculature: M. 37: M. hypopharyngosalivarialis:
apparently absent. Mm. 38/39: Mm. praementosalivari-
alis anterior/posterior: absent. M. 40: M. anularis sali-
varii is not visible in the pCT-data set, but it cannot be
excluded that the muscle is present.

3.11. Nervous system

The compact complex formed by the brain and suboeso-
phageal ganglion lies in the medioventral area of the
head and occupies a large proportion of the lumen (b,
Fig. 7). The optic lobes are kidney-shaped and less
strongly developed in the females. Each lobe is connect-
ed with the central part of the protocerebrum by a short,
thick optic nerve. The protocerebrum is separated by a
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shallow furrow from the deutocerebrum. The three ocelli
are connected with the protocerebrum by a single ocellar
ganglion and three ocellar nerves (Fig. 5). The deutocer-
ebrum contains the hemispherical antennal lobes where
the antennal nerve originates. It is round in cross section.
The tritocerebrum is represented by the tritocerebral
lobes below the antennal lobes. A tritocerebral commis-
sure is not recognisable as a separate structure, brain and
suboesophageal ganglion are largely fused and form a
compact structure around the pharynx (b, sog, Fig. 5).
The foramen oesophageale between the brain and the su-
boesophageal ganglion is elliptical. The frontal ganglion
is connected with the tritocerebrum by the frontal con-
nectives below the antennal lobes. The nervus frontale
is present, whereas the unpaired nervus connectivus is
absent.

3.12. Tracheal system

A pair of dorsal tracheae enter the head. Several lateral
tracheae originate from them and supply the brain, mus-
cles and foregut with oxygene.

4. Discussion

The status as a separate family Axymyiidae was well es-
tablished in more recent studies (MAMAYEV & KRIVOSHEINA
1966; O0STERBROEK & COURTNEY 1995; WIEGMANN et al.
2011). Whereas this is widely accepted, the precise posi-
tion of the group remains largely obscure (see below).

We identified an entire series of apomorphic cephalic
characters. The complete subdivision of the compound
eyes into a dorsal and ventral part in both sexes is ap-
parently an autapomorphy in Axymyiidae. The dorsal
portion is larger than the ventral one in males, and also
the ommatidia are larger in the dorsal hemisphere. The
compound eyes are undivided in all potentially related
dipteran groups (e.g. SCHNEEBERG & BEUTEL 2011).

The absence (or extreme size reduction) of M. clypeo-
labralis is another potential autapomorphy of the family.
Its presence is likely a derived groundplan apomorphy
of Diptera (ScHNEEBERG & BEUTEL 2011). The muscle is
probably homologous to M. frontolabralis in other insects
(see M. 8 in v. KELER 1963). M. clypeolabralis is also
missing in adults of Deuterophlebiidae (SCHNEEBERG et
al. 2011) and Nymphomyiidae (Tokunaga 1935). As the
labrum is completely reduced in both groups and a close
relationship with Axymyiidae is not supported by other
features (and molecular data, e.g., WIEGMANN et al. 2011),
we assume that the loss of the muscle occurred indepen-
dently.
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Another complex of potential autapomorphies of
Axymyiidae is related to the greatly reduced condition
of the maxillae. This includes the complete absence of
the endite lobes and the reduction of M. stipitopalpa-
lis externus and M. palpopalpalis primus and secundus.
However, the great reduction of the maxillae is possibly a
feature shared Axymyiidae, without the newly described
Plesioaxymyia vespertina (SINCLAIR 2013), whereas they
have well-developed mouthparts. Both maxillary en-
dites are also missing in 7ipula (Tipulidae) (SCHNEEBERG
& BEeuTEL 2011), Erioptera (Limoniidae), Mycetophila
(Mycetophilidae), Fucellia (Anthomyiidae) (HovT
1952) and Mayetiola (Cecidomyiidae) (SCHNEEBERG et
al. 2013). The loss apparently occurred independently in
different lineages of lower Diptera, as the absence does
not correlate with recently suggested phylogenetic pat-
terns (e.g., tree topology in WiEGMANN et al. 2011). This
also applies to the missing M. stipitopalpalis externus,
which is also absent in Coboldia (Scatopsidae), Aedes
(Culicidae) and all examined members of Brachycera
(BonHAG 1951; ScHiEMENZ 1957; CHRISTOPHERS 1960;
SzucsicH & KRenN 2000; ScHNEEBERG et al. 2013). The
loss of M. palpopalpalis maxillae primus and secundus
is widespread among nematoceran Diptera. Both mus-
cles are absent in Axymyia, Coboldia, Spathobdella
(Sciaridae) (ScHNEEBERG et al. 2013) and the brachyc-
eran groups Bombyliidae (SzucsicH & Krenn 2000) and
Syrphidae (SchiEmENZ 1957). M. palpopalpalis maxil-
laec secundus is absent in Sylvicola (Anisopodidae),
Wilhelmia (Simuliidae) (WENK 1962), Edwardsina (Ble-
phariceridae) (ScHNEEBERG et al. 2011) and all repre-
sentatives of Tipulomorpha examined (SCHNEEBERG &
BEuTEL 2011), and also in 7abanus (Tabanidae) (BoNHAG
1951). Apparently Bibionomorpha are characterized by
a strong tendency to reduce the maxillary palp muscula-
ture (correlated with the reduction of the maxillary pal-
pomere), but the muscles are present in the groundplan as
they are preserved in Bibio (Bibionidae) and Mayetiola
(ScHNEEBERG et al. 2013). To which extent this is corre-
lated with a simplification of the palp is unclear. Bibio
and Sylvicola have 5-segmented well developed maxil-
lary palps, whereas they are 3-segmented in Mayetiola
and Spathobdella, and only one palpomere is present in
Coboldia.

Another potential autapomorphy of the head is the
absence of the salivary pump musculature (M. hypo-
pharyngosalivarialis). M. hypopharyngosalivarialis is
present in the groundplan of Diptera and preserved in
most taxa examined. However, it is missing in Axymyia,
Deuterophlebia (Deuterophlebiidae) (SCHNEEBERG et al.
2011) and Limonia (Limoniidae) (SCHNEEBERG & BEUTEL
2011). Again, parallel loss is very likely. The muscle is
present in other members of Tipulomorpha (SCHNEEBERG
& BEeuteL 2011) and apparently in the groundplan of
this lineage. An extremely reduced cephalic musculature
characterizes adults of Deuterophlebiidae (SCHNEEBERG et
al. 2011: 8 pairs of cephalic muscles versus more than 40
in adults of Neuropterida), which have a very short life
span and are not feeding (CourTtNey 1991). They were
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suggested as the sistergroup of all the remaining Diptera
by WIEGMANN et al. (2011), which implies that different
structures which occur in most dipteran lineages have
been reduced independently in Deuterophlebia.

Another apparent apomorphy is the origin of M. ten-
torioscapalis anterior (M. 1) on the head capsule. This
condition does also occur in Mayetiola (SCHNEEBERG
et al. 2013), Limonia, Tipula (SCHNEEBERG & BEUTEL
2011) and Nymphomyia (Nymphomyiidae) (TokuNaGA
1935). In the case of the last two genera this is obvi-
ously linked with the complete reduction of the tento-
rium. Aside from this, there is a general tendency in
Diptera to shift the origin of the antennal muscles from
the tentorium to the head capsule without a recogniz-
able phylogenetic pattern. The second antennal muscle
M. tentorioscapalis posterior also originates on the head
in Axymyia, Culicoides (Ceratopogonidae) (Gap 1951),
Edwardsina, Deuterophlebia (SCHNEEBERG et al. 2011),
Tipula (SCHNEEBERG & BEUTEL 2011), and Nymphomyia
(Tokunaga 1935). M. tentorioscapalis medialis also
originates on the head capsule in several dipteran groups
(Trichocera, Bibio, Spathobdella, Mayetiola, Sylvicola,
Tabanus, Tipula, Nymphomyia; TokuNaGA 1935;
BonNHAG 1951; SCHNEEBERG & BEUTEL 2011; SCHNEEBERG
et al. 2013). This muscle is completely missing in
Axymyia, but also in many other dipteran groups such as
Deuterophlebiidae (ScHNEEBERG et al. 2011), Simuliidae
(WENK 1962), and Culicidae (THompsoN 1905; SCHIEMENZ
1957; CHrisTOPHERS 1960; OWEN 1985).

As mentioned above the shift of the antennal mus-
cles to the head capsule is often correlated with a partial
or complete reduction of the tentorium. In the dipteran
groundplan a typical corpotentorium (establishing a left-
right connection) is missing whereas anterior, posterior
and dorsal arms are well developed (after PETERsON 1916;
HenniG 1973). This condition is described for Simuliidae
(PETERSON 1916; WENK 1962) and the brachyceran
Tabanidae (BoNHAG 1951). In Wilhelmia all antennal mus-
cles originate on the tentorium (Wenk 1962), whereas M.
tentorioscapalis medialis is shifted to the head capsule
in Tabanus (BonHaG 1951). Short vestigial dorsal arms
occur in several groups (Mischoderus [ Tanyderidae], Cu-
liseta [Culicidae], Chironomus [Chironomidae], Eristalis
[Syrphidae], Exoprosopa [Bombyliidae]; PETERSON 1916;
ScHiEMENZ 1957; OWEN 1985). In Mischoderus and Eri-
stalis all antennal muscles still originate on the tentori-
um, whereas in Culiseta M. tentorioscapalis medialis is
absent, like in all other members of Culicidae (SCHIEMENZ
1957; ScHNEEBERG & BEUTEL 2011). In most dipteran
groups the dorsal arms are completely missing and the
tentorium consists of a simple, more or less straight,
wide and hollow tube on each side (e.g. Axymyia, Deute-
rophlebiidae, Trichoceridae, Bibionidae, Culicidae [with
the exception of Culiseta]: ScHIEMENZ 1957; SCHNEE-
BERG & BEUTEL 2011; ScHNEEBERG et al. 2011). Tentorial
structures are completely missing in Tipulidae and Nym-
phomyiidae and all preserved extrinsic antennal muscles
consequently arise from the head capsule (see above; e.g.,
ScHNEEBERG & BEUTEL 2011; SCHNEEBERG et al. 2011).
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Aside from the apomorphic features treated above,
the head of Axymyia displays many plesiomorphic char-
acter states. As it can be assumed for the groundplan of
Diptera the head is orthognathous. The presence of three
ocelli on the vertex, 5-segmented maxillary palps, 2-seg-
mented labial palps modified as labella, and only one pre-
mental retractor (see also SCHNEEBERG & BEUTEL 2011)
are apparently also ancestral features.

All exposed parts of the head (except the labrum) are
covered with short microtrichia in Axymyia. This is also
the case in all other dipterans examined, including the
two presumably basal families Deuterophlebiidae and
Nymphomyiidae (TokunaGa 1935; SCHNEEBERG et al.
2011) (also in e.g. Spathobdella, Mayetiola, Coboldia,
Tipula, Limonia, Trichocera, Culex [Culicidae], Aedes,
Edwardsina: SCHNEEBERG & BEUTEL 2011; SCHNEEBERG et
al. 2013).

The epipharyngeal food channel is apparently also a
groundplan condition as this structural modification is
generally found in dipterans and also in Nannochorista
and Siphonaptera (e.g. VoGeL 1921; BonHAG 1951; GaD
1951; WEeENk 1953; SchiemENZ 1957; SNoDGRASS 1959;
WEeNk 1962; Sutcrirre 1985; SzucsicH & Krenn 2000;
BEUTEL & BauMm 2008; ScCHNEEBERG & BEUTEL 2011).

Only few derived characters tentatively indicate sys-
tematic affinities between Axymyiidae and other nemato-
ceran groups, notably with families of Bibionomorpha.
A placement of Axymyiidae within this infraorder is pres-
ently best supported (WiegMaNN et al. 2011). However,
there are still controversies on the composition of Bibio-
nomorpha, especially with regard to the inclusion of
Axymyiidae (see above).

The interpretation of cephalic features, especially a
comparison with other groups assigned to Bibionomorpha,
is impeded by a serious lack of detailed data. Information
on adult internal head structures is only available for
Bibio, Mayetiola, Spathobdella, Coboldia, Sylvicola and
Axymyia. Derived cephalic characters shared by Axymyia
and other bibionomorph taxa are the loss of M. craniola-
cinialis and the loss of the concavity on the dorsal surface
of the anterior labium. M. craniolacinialis is clearly pre-
sent in the groundplan of Diptera, but was also reduced
in several groups not belonging to Bibionomorpha, such
as for instance Mischoderus, Edwardsina (SCHNEEBERG
et al. 2011) and Tipuloidea (Pedicia, Limonia, Tipula:
ScHNEEBERG & BEUTEL 2011). The concavity on the dorsal
surface of the labium is preserved in Scatopsidae, which
suggests that the absence may be an apomorphy of a bibi-
onomorph subgroup which includes Axymyiidae but not
Scatopsidae. This would be in agreement with the con-
cepts of Bibionomorpha of OOSTERBROEK & COURTNEY
(1995) and WieGMANN et al. (2011). The concavity is also
absent in adults of 7Tipula (SCHNEEBERG & BEUTEL 2011)
but present in other members of Tipulomorpha.

Apomorphic features occuring in bibionomorph
groups but not in Axymyia are the presence of only one
precerebral pharyngeal dilator and the origin of M. tento-
rioscapalis medialis on the head capsule. The homology
of the single precerebral dilator of Scatopsidae, Bibio-
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nidae, Sciaridae, Cecidomyiidae and examined members
of Tipuloidea remains uncertain, whereas it is very likely
M. frontobuccalis posterior in the case of Deuterophlebia
(ScHNEEBERG et al. 2011). The origin of M. tentoriosca-
palis medialis on the frontal region of the head would
be conform with an expanded concept of Bibionomorpha
also including Anisopodidae (HENNIG 1973; FRIEDRICH
& Tautz 1997; BErRTONE et al. 2008; WIEGMANN et al.
2011), but an origin on the frons is also described for
Trichoceridae and Tabanidae (BoNHAG 1951; SCHNEEBERG
& BEuTEL 2011). M. tentorioscapalis medialis is com-
pletely missing in Axymyia and it originates on the tento-
rium in Scatopsidae.

BERTONE et al. (2008) suggested a sistergroup re-
lationship between Axymyiidae and Nymphomyiidae
and between these two groups and the infraorder
Culicomorpha. Nymphomyiidae is also a small and high-
ly specialized group comprising only seven described
species (CoUuRTNEY 1994). This concept is in contrast with
all previously suggested placements of Nymphomyiidae,
for instance as the sistergroup of the remaining Diptera
(HackmaN & VAISANEN 1982; BERTONE et al. 2008 [re-
duced data set]), as the second branch in the dipteran
tree after Deuterophlebiidae (WIEGMANN et al. 2011), as
a member of Blephariceromorpha (Woobp & BORKENT
1989; CourtnEY 1990, 1991; OOSTERBROEK & COURTNEY
1995), or as the sistergroup of Deuterophlebiidae (Cur-
TEN & KEvAN 1970; SCHNEEBERG et al. 2011, 2012).

The phylogenetic affinities between Axymyiidae
and Nymphomyiidae are very likely an artifact of long
branch attraction as discussed in BERTONE et al. (2008, p.
683), even though two derived cephalic features of adults
are shared by the two groups (SCHNEEBERG et al. 2012),
the fusion of the frons and clypeus at least near the mid-
line and the loss of the mandibles incl. their musculature
(Tocunaka 1935). But both features are reductions and
common in the nematoceran dipteran lineages (see dis-
cussion in SCHNEEBERG et al. 2013).

It is apparent that most cephalic features of Axymyiidae
are either plesiomorphic or autapomorphies of the fam-
ily. This evidently impedes the systematic placement of
the group. Convincing cephalic synapomorphies with
other groups are apparently lacking. Taking everything
into consideration, especially the comprehensive study of
WIEGMANN et al. (2011), a placement in Bibionomorpha
appears most likely at present. However, despite of
strong efforts and an impressive progress in recent years,
a sufficiently robust reconstruction of nematoceran rela-
tionships including the placement of Axymyiidae has not
been achieved yet.

5. Acknowledgements

The authors are very grateful to Greg Courtney (Iowa State Uni-
versity, USA) and Eric Anton (Friedrich-Schiller-Universitt,

SENCKENBERG

Germany), who provided valuable material. We also thank Felix
Beckmann (DESY, Hamburg, Germany) for technical support. This
study was funded by the Deutsche Forschungsgemeinschaft (BE
1789/6-1).

6. References

ALEXANDER C.P. 1942. Family Anisopodidae. — Connecticut Geo-
logical and Natural History Survey, Bulletin 64: 192—196.
BErRTONE MLA., CourRTNEY G.W., WIEGMANN, B.W. 2008. Phylo-
genetics and temporal diversification of the earliest true flies
(Insecta: Diptera) based on multiple nuclear genes. — Syste-

matic Entomology 33: 668—687.

BeuTeEL R.G., Baum E. 2008. A longstanding entomological prob-
lem finally solved? Head morphology of Nannochorista (Me-
coptera, Insecta) and possible phylogenetic implications. —
Journal of Zoological Systematics and Evolutionary Research
46: 346-367.

BrascHke-BerTHOLD U. 1994. Anatomie und Phylogenie der Bi-
bionomorpha (Insecta, Diptera). — Bonner Zoologische Mono-
graphien 34: 1-206.

BonHAG P.F. 1951. The skeleto-muscular mechanism of the head
and abdomen of the adult horsefly (Diptera: Tabanidae). —
Transactions of the American Entomological Society 77:
131-202.

CHRISTOPHERS S.R. 1960. The imago. Pp. 418—666 in: Aédes aegypti
(L.) the Yellow Fever Mosquito. Its Life History, Bionomics
and Structure. — Cambridge University Press, Cambridge.

CourtnNEY G.W. 1990. Cuticular morphology of larval mountain
midges (Diptera: Deuterophlebiidae): implications for the phy-
logenetic relationships of Nematocera. — Canadian Journal of
Zoology 68: 556—578.

CourtnEY G.W. 1991. Life history patterns of Nearctic mountain
midges (Diptera: Deuterophlebiidae). — Journal of the North
American Benthological Society 10: 177—197.

CourtnEY G.W. 1994. Biosystematics of the Nymphomyiidae (In-
secta: Diptera): Life history, morphology, and phylogenetic rela-
tionships. — Smithsonian Contributions to Zoology 550: 1—41.

CurteN F.E.A., KeEvan D.K.McE. 1970. The Nymphomyiidae (Di-
ptera), with special reference to Palaeodipteron walkeri Die and
its larva in Quebec, and a description of a new genus and spe-
cies from India. — Canadian Journal of Zoology 48: 1—-24.

Dupa O. 1930. Bibionidae. In: Die Fliegen der paldarktischen Re-
gion, Teil 4, Stuttgart.

DuPortE E.M. 1946. Observations on the morphology of the face
in insects. — Journal of Morphology 79: 371-417.

FriepricH F., HONEFELD F., PoHL H., BECKMANN F., SCHNEEBERG K.,
Herzen J., BEuTEL R.G. 2010. Reconstructing the evolution of
Holometabola (Hexapoda) using SRuCT-based morphological
data. — Hasylab Annual Review 2009.

FriepricH M., Tautz D. 1997. Evolution and phylogeny of the Di-
ptera: a molecular phylogenetic analysis using 28S rDNA se-
quences. — Systematic Biology 46: 674—698.

Gap A.M. 1951. The head-capsule and mouth-parts in the Cerato-
pogonidae. — Bulletin de la Société Fouad ler d’Entomologie
35:17-75.

101



SCHNEEBERG et al.: Adult head of Axymyia

HackmanN W., VAISANEN R. 1982. Different classification systems
in the Diptera. — Annales Zoologici Fennica 19: 209-219.
Hennig W. 1973. Diptera (Zweifliigler). In: HELMcKE J.G., STARCK
D., WermutH H. (eds), Handbuch der Zoologie, IV. Band: Ar-
thropoda — 2. Hilfte: Insecta, 2. Teil. — Walter de Gruyter, Ber-

lin, New York, pp. 1-200.

Hoyt C.P. 1952. The evolution of the mouth parts of adult Di-
ptera. — Microentomology 17: 38—72.

Isuipa H. 1953. A new Pachyneuridae from Japan (Diptera). — The
Science Reports of Saikyo University Agriculture 5: 117—
118.

KELER S.v. 1963. Entomologisches Worterbuch, mit besonderer Be-
riicksichtigung der morphologischen Terminologie. — Akade-
mie-Verlag, Berlin.

Mamavev B.M. 1968. New Nematocera of the UdSSR (Diptera,
Axymyiidae, Mycetobiidae, Sciaridae, Cecidomyiidae). — En-
tomologicheskoe Obozrenie 47: 607—616 [in Russian, trans-
lated in Entomological Reviews, Washington 47: 371-377].

MamayEv B.M., KrivosHeyNA N.P. 1966. New data on the taxo-
nomy and biology of the family Axymyiidae (Diptera). — Ento-
mological Reviews 45: 93—-99.

McATeE W.L. 1921. Description of a new genus of Nematocera
(Diptera). — Proceedings of the Entomological Society of Wash-
ington 21: 1-49.

MicHELSEN V. 1996. Neodiptera: New insights into the adult mor-
phology and higher level phylogeny of Diptera (Insecta). —
Zoological Journal of the Linnean Society 117: 71—102.

Oo0STERBROEK P., COURTNEY G. 1995. Phylogeny of the nematocer-
ous families of Diptera (Insecta). — Zoological Journal of the
Linnean Society 115: 267—311.

OweN W.B. 1985. Morphology of the head skeleton and muscles
of the mosquito, Culiseta inornata (Williston) (Diptera: Culi-
cidae). — Journal of Morphology 183: 51-85.

PETERSON A. 1916. The head-capsule and mouth-parts of Diptera. —
Illinois Biological Monographs 3(2): 1-113.

PonL H. 2010. A scanning electron microscopy specimen holder for
different viewing angles of a single specimen. — Microscopy
Research and Technique 73: 1073—1076.

RonpenDORF B.B. 1974. The Historical Development of Diptera. —
Edmonton, Canada: University Alberta Press.

Scuiemenz H. 1957. Vergleichende funktionell-anatomische Unter-
suchungen der Kopfmuskulatur von Theobaldia und Eristalis
(Dipt. Culicid. und Syrphid.). — Deutsche Entomologische Zeit-
schrift 4: 268—-331.

ScHNEEBERG K., CourtNEY G.W., BEUTEL R.G. 2011. Adult head
structures of Deuterophlebiidae (Insecta), a highly derived
“ancestral” dipteran lineage. — Arthropod Structure and Devel-
opment 40: 93—-104.

ScuNEEBERG K., BEUTEL R.G. 2011. The adult head structures of
Tipulomorpha (Diptera, Insecta) and their phylogenetic impli-
cations. — Acta Zoologica 92: 316—343.

ScHNEEBERG K., FrIEDRICH F., CoUrRTNEY G.W., WIPFLER B., BEUTEL
R.G. 2012. The larvae of Nymphomyiidae (Diptera, Insecta) —
ancestral und highly derived? — Arthropod Structure and De-
velopment 41: 293-301.

ScHNEEBERG K., PoLiLov A., HArRris M., BEuTEL R.G. 2013. The
adult head morphology of the Hessian fly Mayetiola destruc-
tor (Diptera, Cecidomyiidae). — Journal of Morphology 274:
1299—-1311.

SHANNON R.C. 1921. Another anomalous dipteron added to the Rhy-
phidae. — Proceedings of the Entomological Society of Wash-
ington 23: 50—51.

SincLalr B.J. 2013. Rediscovered at least: a new enigmatic genus
of Axymyiidae (Diptera) from western North America. — Zoo-
taxa 3682: 143—-150.

SnopGrass R.E. 1959. The anatomical life of the mosquito. — Smith-
sonian Miscellaneous Collections 139: 1-87.

Surcrirri J.E. 1985. Anatomy of membranous mouthpart cuticles
and their roles in feeding in black flies (Diptera: Simuliidae). —
Journal of Morphology 186: 53—68.

Szucsica N.U., KRenn H.W. 2000. Morphology and function of the
proboscis in Bombyliidae (Diptera, Brachycera) and implica-
tions for proboscis evolution in Brachycera. — Zoomorphology
120: 79-90.

TuompsoN M.T. 1905. Alimentary canal of the mosquito. — Pro-
ceedings of the Boston Society of Natural History 32: 145-202
(pl. 12—-17).

TokuNaGa M. 1935. A morphological study of a nymphomyiid fly. —
Philippine Journal of Science 56: 127-214.

VogcEL R. 1921. Kritische und ergidnzende Mitteilungen zur Anato-
mie des Stechapparates der Culiciden und Tabaniden. — Zoolo-
gische Jahrbiicher (Abteilung fiir Anatomie und Ontogenie der
Tiere) 42: 259-282.

Wenk P. 1953, Der Kopf von Ctenocephalus canis (Curt.) (Apha-
niptera). — Zoologische Jahrbiicher (Abteilung fiir Anatomie
und Ontogenie der Tiere) 73: 103 —164.

WEenNk P. 1962. Anatomie des Kopfes von Wilhelmia equina L. (Si-
muliidae syn. Melusinidae, Diptera). — Zoologische Jahrbii-
cher (Abteilung fiir Anatomie und Ontogenie der Tiere) 80:
81-134.

WIEGMANN B.M., TRAUTWEIN M.D., WINKLER 1.S., BARR N.B., Kim
J.-W., LamBkiIN C., BErTONE M.A., CasseL B.K., BayLess K.M.,
HEIMBERG A.M., WHEELER B.M., PETERSON K.J., PAPE T., SINCLAIR
B.J., SKEVINGTON J.H., BLAGODEROV V., CARAVAS J., NARAYANAN
Kurry S., Scamipt-OtT U., KampMmEIER G.E., THOoMPSON F.C.,
GriMALDI D.A., BECKENBACH A.T., COURTNEY G.W., FRIEDRICH
M., MEeiEr R., YEaTES D.K. 2011. Episodic radiations in the fly
tree of life. — PNAS 108: 5690—-5695.

WinLm M.W. 2009. The ecology, morphology, and phylogeny of
the Nearctic species Axymyia furcata (Diptera: Axymyiidae). —
Master of Science Thesis, lowa State University.

WinLMm M.W., CourtNEY G.W. 2011. The distribution and life his-
tory of Axymyia furcata McAtee (Diptera: Axymyiidae), a
wood inhabiting, semi-aquatic fly. — Proceedings of the Ento-
mological Society of Washington 113: 385-398.

Wi M.W.,; Sam R.B., CourtNey G.W. 2012. Morphology of
Axymyia furcata (Diptera: Axymyiidae), including scanning
electron microscopy of all life stages. — The Canadian Entomo-
logist 144: 273 -290.

Woobp D.M. 1981. Axymyiidae. Pp. 209—212 in: McALPINE J.F. et
al. (eds), Manual of Nearctic Diptera, Volume 1.

Woobp D.M., Borcent A. 1989. Phylogeny and classification of
the Nematocera. Pp. 1333—1370 in: McALPINE J.F. et al. (eds),
Manual of Nearctic Diptera, Volume 1.

ZHANG J. 2010. Two new genera and one new species of Jurassic
Axymyiidae (Diptera: Nematocera), with revision and rede-
scription of the extinct taxa. — Annals of the Entomological
Society of America 103: 455—464.

SENCKENBERG



