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Morphological variation in the gastral sterna of
female Apoidea (Insecta: Hymenoptera)
Laurence Packer

Abstract: A large amount of morphological variation is described for gastral sterna 2 through 6 of female bees and
wasps belonging to the Apoidea. This variation includes differences among taxa in the degree of development of the
antecosta, acrosternum, gradulus, sternal apodemes, and posterolateral areas and the size and shape of the postgradular
region. There is considerable variation among sterna 2 through 6 within individual bees. Some of this variation is
mostly consistent among taxa, such as the increasing anterior divergence of the sternal apodemes and the decreasing
ratio of posterior to anterior width of the more posterior sterna. Other characteristics vary inconsistently among sterna
within or among taxa. Examples include the presence or absence of graduli or premarginal lines on different sterna.
Variation is most extreme for the apical external sternum, the sixth, which exhibits a large number of apomorphic
traits, particularly in the Andrenidae and cleptoparasitic Apidae. The potential utility of sternal characters for phylogenetic studies of the Apoidea is discussed. There would seem to be particularly useful variation in the form of sternum
6 among different lineages of cleptoparasitic Apidae, presumably associated with different means of gaining entry to
and (or) ovipositing within cells of the host bee. Sternal characters might help resolve relationships among these morphologically otherwise often strongly convergent taxa.
Résumé : Il existe une très grande variation morphologique au niveau des sternums 2 à 6 du gaster chez les abeilles et
les guêpes femelles appartenant aux Apoidea. Cette variation inclut des différences dans l’importance du développement de l’antécosta, de l’acrosternum, du gradulus, des apodèmes sternaux, des régions postéro-latérales, ainsi que dans
la taille et la forme de la région postgradulaire entre les taxons. Il y a aussi une variation individuelle considérable des
sternums 2 à 6. Une partie de cette variation est cohérente d’un taxon à un autre, par exemple, la divergence croissante
vers l’avant des apodèmes sternaux et le rapport décroissant de la largeur arrière des sternums les plus postérieurs sur
leur largeur antérieure. D’autres caractéristiques varient de façon irrégulière d’un sternum à l’autre chez un même
taxon ou entre les taxons, par exemple, la présence ou l’absence de gradulus ou de lignes prémarginales sur les différents sternums. La variation est maximale sur le dernier sternum externe, soit le sixième, qui présente de nombreux
caractères apomorphes, particulièrement chez les Andrenidae et les Apidae cleptoparasites. L’utilité potentielle des
caractères du sternum dans les études phylogénétiques fait l’objet d’une discussion. Il semble exister une variation
particulièrement utile de la forme de sternum 6 chez les différentes lignées d’Apidae cleptoparasites, reliée probablement aux techniques diverses qu’elles emploient pour s’introduire dans les cellules des abeilles hôtes. Les caractéristiques du sternum pourraient contribuer à mettre en évidence les relations entre ces taxons qui affichent souvent, par
ailleurs, une forte convergence morphologique.
[Traduit par la Rédaction]
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Introduction
During the course of investigations into the comparative
morphology of the sting apparatus (Packer 2003), a considerable amount of variation was found in details of the structure of the sixth gastral sternum of female Apoidea,
prompting investigation of variation in the remaining sterna.
Female sterna have received little attention from bee systematists except in a few specific instances as follows. Adaptations associated with development of a metasomal scopa
for the collection of pollen (e.g., in the family Megachilidae;
Michener 2000) or oils (e.g., Ctenoplectra; Vogel 1981) are
well known as are the often rather extreme modifications of
the sixth gastral sternum in cleptoparasitic Apidae (Roig-

Alsina 1987, 1989a, 1989b, 1990, 1991; Snelling and Rozen
1987; Rozen 1992, 1997; Roig-Alsina and Rozen 1994;
Rozen et al. 1997; also see Fig. 8-10 in Michener 2000).
Considerable modification of the fifth and sixth sterna has
been noted for some Panurginae (Ruz 1991; Ruz and Rozen
1993; Rozen and Ruz 1995), and this is used in keys to
tribes within this subfamily (Michener 2000). Variation in
the strength and shape of the gradulus of the second sternum
is used in generic level keys of the tribe Eucerini (Michener
2000). Detailed illustration of the gastral sterna of bees has
usually accompanied thorough morphological investigations
of single species as in the works of Michener (1944),
Eickwort (1969), and Pesenko (1983). Hazeltine and
Chandler (1964) described variation in the sixth sternum of
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species and subgenera of Bombus, including the cuckoo subgenus Psithyrus (treated by them as a distinct genus). However, despite the apparent potential utility of sternal
characters in bee systematics as the account above suggests,
there has been no detailed treatment of them for all major
lineages of bees.
In this paper, I describe variation in the gastral sterna 2–6
of females for representatives of almost all subfamilies of
bees and families of apoid wasps. Males are not included in
this study because of the presumably sexually selected modifications that result in an enormous amount of variation;
e.g., see the studies of Dinagapostemon (Roberts and Brooks
1987) and Liphanthus (Ruz and Toro 1983). The first sternum is also omitted because it is so intimately involved with
the first tergum in forming an articulation with the
mesosoma; variation in the morphology of this articulation
will be dealt with at a later date. New terminology is presented to describe some of the features found. The potential
utility of sternal structures in providing additional characters
for phylogenetic studies of bees is discussed.

Materials and methods
As is the case with the other Apocrita, the first segment of
the bee abdomen is broadly fused to the thorax such that the
narrow “waist” is between the first and second abdominal
segments. The portion of the body posterior to this “waist”
is termed the metasoma or gaster. Herewithin, the latter term
will usually be used along with its adjectival form, gastral.
Traditionally in studies of bee morphology, the terga and
sterna of this region are numbered as gastral segments (i.e.,
the first gastral segment is the second abdominal segment).
The abbreviation Sx is used here for the xth gastral sternum.
Thus, S6 is the sixth gastral sternum even though it is part of
the seventh abdominal segment.
The structures to be studied were removed from specimens that had been relaxed for 24 h. They were then cleared
in KOH and stored in glycerin (McGinley 1986; Packer
2003). A few individuals of common North American genera, such as Andrena, Lasioglossum, Nomada, and Bombus,
were dissected as freshly killed specimens to observe the
muscles and other soft tissues associated with the sterna to
ensure that interpretations of some of the morphological
terms were correct.
Photographs for the figures were taken with a CoolSNAP
digital camera attached to a Leica M5A stereomicroscope.
Most were taken using transmitted light, which often revealed some details that were not visible with reflected light.
One scanning electron micrograph was taken using a Hitachi
S520 at 20 kV. Pictures were processed with Photoshop software and turned into figures with QuarkXpress. Individual
sterna (or portions thereof) were mounted in glycerin on
microscope slides with a cover slip. Some more dorsally
curved sterna could not be photographed flat without causing considerable fragmentation. In some instances, this problem was overcome by prolonged heating in 10% KOH, which
softened the cuticle and permitted bending without too much
breakage.
To investigate variation in the absolute or relative size of
particular parts of the gastral sterna, various measurements
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were made of S2–S5 (Fig. 1B). The measurements were
sometimes transformed to ratios to compare, for example,
the proximal to distal increase in width of individual sterna.
S2–S5 are generally similar in form, although varying in
relative dimensions. S2 is the most divergent among these,
especially along its anterior margin, presumably resulting
from adaptations associated with its close proximity to the
meso-metasomal articulation. Consequently, the third sternum is taken as being representative of the basic form of the
sterna and is dealt with in detail first. Modifications of S4
and S5 and then S2 are discussed in relation to it. Because
of its roles as the terminal external sternum and in forming
part of the housing of the sting apparatus, S6 is very different in form from the previous sterna and is dealt with separately. Presumably as a result of adaptations for gaining
entry to and (or) ovipositing within the host brood cells, the
S6 of cleptoparasitic Apidae is often highly modified and S5
appears more like the S6 of nonparasitic taxa. Thus, the S5
of cleptoparasitic Apidae is dealt with in the most detail in
the section on S6.
The classification of bees used here follows Michener
(2000). At least one exemplar from each of the 21 subfamilies of bees (sensu Michener 2000) except the Nomioidinae was obtained for analysis. The same taxa as those
included as primary exemplars by Packer (2003) were used
in most instances. A total of 39 taxa (Table 1) were observed
for variation in all of the features discussed in this paper.
Some higher level taxa were investigated more intensively to
establish the extent of particularly unusual characteristics.
Thus, multiple genera of the tribe Calliopsini were studied
because structures of the fifth and sixth sterna are diagnostic
for this taxon. To check the extent of this variation, exemplars of all tribes of the subfamily Panurginae (to which the
Calliopsini belong), including the sole known species in the
recently described tribe Nolanomelissini (Nolanomelissa
toroi Rozen) (Rozen 2003a; Ascher in Rozen 2003a), were
studied. Similarly, S5 and S6 of a wide range of cleptoparasitic Apidae were studied as a preliminary assessment of
their utility for detecting different independent origins of
cleptoparasitism within this family. Observations of the very
rare Stenotritidae were restricted to S5, S6, and features that
could be observed on the outside of the untreated specimen
so as to avoid larger scale destruction of very limited material. Because of its removal as an almost inevitable result of
preparation of the sting apparatus, the sixth sternum (and
sometimes the fifth) was studied for a wider range of taxa
than was the case for any of the other sterna. All additional
taxa surveyed for particular features are listed in Table 1.
Representatives from three of the four major clades of apoid
wasp (Spheciformes) (sensu Brothers 1975) and a member
of the Pompilidae (Vespoidea) were included for comparison. The apoid wasps are known to be paraphyletic with respect to the bees, with two or three clades branching off
before the separation of the bees from their sister group, the
Crabronidae (Brothers and Carpenter 1993; Melo 1999).
These clades are the Heterogynaidae (not available at the
time of this study), Ampulicidae, and Sphecidae (s. str.).
Pepsis was the pompilid investigated in detail, but Anoplius
was also investigated for variation in S5 and S6. Preparations made for this study, in addition to the specimens from
© 2004 NRC Canada
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Fig. 1. S3 of Cadeguala occidentalis to show the basic structures (A) and measurements (B) mentioned in the text. All pictures are
photomicrographs taken with the ventral (external) surface of the sternum uppermost. Scale bar = 1 mm.

which they came, are housed in the collection of the author
with the exception of rare materials, which will be returned
to the source of their origin as noted in Table 1.

Basic morphology of and terminology for
gastral S2–S6
The sterna are considered to be flat plates and, consequently, the inner surface is morphologically dorsal and the
external surface is ventral. The terms inner and outer or internal and external are used in instances where dorsal and
ventral might cause confusion in structures that are curved in
three dimensions. Confusion is most likely in discussions of

the lateral margins of the sterna, particularly those of S6.
Here, there is usually a dorsal (inner) lateral marginal ridge
and a ventral (outer) longitudinal carina. On the more anterior sterna, the ridge and carina are approximately coincidental, immediately opposite one another on the sternum.
However, particularly on S6, when viewed from the side, the
carina appears mostly ventral to the ridge but morphologically it is mesad to it (as in Fig. 9B) and is described as
such. Photographs for the figures are taken from the ventral
(external) view.
The dorsal curvature of the sternum is pronounced in those
taxa with more cylindrical metasomas, such as Hylaeus,
Megachile, and the wasp exemplars, in which, in dorsal
© 2004 NRC Canada
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Table 1. List and classification of taxa used in this study.
Superfamily
Family/subfamily

Tribe

Primary exemplars

Apoidea (apoid bees)
Stenotritidae

Stenotritus sp.
Ctenocolletes smaragdinus (Smith)c

Colletidae
Colletinae
Xeromelissinae
Hylaeinae

Colletes halophilus Verhoeffb
Chilimelissa rozeni Toro et Moldenkeb
Hylaeus pectoralis Forsterb

Cadeguala occidentalis (Haliday)b

Diphaglossinae

Panurgini
Protandrenini
Nolanomelissini
Calliopsini

Perditini
Protomeliturgini
Oxaeinae
Halictidae
Rophitinae

Alocandrena porteri Michener
Andrena nitida (Moller)b
Orphana inquirenda Vachal
Panurgus calcarata Scopoli
Protandrena sp.
Nolanomelissa toroi Rozen
Callonychium sp.b
Calliopsis andreniformis Smithb
Acamptopoeum submetallicum
(Spinola)b
Spinoliella sp.b
Macrotera texana (Cresson)b
Protomeliturga turnerae (Ducke)
Protoxaea gloriosa Foxb
Dufourea sp.b

Xeralictus bicuspis Snelling et
Stagec

Dieunomia heteropoda (Say)b
Corynura chloris (Spinola)b

Nomiinae
Halictinae
Melittidae
Dasypodainae

Dasypoda altercator (Harris)
Hesperapis laticeps Crawfordb
Haplomelitta ogilvei (Cockerell)
Meganomia gigas Michener
Macropis nuda Provancherb
Melitta tricincta Kirbyb

Meganomiinae
Melittinae
Megachilidae
Fideliinae

Neofidelia profuga Moure et
Michenerb
Pararophites orobinus (Morawitz)
Lithurgus sp.
Megachile centuncularis (L.)b

Megachilinae

Apidae
Xylocopinae
Nomadinae

Chilicola polita Michener
Amphylaeus sp.
Hyleoides sp.
Meroglossa sp.
Hemirhiza melliceps (Cockerell)d
Crawfordapis luctuosa (Smith)
Ptiloglossa sp.

Euryglossa (Euryglossa) sp.b

Euryglossinae
Andrenidae
Alocandreninae
Andreninae
Panurginae

Additional study taxaa

Epeolini

Xylocopa tabaniformis Smithb
Manuelia gayi (Spinola)b
Epeolus sp.*

Nomadini

Nomada flava Panzer*b

Trachusa perdita Cockerell
Coelioxys rufescens (L.)*
Stelis punctatissima*
Euaspis abdominalis (F.)*
Dioxys pomonae Cockerell*

Doeringiella sp.*
Odyneropsis sp.*
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Table 1 (concluded).
Superfamily
Family/subfamily

Apinae

Apoidea (apoid wasps)
Ampulicidae
Sphecidae
Crabronidae
Pemphredoninae
Vespoidea
Pompilidae

Tribe
Ammobatoidini
Brachynomadini
Isepeolini
Osirini
Protepeolini
Exomalopsini
Tetrapediini
Ctenoplectrini
Eucerini
Ericrocidini
Melectini

Primary exemplars

Apini

Apis mellifera L.b

Additional study taxaa
Holcopasites calliopsidis (Linsley)*
Kelita toroi Rozen*
Melectoides triseriata (Friese)*
Osiris mourei Michener*

Leiopodus abnormis Jorgensen*
Exomalopsis sp.b
Coelioxoides waltheriae Ducke*e
Ctenoplectra vagans Cockerell

b,f

Eucera longicornis (L.)
Mesoplia sp.*
Thyreus sp.*
Xeromelecta sp.*

Dolichurus greenei Rohwerb
Isodontia sp.
Passaloecus lineatus Vincentb
Pepsis sp.b

view, the lateral margins of the sterna are recurved towards
the midline. These taxa generally nest in tunnels in wood or
stems, this habit presumably selecting for a more cylindrical
body shape. In the exemplars of Pompilidae and Ampulicidae, the lateral margins of the sterna almost meet dorsally
and those of S6 actually overlap towards the apex in these
taxa. The sterna are more or less evenly curved throughout
in some bees (e.g., Dieunomia and Megachile), but they are
generally comparatively flat medially and dorsally curved
only towards the lateral margin, sometimes abruptly so as in
the Andrenidae.
S2–S4 are approximately trapezoidal with the posterior
margin wider, the anterior margin markedly concave, and
bearing the sternal apodemes. The posterior margin may be
slightly convex, straight, or somewhat concave. Because of
its subapical position and the ubiquitous narrowing of the
gaster towards the apex, S5 differs in having its posterior
width subequal to, or less than, its anterior width (as in
Fig. 4F). S2–S5 in almost all bees are expanded posterolaterally into rounded or obtusely angled convexities.
Eickwort (1969) called this portion of the sterna the dorsolateral area. However, given that it comprises both dorsal
and ventral surfaces, the term posterolateral area seems more
appropriate and is used here. The posterior margin of S6 is
strongly convex, although its extreme apex is highly variable
in shape.
The sternal apodemes render the anterior margin of the
plate concave or truncately excavated, although the anterior
margin of the sterna between them is also usually concave.
The apodemes vary considerably in size, shape, and ridging;
those of S6 are especially variable. In Apis, the apodeme is
so short medially that it appears divided into two narrow
projections, which Snodgrass (1956) termed the anterior and
lateral sternal apodemes (Fig. 3C). Comparison with other

Anoplius bengtssoni (Regan)

bees demonstrates that these are part of the same structure
(compare, for example, Figs. 3B–3D).
There is an anterior transverse depression, the antecostal
suture, which runs across the external (ventral) surface of the
sterna. In most bees, it is very weakly developed, often only
visible medially, if at all (Fig. 1A). On the internal (dorsal)
surface, the antecostal ridge serves as the site of attachment
for the longitudinal intersegmental muscles (Snodgrass
1956). The antecostal ridge is usually slightly more anteriorly positioned than the antecostal suture (Fig. 1A) and the
two often distinguish a short acrosternite from the rest of the
sternum (Fig. 3D). In this instance, there is a fine ridge or
carina ventrally across the anterior of the acrosternite. This
acrosternal carina bears the intersegmental membrane that
joins the sternum to the one immediately in front of it. The
sternal apodemes, which project primarily anteriorly, are
part of the acrosternite. In bees without a distinct acrosternite, a carina on the outer surface of the sternum can be
seen posterior to the antecostal ridge (Fig. 1A). I believe this
to be homologous to the acrosternal carina for two reasons.
First, both are continuous with the transapodemal carina of
the sternal apodeme (compare Figs. 2D and 4D). Second, in
both situations, the acrosternal carina serves as the site of
attachment for the intersegmental membrane. Thus, in taxa
with a distinct acrosternite, the intersegmental membrane
arises very close to the anterior margin of the sternum,
whereas in others, it arises more posteriorly. In taxa with an
acrosternal carina posterior to the antecosta, it curves forward to traverse the transapodemal ridge (see below), continuing onto the apodeme before recurving posteriorly
towards the posterolateral corner of the apodeme. In both
cases, the transapodemal carina forms the posterior margin
of an area with thicker cuticle than elsewhere on the
apodeme (most readily seen in Fig. 2C). This results in a
© 2004 NRC Canada
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larger proportion of the apodeme with thickened cuticle in
taxa with the acrosternal carina posterior to the antecosta
(compare Figs. 2D and 3A). This interpretation suggests that
the ventral surface of the anterior portion of the sternum has
moved posteriorly compared with the internal surface in taxa
lacking a distinct anterior acrosternite (also see insets in
Figs. 1A and 3B).
The sternal apodeme is usually somewhat fluted, with the
margin offset somewhat externally. There is often a marginal
ridge around the sternal apodemes and also one that traverses them (Fig. 1A). The latter is usually close to the position where the apodeme joins the rest of the sternum and is
termed here the transapodemal ridge. Both marginal and
transapodemal ridges may appear as extensions of the
antecosta, diverging from it, and each other, at the posteromedial extremity of the apodeme (as in Fig. 2F). The transapodemal carina, transapodemal ridge, and marginal ridge are
certainly all separate structures; all three can be clearly seen
in most taxa (as, for example, in Figs. 1A and 5B).
The sternal apodeme usually bears two angles, one anteromedially and the other anterolaterally, here termed the medial and lateral angles, respectively, of the sternal apodeme
(e.g., Fig. 2A). The medial angle is usually the more broadly
rounded one of the two. The angles may be longer than their
basal breadth as in Apis (Fig. 3C) or, at the opposite extreme, they may be entirely lacking, as in Calliopsis and
Alocandrena (Fig. 2B).
The lateral margin of the sternum is straight or slightly
concave between the sternal apodemes and the posterolateral
area and bears the lateral marginal ridge on the internal surface and the lateral marginal carina ventrally (Figs. 2B and
3B). The posterolateral areas are usually comparatively obscure, delimited primarily by the absence of punctation and
paler coloration (Fig. 1A). They may be particularly heavily
sclerotized on S6 as in some Andrenidae and cleptoparasitic
Apidae (Figs. 6C and 9E). A slight flange is often formed
here by an extension of the internal surface of the sternum.
This is usually small on S2–S5 but notably larger on S6
(Fig. 7C) where it serves as the site of insertion of the most
apical tergosternal muscle (Snodgrass 1956).
There may be one or two oval foveae on each side of the
sternum, just posterior to the antecostal ridge (Figs. 2E and
3D). These are here termed the sternal foveae. They are often difficult to detect, as the anterior portion of the sterna,
immediately behind the antecosta, is often considerably less
pigmented than the rest of the sternum. They may have been
missed in some taxa; for example, they were only detected
in Xylocopa (Fig. 3B) when using transmitted light. It is
possible that these structures are homologous to the epidermal glands found in some apoid wasps (Melo 1999). However, Melo did not detect them in Hesperapis (the only bee
included in both his and the present study), although the
foveae are weak in this genus. They are not homologous to
the sternal glands found in Oxaea (Guerino and CruzLandim 1999). It is possible that they are scars from muscle
attachments in the pupal stage, as is, for example, the mesopleural signum on the thorax (Prentice 1998).
A transverse steplike line, the gradulus, separates the preand post-gradular regions of the sterna when it is present.
The pregradular portion is usually raised compared with the
postgradular region and its surface is smoother with fewer,
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or no, hairs. This lack of surface adornment to the pregradular area is presumably related to its overlapping with the
previous sternum over which it must move when the gaster
is flexed. The postgradulus is usually more heavily punctate
and hirsute than other portions of the sterna (Fig. 1A). The
gradulus is thought to help clean the surface of the sterna of
sand and other debris (Prentice 1998).
A premarginal line, separating the marginal zone from the
disc of the sternum, may be found posteriorly (Figs. 1A and
2C). It is either a line of pigmentation or a row of somewhat
stronger hair-bearing punctures that are closer together and
often more strongly pigmented than is usually the case (as in
Fig. 2B). The lateral extremity of the premarginal line arises
at, or close to, the apex of the posterolateral area and curves
posteromedially. The premarginal line represents the site of
origin of the intersegmental membrane, which then inserts
upon the acrosternal carina of the next posterior sternum.
The marginal zone is usually somewhat less thickly
sclerotized than the rest of the sternum, appears paler in colour as a result, and it is usually impunctate and devoid of
pubescence (Fig. 2C).
A strongly developed gastral scopa is found at least on
S2–S5 in all nonparasitic Megachilidae except Pararophites
and also a few other bees. In the Megachilinae, these hairs
are quite erect and robust, whereas in the Fideliinae, they are
finer, appearing silky, and are strongly directed posteriorly.
In the Megachilidae, the long scopal hairs cover more than
half of the surface of the sterna. A subapical fringe of apparently scopal hairs on S2–S5 is found in some bees (e.g., the
Stenotritidae). Many bees with a primary scopa on the hind
legs also have scopal hairs on S2 (often also on S1 and (or)
S3). Pollen collection on these sterna is particularly common
in the Halictidae (as in Fig. 4D) (especially in Homalictus)
and some Colletidae (Fig. 1A) such as the Xeromelissinae
(Michener 2000). Scopae for oil collection are found on S2–
S5 of Macropis and Ctenoplectra (Fig. 2F).

Metric variation among the sterna
The gaster is ovoid in most female bees, expanding from
its point of attachment with the mesosoma to the third or
fourth segment and then narrowing to the apex of the apical
external segment, the sixth. This is reflected in the linear
dimensions of the sterna: usually the widest measurement
across the posterolateral areas is that of S3, and across the
sternal apodemes, S4 is the widest (Figs. 4D–4F). An anterior shift in the widest part has occurred in several lineages
of Apoidea. In the apoid wasp Dolichurus, the posterior of
S2 and anterior of S3 are widest. In Chilimelissa, Hylaeus,
the three non-cleptoparasitic exemplars of the Apinae, and
some Andrenidae, the widest part is also farther forward,
with the width across the posterior portion of S2 being
greater than or equal to that of S3 (compare Fig. 5A with
Figs. 3D–3F). In some instances (such as in most Hylaeinae
and Xeromelissinae), the more anterior location of the
broadest part of the gaster is associated with a general narrowing of form itself associated with nesting in burrows in
wood or stems.
The trapezoidal shape of the sterna, with the posterior
width greater than the anterior width, is most extreme for S2
and decreases successively until S5, which is rectangular or
© 2004 NRC Canada
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trapezoidal with the anterior width being the greatest
(Figs. 4A–4C). The degree of posterior expansion of the
sterna was measured using the ratio of posterior to anterior
width (Fig. 1B). There is always a monotonic decrease in
this value from the second through to the fifth sternum, with
averages for the 26 species measured (see Table 1) of 1.8,
1.3, 1.15, and 0.95. The highest values for S2 were obtained
for Chilimelissa (2.5) (Fig. 5B) and Ctenoplectra (2.9) and
the lowest (excluding Apis, see below) for Melitta (1.4) and
the tribe Calliopsini, all of which were in the 1.5–1.6 range
except for Callonychium (1.8). For S3, the highest value was
obtained for Dufourea (1.6) (Fig. 4A) and the lowest for
Chilimelissa and Cadeguala (1.1) (Fig. 1B). Dufourea also
had the second most posteriorly expanded fourth sternum
(1.3) (Fig. 4B), with only Ctenoplectra being proportionately wider posteriorly (1.4). Again, Chilimelissa, but this
time equaling Hylaeus, had the lowest values, with posterior
and anterior measurements being subequal (Fig. 3E). Posterior and anterior measurements for S5 were usually subequal
(Figs. 4C and 5F) or with the posterior width somewhat less
than the anterior width (e.g., Fig. 4F) and with the largest ratio obtained for Callonychium (1.1) and the lowest for
Ctenoplectra (0.75).
S6 is often largely hidden within the gaster in cleptoparasitic Apidae such as Epeolus, and thus the S5 of these taxa
functions more or less as the apical sternum and is shaped
more like the sixth sternum of nonparasitic taxa. For example, Epeolus has the fifth sternum markedly narrowed posteriorly (0.8). Many other cleptoparasitic Apidae have similar
“apicalization” of the fifth sternum (see below).
Of S2–S5, the third is usually the longest, or equally the
longest, and the fifth the shortest (Figs. 3D–3F). The third
and fourth sterna are equally long in Calliopsis and
Dieunomia, whereas in Acamptopoeum, S3–S5 are approximately equal in length, and in Melitta, S2–S4 are equally
long. In the apoid wasps with a more petiolate metasoma,
the second segment is the longest, as is also the case in
Andrena, Callonychium, Hesperapis, Neofidelia, Epeolus,
and Ctenoplectra. Conversely, the fifth sternum is the longest in the Xylocopinae and Apis.
The considerable posterior extension of the posterior margin of S6 results in this sternum being longer than S5 in
most bees. Exceptions are Chilimelissa, Euryglossa, and
Perdita, in which S6 is the shortest of the sterna. At the opposite extreme, S6 is longer than any of S2–S6 in Melitta,
Manuelia, Ctenoplectra, and Exomalopsis. The medial
length of S6 is highly variable in the cleptoparasitic Apidae
because in some, such as Epeolus, the disc is considerably
reduced in size and the lateral portions of S6 are unusually
long (Fig. 9C), whereas others, such as Osiris, have considerably elongate posterior margins to S6 (Fig. 8D and see below).
Shape variation among the sterna is unusual in Apis as a
result of the greater development of the wax glands on the
pregradular areas of the more posterior sterna (Fig. 3C).
Thus, there is a gradual increase in length from the second
through to the fifth sterna and only S2 is broader posteriorly
than anteriorly (ratios as above are 1.25, 0.95, 0.92, and 0.8
for S2–S5, respectively). None of the other bees for which
measurements were taken have this pattern of relative sternal
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dimensions, and only in Apis are any sterna other than the
fifth wider anteriorly than posteriorly.

The third sternum
The anterior margin of S3, excluding the sternal apodemes,
is usually gently concave (e.g., Figs. 1A and 2C). The degree of concavity varies from less than 10% of the medial
length of the sternum in Epeolus (Fig. 3A) to approximately
50% in Cadeguala (Fig. 2D) and Exomalopsis. In Hylaeus
(Fig. 3D) and Calliopsis, the anterior margin is broadly Vshaped with the sides more or less straight, whereas in
Ctenoplectra and Apis, it is slightly convex on each side of
the midline (Figs. 2F and 3C).
There is a distinct acrosternite separate from, and anterior
to, the antecostal ridge between apodemes in some bees. It is
complete in Colletes, Hylaeus, Corynura, Megachile, and
Manuelia and bears an acrosternal carina across its anterior
margin (e.g., Figs. 3D and 4D). In the apoid wasp Passaloecus and the bee Chilimelissa, the acrosternite is interrupted
medially. In the remaining taxa, there is no anterior acrosternite between the apodemes, and the antecostal ridge traverses the anterior margin of the sternum between the
apodemes (Fig. 2). In some taxa with a distinct acrosternite,
there is a weak ridge traversing it in a posteromesal direction
from the posteromesal corner of the apodeme to the antecostal ridge. This is here termed the transacrosternal ridge; it
is most readily observed in the apoid wasp Passaloecus and
the bee Colletes. In Corynura, it is weak and appears more
like a posteromedial extension of the marginal ridge to the
apodeme (Fig. 4D).
In Cadeguala, Protandrena, Orphana, Melitturga,
Dufourea, Meganomia, and Haplomelitta, the acrosternal carina is posterior to the antecosta and this leads to a beveled
appearance of the anteroventral portion of the sternum
(Fig. 2D). In Andrena, Alocandrena, Protomeliturga, Protoxaea, and Dieunomia, the acrosternal carina is only posterior
to the antecosta laterally, towards the apodeme; the beveled
edge occurs only towards the sides of the anterior margin of
the sternum and the medial portion of the acrosternal carina
underlies the antecostal ridge (Figs. 2B and 4A).
Morphologically, the antecostal ridge is formed from a
folding of the sternum (Snodgrass 1956), and this is most
readily seen in large, heavily sclerotized bees such as Xylocopa (Fig. 3B, inset). In this exemplar, the ridge forms a
strong internal shelf. In cross section, it is clear that the cuticle around the base of the ridge is doubled, and where it recurves upon itself at the inner margin of the ridge, it is
expanded. The thickening of the innermost portion of the
ridge can be seen in other bees with more shelflike ridges
such as Hylaeus, Ctenoplectra, Manuelia, and Epeolus. In
Pararophites, the ridge is almost quadrate in cross section.
In all of these taxa, there is an acrosternite anterior to the
antecostal ridge. In taxa lacking an anterior acrosternite, the
antecostal ridge forms the anterior margin of the sternum
and does not form such a clear fold in the cuticle but in
cross section appears as a simple thickening of the anterior
margin (Fig. 1A, inset).
The sternal apodemes are anterolaterally directed in most
bees (e.g., Fig. 3D), anteriorly or even anteromedially in the
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Andrenidae (e.g., Figs. 2B and 2E) and more strongly laterally in the genera Megachile, Manuelia, and Epeolus
(Fig. 3A). It is usually narrowest close to where it meets the
body of the sternum (Fig. 1) and expands to form both medial and lateral apodemal angles. The medial angle is usually
rounded and approximates 90° as in Euryglossa (Fig. 2A).
The lateral angle is usually acute and is often curved posteriorly, especially in Hylaeus (Fig. 3D), Dieunomia, Hesperapis, and Macropis.
The anteriormost portion of the apodeme is usually gently
concave (Figs. 2A and 2D). It is evenly convex in most
Andrenidae (Figs. 2B, 2C, and 2E), but in Ctenoplectra
(Fig. 2F) it is obtusely excised near the middle, giving the
whole structure a somewhat fish-tailed appearance. In the
exemplars of the tribe Calliopsini, the medial and lateral angles of the apodeme are either extremely short and the whole
apodeme very narrow, as in Callonychium and Spinoliella, or
are lacking and the margin of the apodeme rounded and
comparatively broader (although not broader than in other
bees), as in Acamptopoeum (Fig. 2E) and Calliopsis.
Alocandrena is similar to the last two genera in the form of
its sternal apodemes (Fig. 2B). The lateral angle of the
apodeme is produced to a needlelike point and heavily
sclerotized in Xylocopa (Fig. 3B), intermediate between that
of Apis (Fig. 3C) and other bees dealt with here.
The transapodemal ridge is a simple linear extension of
the antecostal ridge in Colletes, Chilimelissa, Hylaeus,
Andrena, Protoxaea, Dieunomia, and Corynura and the longtongued bees (Figs. 3D and 4D) other than Exomalopsis and
Apis (Fig. 2F). In the other taxa, it curves posteriorly (e.g.,
Fig. 2A) or, as in Panurgus, Calliopsis, and Acamptopoeum,
is straight but at a posteriorly directed angle from the
antecostal ridge (Fig. 2E).
In Panurgus, the antecostal ridge is considerably widened
laterally forming a broad expansion onto the apodeme. In
Macrotera, this expansion covers the whole apical portion of
the apodeme (Fig. 2C).
The lateral marginal ridge extends from the lateral angle
of the sternal apodeme in the direction of the posterolateral
area, which, in most taxa, it attains (e.g., Figs. 2D and 2E).
It is unusually short, or at least evanescent posteriorly, in
Callonychium, Spinoliella, Corynura (Fig. 4D), and the exemplars of subfamily Melittinae. In Euryglossa, the lateral
margin of the plate is largely membranous posteriorly and
the lateral marginal ridge short as a result (Fig. 2A). The lateral marginal ridge is straight (Figs. 2B, 2D, and 2E) or
slightly concave (Figs. 2F, 3B, and 3D) in most bees, although somewhat sinuate in Dieunomia. The lateral marginal
carina does not extend beyond the posterior extremity of the
ridge and is usually coincident with it. However, the carina
is mesad of the ridge for the anterior fourth in Dieunomia
and Protoxaea, for the anterior half in Acamptopoeum, and
for almost the entire length of the ridge in Meganomia and
Megachile. The carina appears to be laterad of it for the anterior half in Alocandrena (Fig. 2B). No ridge or carina, or a
very short one, is found in the pompilid or apoid wasp exemplars with the exception of Passaloecus in which both are
long.
In taxa with punctate or pubescent sternal discs, the
posterolateral area lacks these surface structures except in
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Orphana where a band of pigmented punctures extends
across it (as in Fig. 5E). The posterolateral area forms a
right angle in Cadeguala, Dufourea (Figs. 2D and 4A), and
Dieunomia, and a sharply acute one in the apoid wasp
Passaloecus; it is more rounded in the other taxa.
In the subfamilies Andreninae and Alocandreninae, tribe
Calliopsini, and Melitturga, there is a longitudinal medial
ridge originating on the antecostal ridge (Figs. 2B and 2E).
Ruz (1991) termed this the median proximal sclerotization.
In Andrena and Orphana, it is short, but in the tribe
Calliopsini, it extends to approximately the midlength of the
sternum. It is longest in Melitturga, extending all the way to
the premarginal line, which it appears continuous with. The
anterior half of the median longitudinal ridge is very broad
in this genus, becoming abruptly much finer at midlength. A
very short and fine median longitudinal carina between the
antecosta and acrosternal carina is found associated with the
short anterior beveling of the sternum in Cadeguala,
Macropis, Melitta, Meganomia, and Ctenoplectra (Figs. 2D
and 2F). In Alocandrena, it is produced into a short anterior
angulation (Fig. 2B).
A single sternal fovea is found on each side of the sternum
in Colletes, Hylaeus, Spinoliella, Protomeliturga, Dufourea,
Corynura, Hesperapis, Haplomelitta, Dasypoda, Neofidelia,
Nomada, and Exomalopsis (Figs. 3D and 4A). Particularly in
Colletes, Hesperapis, and Neofidelia, the foveae are poorly
defined. They are slightly separated from the antecostal
ridge in Spinoliella, Hesperapis, Neofidelia, and Exomalopsis, abut this ridge in the other taxa, and are usually ovoid
with the long axis transverse. They are particularly narrow
but transversely elongate in Protomeliturga in which they
abut the acrosternal carina. The foveae are usually approximately midway between the midline of the sternum and the
inner margin of the apodeme. In Alocandrena and the exemplars of the tribe Calliopsini, except Spinoliella, there are
two foveae on each side, one behind or posterolateral to the
other, with the anterior one the larger of the two (Figs. 2B
and 2E). These might not be homologous to the single fovea
of other bees (see below, comparison of S2 and S3).
Pararophites also has two sternal foveae on each side, but
both abut the antecostal ridge and the medial one is the
larger of the two. Andrena has two tiny, transverse foveae in
the same position. The sternal foveae of Xylocopa (Fig. 3B)
could only be detected using transmitted light, perhaps because of the thickly sclerotized sterna of these large, robust
bees. The exemplar of the apoid wasp family Sphecidae has
three sternal foveae, all somewhat more laterally positioned
than is usual for bees. Sternal foveae were not found in any
of the other wasps.
A distinct gradulus is present in Cadeguala, the tribe
Calliopsini (except Callonychium), Protandrena, Protoxaea,
Corynura, and the long-tongued bees (Figs. 2D–2F and 3A–
3C). There is a particularly deep groove associated with the
gradulus in Dolichurus. Particularly weak graduli are found
in Orphana and Melitturga. The gradulus varies in position
along the length of the sternum, being closest to the anterior
medial margin in Spinoliella and closest to the middle in the
family Megachilidae, Manuelia, and Ctenoplectra (Fig. 2F).
In Protandrena and the long-tongued bees, the lateral portions of the gradulus are curved posteriorly towards the pre© 2004 NRC Canada
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marginal line, and in Exomalopsis, Ctenoplectra, Epeolus,
and Apis, they extend as far as the posterolateral areas, paralleling the lateral margin of the sternum (Figs. 3A and 3C).
In Corynura and the tribe Calliopsini, the gradulus is approximately linear, and in the latter, it extends from either
side of the medial longitudinal ridge (Fig. 2F). Alocandrena
is unique in having its weak gradulus broadly V-shaped and
parallel to the antecosta (Fig. 2B).
The postgradular area is usually more densely adorned
with hair-bearing punctures than the rest of the sternum
(e.g., Fig. 1A). The anterior margin of the punctate region
may represent the gradulus in taxa not possessing a clearly
defined one, as the two are in the same position in Megachile, Manuelia, and Exomalopsis. However, in Cadeguala
and Neofidelia, the anterior margin of the densely punctate
area is posterior to the gradulus (Fig. 2D), and in
Ctenoplectra, the oil-collecting scopal hairs form a short,
apically positioned band that is absent medially but is considerably posterior to the gradulus (Fig. 2F).
The size, density, and extent of punctation on S3 vary
considerably among taxa as do the length and robustness of
the hairs that arise from these punctures. The postgradular
area (except its most anterior portion) usually bears the
densest punctation, with punctures being much sparser, and
usually smaller, on the pregradular area and the anteriormost
portion of the postgradulus. Puncture size is sometimes bimodal, with sparse large punctures among abundant small
ones as in the tribe Calliopsini, Hesperapis, and Apis
(Fig. 3C). Puncture size often appears to be less related to
the size of the hairs than may be expected. Cadeguala, for
example, has large punctures on the disc of S3 even though
most of the hairs in this region are minute (Fig. 2D).
The marginal zone is entirely absent in Manuelia and
Exomalopsis and the postgradular region attains the posterior margin of the sternum. A marginal zone is present only
medially in Corynura and Ctenoplectra (Figs. 2F and 4D).
In Protomeliturga, Dasypoda, Neofidelia, and Epeolus
(Fig. 3A), the marginal zone is curved anteriorly medially
such that its anterior margin is biconcave. Punctures are usually entirely absent on the marginal zone (e.g., Fig. 2C), although in Epeolus, the entire sternum, including the
marginal zone, is densely punctate (Fig. 3A). Protoxaea has
the marginal zone largely covered with hair-bearing punctures and Dasypoda and Haplomelitta have an apical row of
extremely fine hairs separated from the hirsute and punctate
disc of the sternum by an entirely impunctate, glabrous area.
A submarginal fringe of long hairs is particularly noticeable in Alocandrena, Andrena, the tribe Calliopsini (except
Acamptopoeum), and Exomalopsis. A distinct fringe of
shorter hairs is found in some taxa, such as Euryglossa
(Fig. 2A). A complete premarginal line, traversing the entire
sternum, is found in Euryglossa, Andrena, Orphana, Alocandrena, Macrotera, Haplomelitta, Hesperapis, and Macropis
(Figs. 2A and 2C). Xylocopa is unique in that the premarginal line forms a strong flange in the posterolateral area
(Fig. 3B).

Differences among S3, S4, and S5
There is some variation among S3, S4, and S5 that is
common to all, or almost all, taxa. The sternal apodemes in-
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crease in breadth, at least proportionately, in the more posterior sterna (although in Chilimelissa, the pattern is the opposite of that in other bees, becoming more compact on the
more posterior sterna), become increasingly more wedgeshaped, with the lateral portion the narrowest, and become
somewhat more divergent in orientation on the more posterior sterna (Figs. 3D–3F and 4A–4F). The posterolateral areas become more pronounced; this usually means that they
become somewhat more acute (Figs. 4A–4C) (although in
Haplomelitta, the pattern is reversed and in Corynura, the
posterolateral areas of S5 are more rounded) and the submarginal line becomes more readily detectable (Figs. 4A–
4C), usually as a more clearly demarcated and denser row of
hair-bearing punctures.
The shape of the anterior margin of the sterna, between
the apodemes, becomes more deeply convex in the more
posterior sterna in taxa such as Cadeguala. In bees with
more V-shaped anterior margins to S3, these become more
U-shaped on the more posterior sterna as is the case in
Hesperapis. Ctenoplectra differs in that the anterior margin
of S4 is more sinuate than in S3, whereas in S5, it is much
more linearly transverse.
Hylaeus has the acrosternite missing medially on S4 and
S5 (although a complete one is present on S3) because the
acrosternal carina meets the antecosta medially (Figs. 3D–
3F). Xylocopa has a complete acrosternite on S4, although it
was missing medially on S3, and on S5, it is complete but
very short. The acrosternite becomes shorter on the more
posterior sterna in Colletes, whereas it becomes longer in
Manuelia.
The transapodemal ridge is oriented increasingly posterolaterally in the more posterior sterna in Corynura, Andrena,
the tribe Calliopsini, and Exomalopsis (Figs. 4D–4F). The
transacrosternal ridge also becomes oriented increasingly
posteromedially on more posterior sterna in Corynura (on
S3 and S4; it is absent on S5) (Figs. 4D–4F) and Manuelia
(on S3–S5) but not in Colletes. In Callonychium, the sternal
apodeme becomes more heavily sclerotized in the more posterior sterna, and on S5, it attains a condition part way towards that found on all sterna in Macrotera. The incision in
the anterior margin of the sternal apodeme of Ctenoplectra
becomes weaker on the more posterior sterna such that on
the fifth, it is merely slightly concave, as is common in other
Apidae.
The lateral marginal ridge becomes increasingly weaker
on the more posterior sterna in Hylaeus (Figs. 3D–3F),
whereas in Corynura and Dufourea, it becomes stronger
(Figs. 4A–4F). In Corynura and Dieunomia, there is a small
angulation part way along the lateral marginal ridge of S4
and S5 (Fig. 4F); this is also present on S3 in Dieunomia. In
Macrotera, the lateral marginal ridge is longer on the more
posterior sterna. Melitturga is unique in having a short concavity to the lateral margin of the sternum just anterior to the
posterolateral area of S5, which appears angulate anteriorly
as a result. Protomeliturga and Panurgus have a more gently
concave excavation in this region, and in the former, it interrupts the lateral marginal ridge, which continues posteriorly.
Exomalopsis and Ctenoplectra have an anteriorly directed
incision on S5 that parallels and is mesad of the lateral marginal
ridge anterior to the posterolateral area (Fig. 5F). Acamptopoeum has particularly strongly sclerotized, posterolateral
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Fig. 2. S3 of Euryglossa sp. (A), Alocandrena porteri (B), Macrotera texana (C), C. occidentalis (D), Acamptopoeum submetallicum
(E), and Ctenoplectra vagans (F). All pictures are photomicrographs taken with the external surface of the sternum uppermost. Scale
bars = 0.5 mm (1 mm in Fig. 2D).

areas on S5, whereas those of the other sterna are particularly weak, which is the case on all sterna in the other
Calliopsini. The longitudinal medial ridge found in the tribe
Calliopsini is generally shorter on the more posterior sterna,
and in Callonychium, it is reduced to a small triangle on S5.
In contrast, in Melitturga, it reaches the marginal zone of S4
and S5, as it does on S3, although it is somewhat finer on
the more posterior sterna.
The sternal foveae of S5 are situated in the acrosternite in
Hylaeus, whereas they are posterior to the antecosta on the

more anterior segments (Fig. 3F). There are no foveae detectable on S5 in Colletes or Protomeliturga or on S4 or S5
in Exomalopsis, although they are visible on the more anterior sterna in these genera. In Calliopsis and Acamptopoeum,
the number of foveae is reduced from two on S3 and S4 to
one on S5 on which it is smaller, rounder, and more laterally
positioned than the foveae on the more anterior sterna.
Alocandrena has only one fovea on S4 and none on S5. In
Pararophites, there are two foveae on S4 (as was the case
on S3) but only one on S5. In Nomada, the foveae on S4
© 2004 NRC Canada
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Fig. 3. S3 of Epeolus sp. (A); S3 of Xylocopa tabaniformis (B); S3 of Apis mellifera (C); and S3 (D), S4 (E), and S5 (F) of Hylaeus
pectoralis to show variation among sterna within a bee (also see Fig. 5A). Note that Figs. 3A and 3B show only the outermost approximately one third of the sterna and that in Fig. 3B the sternum is broken unevenly, especially around the antecostal region, but that
this revealed the detailed structure of this region (see inset). Also note that the region around the posterolateral area is folded back
over the rest of the sternum slightly in Fig. 3D and considerably in Fig. 3F. All pictures are photomicrographs taken with the external
surface of the sternum uppermost. Scale bars = 0.5 mm.

are, like those of S3, pigmented, whereas those of S5 are of
the usual, more transparent form. The exemplar of the
subfamily Sphecinae has three foveae on S4 and S5, as it
does also on S3.
Melitturga has a weak gradulus on each of S3 to S5, and

on S5, it parallels the antecosta, as do all graduli in
Alocandrena. Corynura lacks graduli on S4 and S5 (Figs. 4E
and 4F), and Megachile and Nomada lack a gradulus on S5.
Conversely, Dufourea has a weak gradulus on S5 but none
on the more anterior sterna (Figs. 4A–4C). In Spinoliella,
© 2004 NRC Canada
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Fig. 4. S3–S5 of two halictid bees to show variation in shape among sterna within taxa. S3 (A), S4 (B), and S5 (C) of Dufourea sp.
(also see Fig. 7D) and S3 (D), S4 (E), and S5 (F) of Corynura chloris. All pictures are photomicrographs taken with the external surface of the sternum uppermost. Scale bars = 0.5 mm.

the gradulus is shorter on the more posterior sterna, and in
Ctenoplectra and Protoxaea, it is more sinuate on S5. The
position of the gradulus is usually somewhat more apical on
the more posterior sterna, although in Acamtopoeum and
Spinoliella, the gradulus of the last sternum that bears one
(S5 and S4, respectively) is slightly more anterior than on
S3.
Puncture density and extent often change from S3 to S5 in
a predictable manner. The area covered by punctures usually
decreases, particularly in Alocandrena and Dufourea
(Figs. 4A–4C), while the density of punctures usually increases, most notably in Euryglossa. A reduction in the
length of the punctate and hair-bearing region of the more

posterior sterna also occurs in Macropis and Ctenoplectra,
bees with an oil-collecting gastral scopa. Meganomia is unusual in having an increasing area of dense punctures on the
more posterior sterna.
Ctenoplectra has increasingly concave apical margins of
the sterna from a normally transverse S2 to a deeply excavated S5. This may be related to oil collection, as the sterna
are less concave posteriorly in its cleptoparasitic derivative
Ctenoplectrina (Michener and Greenberg 1980). It has been
suggested that deeply concave apices to the sterna in apoid
wasps are associated with the need to flex the gaster ventrally in prey-stinging operations (Prentice 1998), something
not so important for bees in which ventral stinging move© 2004 NRC Canada
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ments would only be associated with defence or, in social
species, with interactions within the nest.
Unusual features of surface adornment include a broad
band of long hairs subapically in Dasypoda, especially on
S4 and S5, patches of extremely thick, curved bristles on the
lateral apices of S5 in Ptiloglossa and Crawfordapis
(Fig. 5C), and the disc of the sterna largely covered with
thick setae that are short and curved on S2 but increasingly
straight and long from S3 to S5 in Protoxaea. All members
of the subfamilies Hylaeinae and Xeromelissinae surveyed
have a median, apical patch of specialized, dense, short setae
in the marginal zone of S5, forming a short, lunate or semicircular region surrounded by longer hairs (Fig. 3F); this is
an additional synapomorphy uniting these two subfamilies.
The function of this area is unknown, but scanning electron
micrographs of the region do not reveal any glandular openings (S. Cardinal and L. Packer, unpublished observations).
Modifications of S5 in cleptoparasitic Apidae are dealt
with at the end of the section on S6 below.

Differences between S2 and S3
The differences between S2 and the remaining gastral
sterna that are common to practically all Apoidea are as follows. The anterior margin of the sternum is much more dorsally reflexed in S2 than in the more posterior sterna. The
angle of this slope from the horizontal varies from less than
30° in Cadeguala, Andrena, and Xylocopa to over 70° in
Macropis, Neofidelia, and Manuelia. There is also a greater
anterior narrowing of the sternum so that the lateral margins
are more convergent anteriorly than in the remaining sterna
(compare Fig. 5A with Figs. 3D–3F and Fig. 5B with
Fig. 2B), and the sternal apodemes are either less laterally
oriented as in most taxa, oriented anteriorly as in Euryglossa,
Dufourea, and Melitta, or anteromedially directed as in
Alocandrena, for example (Fig. 5B). These features are presumably related to the dorsoventral (as well as lateral) narrowing of the gaster towards the petiole. The apodemes of
S2 are narrower than those of S3 (compare Figs. 5A and
3D), particularly in Dieunomia and Corynura in which they
are only one third as wide as the apodemes on S3. Uniquely
in Macropis, the sternal apodeme of S2 forms a laterally oriented hook. A distinct acrosternite is lacking on S2 except in
Hylaeus (Fig. 5A). The antecostal ridge is thicker on S2 than
on S3 and the anterior margin of the sternum between the
apodemes is usually more clearly V-shaped (compare
Figs. 2B and 5B).
The anterior margin of S2 between the apodemes is more
deeply concave than that of S3 in most bees. The difference
in the length of this concavity in relation to the length of the
sternum is particularly great compared with that of the more
posterior sterna in Dieunomia and Manuelia (42% on S2 vs.
21% on S3 and 45% on S2 vs. 14% on S3, respectively).
Conversely, in Cadeguala, Andrena, and Spinoliella, the
concavity is shallower on S2 than on S3. This difference is
particularly marked in Neofidelia in which the concavity is
20% of the medial length of the sternum for S3 but only 6%
for S2; this results from the medial extension of the sternal
apodeme on S2. The angle subtended by the two sides of the
anterior margin of S2 between the apodemes usually lies be-
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tween 85° and 110°. Among the bees, it is most acute in
Melitturga (60°) and most obtuse in Spinoliella (120°). Both
extreme values are matched in the apoid wasps by Dolichurus and Sceliphron, respectively. Uniquely, Alocandrena
has a short blunt projection medially on the anterior margin
of S2 (Fig. 5B).
In Callonychium and Spinoliella, the medial longitudinal
ridge is shorter on S2 than on S3 and is not much longer
than broad. In Calliopsis, it is approximately the same
length as on S3, but in Acamptopoeum, it is considerably
longer than on the other sterna attaining the marginal zone.
Alocandrena and Andrena also have this ridge longer on S2
than on S3 (compare Figs. 2B and 5B). Melitta and Nolanomelissa have a longitudinal medial ridge only on S2.
There is a reduction in number of sternal foveae on S2 in
the tribe Calliopsini, there being only one in those genera
that have two on S3, except Acamptopoeum, which retains
two foveae on S2, and none in Spinoliella, which has only
one on S3. Pararophites also has only one fovea on S2.
Alocandrena is unique in that its S2 bears three apparent
foveae (Fig. 5B); two are in the same position as the double
foveae of those Calliopsini that have two and the third fovea
is anterolaterad of the other two, in approximately the same
position as the single fovea in other bees (e.g., Fig. 5E). This
suggests that neither of the double foveae of the tribe
Calliopsini is homologous to the single fovea in other bees.
In the exemplar of the subfamily Sphecinae, there is one
fovea on each side of S2, adjacent to the lateral margin.
Genera without foveae on S3 but that possess them on S2
are the wasps Pepsis and Passaloecus and the bees
Chilimelissa, Andrena, Protandrena, Melitturga, Nolanomelissa,
Orphana, Manuelia, Epeolus, and Ctenoplectra (Figs. 5D
and 5E). Conversely, Colletes, Hesperapis, and Exomalopsis
have foveae on S3 but not on S2. In bees with foveae on
both of these sterna, those of S2 are usually more lateral and
slightly more posterior in position. The fovea on S2 of
Protomeliturga is large, very clearly demarcated, and posterior to the sternal apodeme. Unique to Orphana, there is a
short sclerotized external carina from the outer margin of
each fovea to the antecosta on S2 (Fig. 5E).
Taxa not possessing a gradulus on S3 may have a clear
one on S2 as in the apoid wasp Passaloecus; the bees Colletes,
Euryglossa, Chilimelissa (Fig. 5D), Protomeliturga, Panurgus, and Dieunomia; and all exemplars of the family
Melittidae except Haplomelitta and Meganomia. In the wasp
Dolichurus and the bee Melitturga, the gradulus is considerably stronger on S2 than on S3, whereas in the tribe
Calliopsini, it is weaker. Hylaeus has a true gradulus on S2
(Fig. 5A), whereas on the more posterior sterna, it appears to
be represented solely by the posterior margin of a patch of
darkly pigmented cuticle (Figs. 3D–3F). The position of the
gradulus is always closer to the anterior medial margin of S2
than in more posterior sterna. This is not only due to the
more concave anterior margin of S2 compared with other
sterna. The gradulus is particularly close to the antecosta
medially in Colletes, Chilimelissa (Fig. 5D), the tribe
Calliopsini, Panurgus, the subfamily Dasypodainae, and
Manuelia. It is most posteriorly located in Cadeguala, in
which it is in the same relative position on all gradulusbearing sterna, about one third of the length of the sternum
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Fig. 5. S2 of Hylaeus pectoralis (A), S2 of A. porteri (B), scanning electron micrograph of in the apicolateral portion of S5 of
Crawfordapis luctuosa (C), S2 of Chilimelissa rozeni (D), S2 of Orphana inquirenda (E), and S5 of Exomalopsis sp. (F). With the exception of (D), all pictures are photomicrographs taken with the external surface of the sternum uppermost. Scale bars = 0.5 mm.

from the anterior margin. In Protoxaea, the gradulus curves
towards the antecosta medially, whereas in Neofidelia, it
curves posteriorly medially.
A characteristic unique to Protoxaea is a longitudinal extension of the medial portion of the marginal ridge of the
sternal apodeme on S2; this ridge extends past the transapodemal ridge towards the gradulus. Another unique feature is a bar of granular texture that extends medially from
the middle of the transapodemal ridge in Melitta. Similarly
unusual textured surfaces are found filling the fovea of S2
(but only making up a small proportion of the area on S3
and S4) in Dasypoda. Apis has the pregradular area of S2

considerably shorter than that of the more posterior sterna, a
result of the absence of pregradular wax glands on this segment (Snodgrass 1956).

The sixth sternum
S6 is markedly different from the more anterior sterna;
these major differences are noted here before its structure is
dealt with in detail. It is more triangular than trapezoidal in
shape (Figs. 6A and 7C), although with the extra large sternal apodemes often appears more arrowhead-shaped
(Figs. 6B, 6E, 7B, 7D, and 7E). The posterolateral areas are
© 2004 NRC Canada

J:\cjz\Cjz8201\Z03-196.vp
March 9, 2004 11:09:41 AM

Color profile: Disabled
Composite Default screen

144

larger and more complex with a clear anteriorly directed, internal, laminar extension (although because of its dorsal orientation, in the figures, this is only visible in the flattened
preparations in which it can be seen extending laterally (e.g.,
Figs. 8C, 8D, 9B, 9C, and 9E)). The posterior margin is considerably elongate and can make up over one third of the
total length of the sternum, apodemes included (Figs. 6A,
8D, and 9E). The marginal zone is usually much reduced,
especially medially where it is usually absent (e.g., Fig. 6E),
although in some of the wasp exemplars, it is actually considerably expanded subapically, forming a large flap (see below). The median portion of the apical margin is often in the
form of a thickly sclerotized lip (e.g., Fig. 6E). A distinct
steplike gradulus is rare.
There is considerable variation in the degree of curvature
of the sixth sternum. In the pompilid and other wasp exemplars, it is a comparatively deep structure, strongly curved
upwards on either side so that there is no medial, transversely flattened portion. It may be so strongly curved that
the sternal apodemes are convergent above as in Pepsis. The
posterior margin is even more strongly curved. The marginal
zone forms a large flap that is flexibly attached to the
posterolateral margin of the disc, giving a scrolled appearance to the sternum in cross section, as the marginal zone is
initially dorsally oriented and then curves mesally. This results in the marginal zones of the two sides overlapping,
leaving only a narrow gap at the apex of the sternum through
which the sting may be extruded. These features are presumably related to the need for very precise movements of the
sting in these taxa that have to paralyze their prey, which are
often large and aggressive organisms themselves. In bees,
the sixth sternum is more shallowly concave. It is curved
dorsally from the midline in Chilicola, Colletes, and
Pararophites, forming a semicircle or a deeper U-shape in
transverse section. Its disc is comparatively flat in the families Stenotritidae and Andrenidae and in some of the broader
bodied long-tongued bees such as Trachusa and Eucera in
which only its lateral extremities are curved dorsally. In
bees, the marginal zones of the sides of S6 rarely converge
above and only enclose the sting in a few cleptoparasitic
apids (see below). It is likely that variation in this structure
among bees is also related to the need for precise movements of the sting apparatus, these being perhaps more important for many cleptoparasites than for other bees and
even less important for taxa in which the sting does not
function (at least not as a sting; Packer 2003).
The anterior margin of S6 is usually shallowly concave
between the apodemes (Figs. 6A and 6D). It may bear a
short, anterior convexity as in Colletes and Melitta (Fig. 7B),
a convexity that is notched medially as in Manuelia, or a
distinct concavity as in Alocandrena (Fig. 6E) and
Dieunomia. The medial portion of the anterior margin is sufficiently weakly sclerotized so that it appears membranous
in Hylaeus (Fig. 6D), the tribe Calliopsini, Nomada, and
most other cleptoparasitic Apidae (see below). In
Ctenocolletes, the anterior margin of S6 is deeply concave
but, uniquely, it bears a hook-like process on each side
(Fig. 6B). In the family Pompilidae and the apoid wasp
Dolichurus, the centre of the anterior margin of S6 is narrowly interrupted by a concavity that extends anterolaterally
to form a narrow, elongate T- or Y-shaped emargination.
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In the tribe Calliopsini, the anterior margin of S6 between
the sternal apodemes is extended anteriorly as a pair of
weakly sclerotized lobes that may extend farther forward
than the sternal apodemes (Fig. 6C). This is one of the
synapomorphies for the genera of the tribe. Calliopsis and
Acamptopoeum have large, broad lobes that extend slightly
beyond the sternal apodemes from which they are separated
by a deep, narrow incision. In Callonychium, the lobes are
broadly sock-shaped, with their apices laterad and their inner
margins forming a narrow, deep concavity that reaches farther posteriorly than any other point along the hind margin
of the sternum. In Spinoliella, the lobes are concave medially so that the margin between the apodemes appears to
have four lobes, the outer ones being somewhat sclerotized
and the inner ones membranous except at the extreme middle where a narrow band of sclerotization extends posteriorly to join the rest of the sclerotized portion of the sternum
(Fig. 6C). This narrow band is itself narrowly and deeply incised medially. The functional significance of these modifications is unknown.
A complete antecostal ridge is less commonly found on
S6 than on any of the other sterna, being found only in
Euryglossa, Protandrena, Protomeliturga, Macrotera,
Dasypoda, Pararophites, Trachusa, Eucera, and Apis
(Figs. 6F, 7A, and 7F), although it is weak medially in
Euryglossa and Pararophites. In Panurgus, the antecostal
ridge curves posteromedially from the anteromedial margin
of the sternal apodeme and then anteriorly, ending on the anterior margin of the sternum, just laterad of centre. The
antecostal ridge of Protomeliturga is similar but extends
across the entire sternum as it also does, but more weakly, in
Nolanomelissa (Rozen 2003a). Macrotera has a complete
antecostal ridge, but at a considerable distance from the anterior margin of the sternum, giving a very long acrosternal
region (Fig. 6F). In contrast, Stenotritus has the medial portion of the antecostal ridge strongly developed and the lateral portions weak. The antecosta extends barely beyond the
junction between the sternal apodemes and the sternal disc
in Macropis and Melitta (Fig. 7B). Nomada and Holcopasites have a moderately well-developed ridge only sublaterally; it is fine laterally and missing completely medially.
Mesoplia and Paranomada have what might represent lateral
portions of an antecostal ridge arising from the medial portion of the marginal ridge of the sternal apodeme but at right
angles to it (Fig. 8B). Xeromelecta has an anteriorly recurved spine in this region, which might represent lateral
portions of the antecosta. The remaining cleptoparasitic
Apidae studied have no remnant of an antecostal ridge.
A strong ridge extending posteriorly or posteromedially
from where the sternal apodeme meets the antecostal ridge
is found in many bees but is especially strongly developed in
the andrenids Andrena, Alocandrena, and Protandrena, the
apid Exomalopsis, and the stenotritid Ctenocolletes
(Figs. 6B, 6C, and 6E). This often appears as a more posteriorly oriented antecostal ridge, but the coexistence of this
more longitudinal ridge with another ridge in the standard
expected position of the antecostal ridge in Stenotritus and
Protandrena (Fig. 7A) suggests otherwise. In Stenotritus,
this ridge extends posteromedially most of the way towards
the posterior margin of the plate, whereas in Ctenocolletes,
it is shorter, reaching the inner angulations. In Protandrena
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and Exomalopsis, it is entirely longitudinal in orientation
and extends to the posterolateral area, thus apparently delimiting a considerable posterior elongation of the sternal apodeme from the reduced, almost quadrate disc of the sternum
(Fig. 7A). Shorter versions of this ridge in the Panurginae
have been termed the sclerotized area (Ruz and Rozen 1993)
or the basal sclerotization (Rozen and Ruz 1995), and its
spinelike appearance was one of the characters used by Ruz
(1991) in her phylogenetic analysis of the tribe Calliopsini.
The sternal apodemes vary considerably in shape and size
relative to the rest of the plate. In most bees and the wasp
exemplars, they are longer than broad, particularly in Dieunomia and Leiopodus (Fig. 9B). They are comparatively
short and broad in Chilimelissa (Fig. 6A). The apodemes are
proportionately largest in the family Stenotritidae; the area
of each is approximately equal to that of the entire disc of
the sternum in Stenotritus and each apodeme is twice the
area of the considerably reduced disc of the sternum in
Ctenocolletes (Fig. 6B). The apodemes are also large in
other bees with robust metasomas such as Crawfordapis and
Eucera (Fig. 7E). In Chilicola, the apodemes are broadly attached to the rest of S6 and otherwise poorly demarcated,
making it difficult to discern the exact position of their junction with the main body of the sternum. In Trachusa and
Apis, the apodemes are reduced, appearing as little more
than continuations of the antecostal ridge. The long axes of
the apodemes are sometimes somewhat divergent anteriorly,
particularly clearly so in Stenotritus, Euryglossa, Colletes,
and Dasypoda. In most other bees, they are longitudinally
oriented, although they are somewhat curved mesad anteriorly in Dufourea (Fig. 7D).
A complete transapodemal ridge on S6 is found only in
Colletes, Chilimelissa, Hylaeus, Corynura, Megachile, and
Xylocopa (Figs. 6A and 6D). Well-developed apodemal marginal ridges are more common, being found in all primary
exemplars except Andrena, Alocandrena (Fig. 6E), Macropis, Meganomia, and Neofidelia. They are particularly
strongly developed in the subfamilies Colletinae, Xeromelissinae, and Hylaeinae (Figs. 6A and 6D). The transapodemal
carina is more common, although varying in strength. It is
very obvious in most bees, delimiting an anterior region of
thicker cuticle as it does on more anterior sterna (e.g.,
Figs. 6E and 7D). It is weaker in Protandrena and Eucera
(Figs. 7A and 7E) and, because of the reduction of the
apodeme, not apparent at all in Apis (Fig. 7F).
The subfamily Hylaeinae have a full complement of ridges
in the apodemal region of S6 compared with most other
taxa. In addition to the marginal apodemal ridge, there are
strong transapodemal and antecostal ridges and an acrosternal carina, although the antecostal ridge is only present
laterally (Fig. 6D).
On S6, the lateral marginal carina is predominantly mesad
of the lateral marginal ridge (e.g., Figs. 7D and 9B) but usually traverses it posteriorly, close to the base of the posterolateral area (Figs. 7B and 7D), where it becomes lateral to
the ridge and forms the posterior margin of the thin laminar
flange to the posterolateral area. The carina forms the posterior margin to the flange, whether it is mostly mesal to the
lateral marginal ridge (e.g., Fig. 9B) or laterad of it (e.g.,
Fig. 9A). The lateral marginal ridge sometimes appears
merely as a continuation of the lateral portion of the mar-
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ginal ridge around the sternal apodeme as in Chilicola and
Apis (Fig. 7F). However, in most bees, it is more strongly
developed than the apodemal marginal ridge and projects
particularly strongly on the internal surface of S6 in Dieunomia,
Meganomia, and Melitta (Fig. 7B). In the families Andrenidae and Stenotritidae, this internal ridge is enormous,
forming a shelflike expansion that appears as if peeled back
from the very margin of the sternum (Figs. 6B and 6E).
The lateral margin of S6 is often somewhat concave (e.g.,
Fig. 6D). This concavity is unusually short in Dieunomia
and even more so in the subfamily Xylocopinae in which it
is less than one sixth the length of the sternum (Fig. 7C).
The lateral angle of the sternal apodeme forms the anterior
limit of the lateral concavity, and the angulate extension of
the posterolateral area forms its posterior margin. The lateral
angle to the apodeme is a narrow, acute projection, longer
than its basal width, in Dieunomia, Corynura, Lithurgus,
Eucera, and Apis (Fig. 7F). In Manuelia, Xylocopa, and
Meganomia, it is also long, but blunt (Fig. 7C). It is a weak,
obtuse angle in Alocandrena, Andrena, Callonychium,
Nolanomelissa, Dufourea, and Macropis (although not always visible in dorsal or ventral views because of the curvature of the sternum), and apparently absent in Megachile,
Trachusa, and Leiopodus (Fig. 9B). An acute posteromedial
angle to the sternal apodeme of S6 is lacking in the bees
studied in detail, although one is present in the wasps.
Ctenoplectra and the subfamily Xylocopinae have an additional ridge mesad of the lateral angle of the apodeme. In
Manuelia, it is narrow and curves posteriorly, whereas in
Ctenoplectra and Xylocopa, it is very broad basally and
curves anteriorly (Fig. 7C). It may be homologous to the lateral portion of the premarginal line, which, in Xylocopa, has
a similar form on the more anterior sterna where it is also
unusually strongly developed, although here, it curves in the
opposite direction (Fig. 3B).
The posterolateral area of S6 appears as an extension of
the lateral longitudinal carina, which projects dorsally (morphologically laterad) and usually recurves anteriorly
(Figs. 6C and 9B). The area is usually developed both anterior and posterior to this line. The projection is longer than
its basal width in Colletes, Dufourea, and Osiris (Figs. 7D
and 8D); is no more than an obtuse angle in the wasp exemplars (except Passaloecus), the subfamily Xeromelissinae,
Macrotera, Dasypoda, Trachusa, and Megachile (Fig. 6A);
and is entirely missing in Alocandrena (Fig. 6E). The internal surface of the dorsolateral area extends farther anteriorly
as a small laminar flange. This is particularly small in
Neofidelia and the exemplars of the family Andrenidae except Spinoliella. In Lithurgus, the anterior margin of the
flange is recurved like the carina and gradually converges towards the carina at its apex. In bees with a larger flange, it
projects slightly anteriorly and is oval in shape in Melitta,
Meganomia, and Xylocopa (Fig. 7C). In Stenotritus, Manuelia,
and Eucera, the anterior margin of the flange is vertical so
that it is semicircular with the carina at its posterior, curved
margin. The posterolateral area of the family Stenotritidae is
unusually well sclerotized (only Lithurgus and Kelita
(Fig. 9E) approach this condition among the other taxa surveyed) and it is a particularly rigid structure that, uniquely,
is oriented transversely rather than longitudinally in
Ctenocolletes (Fig. 6B).
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Fig. 6. S6 of C. rozeni (A), Ctenocolletes smaragdina (B), Spinoliella sp. (C), Hylaeus sp. (D), A. porteri (E), and M. texana (F). All
pictures are photomicrographs taken with the external surface of the sternum uppermost. Scale bars = 0.5 mm (0.2 mm in Fig. 6B).

Traversing the sternum, from the posterolateral areas and
extending posteriorly to the apex of S6, there is an inner
layer of cuticle that may be slightly separated from the main
body of the sternum. It appears as a second cuticular layer,
anteriorly directed and reflexed from the posterior margin of
the sternum. It is commonly difficult to detect. Danforth
(1996) called this area reflexed cuticle, whereas Ruz (1991)
and Rozen and Ruz (1995) called it the duplication. Here, it
is termed the reflexed layer. It is particularly strongly developed in many Andrenidae and the Stenotritidae (Figs. 6B
and 6F). In these taxa, when the prepared sternum is observed from the anterior, a clear gap between internal and
external cuticular sheets can be seen, particularly immediately mesad of the posterolateral areas. The reflexed layer

could not be observed in the wasp exemplars, the subfamily
Xeromelissinae, Euryglossa, the subfamily Dasypodainae,
Corynura, the subfamily Megachilidae, Exomalopsis,
Leiopodus, or Apis. In the remaining bees, it covers much of
the discal region of the sternum and is more extensive than
the hair-bearing punctate portion of the external surface (see
below), although the two regions are approximately coextensive in Ctenocolletes, Cadeguala, Alocandrena, and Melitta,
and in Macrotera, the hirsute region is larger than the reflexed layer (Fig. 6F). The reflexed layer is particularly
thick and strongly sclerotized in Acamptopoeum and
Macrotera (Fig. 6F).
None of the wasps and few of the bee exemplars studied
in detail had anything clearly resembling a gradulus on S6.
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Fig. 7. S6 of Protandrena sp. (A), Melitta tricincta (B), Xylocopa tabaniformis (C), Dufourea sp. (D), Eucera longicornis (E), and
A. mellifera (F). All pictures are photomicrographs taken with the external surface of the sternum uppermost. Scale bars = 0.5 mm.

The cleptoparasitic megachilid Euaspis has an extremely
strongly developed external shelf where a gradulus might be
expected to be, and Dufourea has a small V-shaped carina
on the posterior third of the sternum. Many bees have a medial portion of S6, often with reduced sclerotization and reduced puncture density, separated from the rest of the
sternum by a coloured line, which appears similar to the premarginal line on the more anterior sterna in some taxa. This
area was referred to as the postgradulus by Hazeltine and
Chandler (1964), suggesting that the line around it is homologous to the gradulus. This is clearly the case in Apis, in
which the anterior portion of this area is strongly demarcated from the rest of the sternum and has the steplike nature of a true gradulus in longitudinal section (Fig. 7F).

Some taxa have lines of pigmentation rather than clear steplike graduli; these are Stenotritus, the tribe Calliopsini, the
families Halictidae and Melittidae (except the subfamily
Dasypodainae), and the apids Exomalopsis, Eucera,
Manuelia, Xylocopa, and Leiopodus (Figs. 7D, 9B, and 9C).
Except in the family Apidae and Macropis, the postgradular
area is approximately circular. In the latter, it is an elongate,
apically acute triangle, whereas in Manuelia, it is parallel
sided and narrow and reaches the posterior margin of the
sternum. In the tribe Calliopsini, the circular postgradular
area is small (Fig. 6C), and in Callonychium, it is apically
incised by a narrow apical cleft in the sternum. In
Acamptopoeum, the postgradular area appears semicircular,
apparently because the reflexed layer is farther forward in
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Fig. 8. S5 and S6 of cleptoparasitic Apidae to show different degrees of “apicalization” of S5. S5 of Mesoplia sp. (A),
sp. (B), S6 of Mesoplia sp. (C), and S6 of Osiris sp. (D). Note that in Fig. 8C, flattening for photography has resulted
regions of both sides of the sternum overlapping slightly, and in Fig. 8D, the marginal zones are folded ventrally. Note
in form of S6 in Fig. 8C to that of S5 in Fig. 8B. All pictures are photomicrographs taken with the external surface of
uppermost. Scale bars = 0.5 mm.

this genus as if the entire apex of the sternum had been
pulled anteriorly.
The apical region of S6 is comparatively short and heavily
sclerotized in the Calliopsini (Fig. 6C). In external view, the
extreme apex of S6 is largely convex in most Apoidea but
somewhat concave with obtuse lateral angles in Protomeliturga, Dasypoda, and Eucera (Fig. 7E) and truncate in
Panurgus and Hesperapis. It forms an obtuse apical angle in
the family Stenotritidae, Meganomia, Melitta, Lithurgus, and
Xylocopa (Figs. 6B, 6E, and 7B–7D) and is concave laterad
of this to give both medial and lateral apical angulations in
all of these taxa except the last two in which it is convex
subapically. In Meganomia and Macropis, the lateral angulations are longer than the medial one. The tribe Calliopsini
has broadly truncate apices to S6 (Fig. 6C). Except in
Acamptopoeum, the apical margin is incised medially, narrowly in Calliopsis and Callonychium, and almost semicircularly in Spinoliella (Fig. 6C). The apical margin of

S5 of Osiris
in the apical
the similarity
the sternum

Nolanomelissa is also broadly truncate, somewhat intermediate in condition between the tribe Calliopsini and other
members of the family Andrenidae.
The hair-bearing punctate portion of the external surface
of S6 is usually restricted to the apical half or less of the
sternum. It is most reduced in the tribe Calliopsini in which
there is a narrow, transverse band of hair-bearing punctures
near the apical margin of the sternum that is divided medially in Calliopsis, Callonychium, and Acamptopoeum but
complete in Spinoliella (Fig. 6C). Nolanomelissa has a
somewhat longer apical band of very dense and quite fine
hairs. There is also a narrow apical punctate–setose band in
Leiopodus (Fig. 9B). The hairs usually increase in length towards the posterior margin of the sternum. Exceptions are
the wasps in which the hairs are sparse and generally variable in length throughout: Hylaeus, Dieunomia, Hesperapis,
and Neofidelia (in which they are approximately of equal
length throughout); Chilicola (in which they are longest
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Fig. 9. S6 and tergum 6 (T6) of cleptoparasitic Apidae to show similarities in adaptation, sometimes of different structures, presumably
associated with oviposition with the nest of the host. S6 of Melectoides triseriata (A), S6 of Leiopodus singularis (B), S6 of Epeolus
sp. (C), T6 of L. singularis (D), and S6 of Kelita toroi (E). Note the similar adaptations to the apical sternum in Fig. 9A and the apical tergum in Fig. 9D. All pictures are photomicrographs taken with the external surface of the sternum uppermost. Figure 9A was obtained without flattening the sternum. Scale bars = 0.5 mm.

subapically); and Manuelia and Megachile (in which they
are shorter towards the apex of the sternum). The hairs become increasingly apically directed and dense in Stenotritus
and Protoxaea. In Ctenocolletes, there are two regions of
hair-bearing punctures: the anterior one forms a band across
the anterior portion of the much reduced disc of S6 and the
second area is around the subapical angles where the hairs
are longer.
The marginal zone is rarely complete, usually being interrupted by the apical lip of the sternum. It often becomes
membranous medially but is commonly so transparent here
that it is difficult to see. It is lacking apically in some taxa
with particularly heavily sclerotized apical lips such as in
Ctenocolletes, Macrotera, and Alocandrena (Figs. 6B, 6E,
and 6F). It is usually deepest anteriorly, gradually narrowing
apically, but it may be parallel sided as in Dieunomia and
Exomalopsis, reduced to a narrow, linear margin to the sternum as in Macropis, Melitta, and Meganomia, or expanded
part way along its length to form an oval as in the wasp
Pemphredon and the bees Chilicola, Stenotritus, and
Neofidelia. When the extreme apex of the sternum is observed in apical view, the end of the marginal zone narrows
to a point just lateral of the apical lip in most taxa but forms

a small lobe in Stenotritus, Chilimelissa, Dufourea,
Andrena, and Leiopodus. In Hylaeus and Hemirhiza, but not
the other Hylaeinae studied, the free apical portion of the
lobe is unusually long (Fig. 6D). In Acamptopoeum, the lobe
is heavily sclerotized and forms an acute, dorsal projection.
As a result of the unusual structure and internalization of
their S6s, the S5 of many cleptoparasitic Apidae functions as
the apical external sternum and is modified in a manner similar to that of the S6 of nonparasitic taxa. Roig-Alsina
(1990) showed this clearly in his figures of the apical sterna
of Coelioxoides in which only the apical one fourth of S6
protrudes beyond the apex of S5. Mesoplia, Thyreus, and
Xeromelecta have comparatively normal S5s (Fig. 8A), but
in the remaining cleptoparasitic Apidae investigated, the
posterior margin of this sternum is considerably elongate as
is more normal for S6 (compare Figs. 8B and 8C and the examples of the S5 and S6 of the nonparasitic bees of Figs. 6D
and 7). The extreme situation is found in Coelioxoides in
which the apical margin of the sternum is longer than the
disc (Roig-Alsina 1990). A major difference between S5 of
the cleptoparasites and the S6 of other Apidae is that there is
no thickened apical lip to S5 in the former (Figs. 8A and
8B). Nomada has a narrow apical concavity to S5, which is
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surrounded by a row of specialized, stiff, curved setae that
are longer medially and extend half the way to the posterolateral areas.
There appear to be five broad kinds of modification of S6
among the cleptoparasitic Apidae. (1) The sternum may be
relatively broad and flat, with the posterolateral areas produced as spinous or saw-toothed processes with the posterior
margin deeply and broadly concave as in Epeolus, Doeringiella, Holcopasites, and Nomada (Fig. 9C). The extreme
situation is found in Doeringiella in which the posterolateral
margins are extended into a pair of forceps-like structures
(Fig. 8-10f in Michener 2000). (2) The sternum is strongly
narrowed towards the apex, which bears a narrow, spinebearing lobe on either side of a narrow, apical median concavity as in Kelita (Fig. 9E), Brachynomada, and
Oreopasites (Ehrenfeld and Rozen 1977; Snelling and Rozen
1987; Rozen 1992, 1997). (3) In Melectoides, the median
apical margin bears long, robust setae. These arise from a
uniquely ridgelike premarginal line. This genus also has a
large subapical, median, snoutlike projection, very short
sternal apodemes, and a very deep overall shape and has the
anterior margin membranous, broadly concave anteriorly but
extremely narrowly incised close to the apex of the sternum
(Fig. 9A). In Isepeolus, the only other genus of the tribe
Isepeolini, the median projection bears short teeth and there
are no robust setae (Roig-Alsina 1991). (4) The sternum
may be elongate but otherwise comparatively unmodified, as
in Leiopodus, which lacks the apical modifications to S6 that
in other taxa are presumably adaptations for inserting eggs
into the cell wall of the host’s brood cells (Rozen 2003b).
Instead, Leiopodus bears these structures on the apical
gastral tergum (T6) (Figs. 9B and 9D). (5) In the remaining
cleptoparasitic taxa surveyed, S6 is greatly elongate, converging gradually to a pointed apex and with the medial portion largely membranous and (or) deeply concave. The
extreme situation is found in Osiris and Coelioxoides in
which the posterior margin of the sternum is almost as long
or longer, respectively, than the rest of the sternum, even including the sternal apodemes (Fig. 8D). The overall shape of
the sterna in lateral view in these exemplars is scimitarshaped; the lateral margins are curved dorsally and the marginal zones overlap dorsally towards the apex of the sternum. These two taxa differ in the ridging of the sternal
apodemes in that Coelioxoides has medial and lateral marginal ridges, the former extending onto the disc of the sternum, whereas Osiris has an additional ridge between these
two. This extra ridge is the strongest of the three and appears to be homologous to the lateral marginal ridge of other
bees (Fig. 8D). It is possible that additional forms of modification may occur among the cleptoparasitic Apidae not yet
surveyed for variation in S6.
The cleptoparasitic megachilid Coelioxys also has an elongate S6 that is membranous medially, although the apical
part is very strongly sclerotized, with a tooth or angle on
each side. In contrast, the remaining cleptoparasitic megachilids studied (Euaspis, Stelis, and Dioxys) have short, almost semicircular sixth sterna that are well sclerotized
throughout and devoid of any angulations, teeth, or spines,
suggesting different modes of host cell entry and (or) egg
placement in the two groups (Rozen and Favreau 1967;
Baker 1971).
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Discussion
As parts of the body that have received almost no attention from bee systematists, the gastral sterna of female bees
are surprisingly variable. The structure of the sterna is generally quite simple, although the details of their various
ridges and carinae can be quite complex. Considerable clarification is obtained when it is realized that the fine ridge or
carina that forms the anterior margin of the acrosternite in
those taxa that have this as a discrete entity anterior to the
antecosta is homologous to the one that is posterior to the
antecosta in other taxa. This homology is evinced by the observations that (i) the carina that traverses the body of the
sternum leads to the transapodemal carina on the external
surface of the sternal apodeme and (ii) both are the sites of
insertion of the intersegmental membranes. This interpretation suggests relative slippage of the dorsal and ventral surfaces of the sternum in relation to one another.
There is much variation both among different sterna
within a single individual and for each of the gastral sterna
among taxa. Some bees have similar modifications to each
of S2–S5, e.g., the complete lack of surface adornment of
any kind other than a few hair-bearing punctures and the
evenly sclerotized sternal apodemes of Macrotera (Fig. 2C)
(also see Danforth 1996). Other bees have more variation
among the sterna. For many variables, the pattern of variation among sterna is similar among all, or almost all, taxa.
This includes variation in the relative shape of the sterna
with the more anterior ones more trapezoidal with the anterior margin narrower than the posterior one, but decreasingly
so towards the posterior such that S5 is rectangular or has
the anterior margin wider than the posterior one and with S6
more triangular, narrowing to its apex. A gradual outward
rotation of the orientation of the sternal apodemes from S2
to S5 is also common (see arrows on Fig. 4). Other characteristics vary inconsistently among taxa, such as the number
of sternal foveae, the presence or absence of graduli, or the
extent of development of the premarginal line. Some features are autapomorphic for particular taxa. These features
include the carina joining the outer surface of the foveae to
the antecosta of S2 in Orphana, the angles on the medial
margin of the apodemes of S6 in Ctenocolletes, and the
strong, shelflike external ridge on S6 in Euaspis.
There are examples of phylogenetically useful information
in the variation found among the sterna of bees. Perhaps the
clearest example of this at lower taxonomic levels is the
form of S6 of the tribe Calliopsini, which is a synapomorphy
for the genera of the tribe and used in keys for its separation
from other Panurginae (Michener 2000; Ruz 1991). Within
the tribe Calliopsini, Acamptopoeum and Calliopsis share a
large number of apparently derived character states such as
broadly rounded sternal apodemes and paired sternal foveae
on S2 that add further support to their close evolutionary affinities (Michener 2000).
Some of the lists of presence or absence of a particular
feature suggest that the variation outlined here will not be of
much use in resolving higher level phylogenetic relationships among the bees. For example, the presence of an acrosternite across the entire anterior margin of S3 is found in
Colletes, Hylaeus, Corynura, Megachile, and Manuelia, encompassing four different families of bees each of which
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have other exemplars in which the alternate condition of an
incomplete acrosternite is found. Similarly diverse lists of
taxa with apparently derived features can be found in the
accounts above. Nonetheless, there are some examples of
phylogenetic utility at higher taxonomic levels among the
family Apoidea (see below) and one potential synapomorphy for bees: the loss of the medial angle to the apodeme on
S6, present in the apoid wasps and pompilid exemplars.
As was the case for some aspects of the sting apparatus
(Packer 2003), details of S6 of the Stenotritidae show some
affinities with those of the Andrenidae. In particular, the
shelflike nature of the lateral marginal ridge of S6 is unique
to these two taxa, although that of Stenotritus is much more
similar to the situation in the family Andrenidae than is that
of Ctenocolletes. The phylogenetic position of Ctenoplectra
has long been a cause of some confusion (Michener 2000),
although it is thought to be a member of the family Apidae
(Roig-Alsina and Michener 1993). It shares a synapomorphy
with Exomalopsis in the presence of a posterior gap in the
lateral margin of S5. However, it also shares an unusual feature with the subfamily Xylocopinae: the ridge that extends
mesad of the lateral angle of the apodeme of S6.
Morphological elaboration of S6 in cleptoparasitic Apidae
is well known and presumably related to modifications of
the sting apparatus and (or) adaptations for gaining entry
into host cells and (or) inserting eggs into host cell walls.
Phylogenetic analysis of the family Apidae has proven difficult because so many characters appear to be convergent in
each of the lineages that evolved cleptoparasitism: they lose
those structures associated with nest excavation and pollen
collection (Roig-Alsina and Michener 1993). Several distinct
adaptations of the apex of the abdomen seem to be found
among the different parasitic groups, as has been noted previously (Roig-Alsina 1991; Roig-Alsina and Michener 1993)
and described above. Spinous or saw-toothed processes are
found on the lateral, apical portions S6 in the subfamily
Nomadinae. In contrast, the tribe Isepeolini have spines medially (Fig. 9A) and Leiopodus has similar adaptations on
the apical tergum (Fig. 9D), whereas Osiris and Coelioxoides lack spines on the sterna and terga. The latter two genera are members of the apine tribes Osirini and Tetrapediini,
respectively, and, for other reasons (Roig-Alsina 1989b,
1990), are thought to have evolved cleptoparasitism independently of both each other and the other cleptoparasitic
Apidae. Rozen (2000) suggested a total of 11 origins of
cleptoparasitism among the family Apidae, exemplars of
which only five were included here. That the apical sternum
and tergum suggest at least four different origins of cleptoparasitism among these five strongly suggests that further
analysis of structures associated with the gastral apex will
provide morphological characters to help resolve the interrelationships of the various cleptoparasitic and noncleptoparasitic Apidae.
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