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An Exploratory Analysis of Cladistic Relationships within the
Superfamily Apoidea, with Special Reference to Sphecid Wasps (Hymenoptera) *-*

BYRON A. ALEXANDER

Snow Entomological Museum, Snow Hall, University of Kansas, Lawrence, KS 66045, US.A.

Abstract—This paper presents the results of several analyses of cladistic relationships among the sphecid wasps and bees,
based on adult and larval morphology, with special emphasis on the tribes of sphecid wasps. The analyses examine the effects
of: (1) alternative procedures for determining character polarities, (2) using adult characters alone or both adult and larval
characters, (3) analyzing all sphecid tribes or only those tribes for which larvae have been described, and (4) equal weighting
of all characters vs. successive approximations character weighting. The monophyly of bees is strongly supported, and the
following groups of tribes of sphecid wasps are consistently supported as monophyletic: (a) Ampulicini + Dolichurini; (b}
(Sceliphrini + (Sphecini + Ammophilini)); (c) (Aphilanthopini + Philanthini + Cercerini + Pseudoscoliini); (d) (Nyssonini +
Gorytini + Stizini + Bembicini). Numerous equally parsimonious resolutions of cladistic relationships among these groups and

other sphecid tribes are found.

In1976,R.M. Bohartand A.S. Menke published
amonumental worldwide revision of the genera of
sphecid wasps. This encyclopedic compilation of
information on the taxonomy, geographic distri-
bution, and external morphology and behavior of
adults represents a milestone in our knowledge of
these wasps. Another noteworthy feature of this
work is its extensive discussions of phylogenetic
relationships among sphecid wasps, although its
numerous phylogenetic diagrams are not based
upon explicitly stated analytical methods. How-
ever, Bohartand Menke (1976: Tables2,5,11,13,15,
16,19, and p. 224) present numerous lists of “gen-
eralized” and “specialized” states of characters
considered to be “of phylogenetic significance” in
various groups (usually subfamilies). The implicit
message seems to be that the branching diagrams
are based upon the characters in these tables. Re-
gardless of how the phylogenetic diagrams may
have been derived, the character analyses sum-
marized in the tables do provide the kind of infor-
mation necessary for a cladistic analysis. Thus, it
should in principle be possible to determine how
well these characters support the phylogenetic
hypotheses presented by Bohart and Menke, and
whether there are other phylogenetic hypotheses
that would explain the data equally well or better.
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? Throughout this paper, the informal designation “sphecid
wasps” will be used to refer to all taxa assigned to the Family
Sphecidae as defined by Bohart and Menke (1976).

A rigorous cladistic analysis requires two types
of information in addition to that presented in
Bohartand Menke's tables of character states. One
isaclear statement of how the characters have been
polarized, and the other is a matrix showing the
state of each character for each taxon. Bohart and
Menke do not present any data matrix in their
book, and it is not possible to construct a complete
matrix from their descriptions of taxa or discus-
sions of characters. In one of their introductory
chapters (p. 29), they do briefly explain how they
distinguished between “primitive” and “advanced”
states of characters. After discussing the pitfalls of
assuming that “simple” characters are primitive
and “complex” ones derived, they conclude that “a
study of features common in the more primitive
hymenopterous families and preserved in some of
theSphecidaeis the most productive way of making
value judgments on evolutionary paths”. This is
conceptually close to a method now generally
known as outgroup analysis, although more recent
formulations of this method (e.g. Watrous and
Wheeler 1981, Maddison et al. 1984) are consider-
ably morerigorousand explicit. Bohartand Menke
also do not identify which hymenopteran families
they consider primitive (relative tosphecid wasps).
The first explicit cladistic analysis of aculeate Hy-
menoptera (Brothers 1975; not cited in Bohart and
Menke 1976) presented a hypothesis of the phylo-
genetic position of sphecid wasps and bees that
was quite different from conventional opinion at
the time (e.g. Evans and West Eberhard 1970).
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Thus, it is not at all certain that the families re-
garded as primitive by Bohart and Menke would
be those selected now in the light of new hypoth-
eses of phylogenetic relationships among aculeate
families that have resulted from explicit cladistic
analyses (Brothers 1975, Konigsmann 1978, Car-
penter 1990).

Another important and influential source of
information and ideas about sphecid phylogeny
has been presented by H.E. Evans and colleagues,
in a series of papers describing sphecid larvae and
analysing larval characters from a phylogenetic
perspective (Evans 1957b, 1958, 1959, 1964a, 1964b,
1966, Evans and Lin 1956a, 1956b, Evans and
Matthews 1968). Evans has found larval characters
tobe most phylogenetically informative for groups
that he treats as subfamilies (see especially Evans
1959, 1964). The number of characters employed in
his analyses is considerably less than the number of
adult characters presented in Bohart and Menke’s
tables, buta few noteworthy larval characters seem
to provide evidence of general patterns of higher-
level relationships. The way in which Evans pre-
sents and analyzes data on larval characters is very
similar to the approach adopted by Bohart and
Menke, and the same general remarks on the
limitations of this approach apply to both data sets.

The potential importance of larval characters
for elucidating higher level phylogenetic relation-
ships among sphecid wasps was recently re-em-
phasized in a cladistic analysis of the relationships
between sphecid wasps and bees published by
Lombholdt (1982). He partitions the paraphyletic
Sphecidae of Bohart and Menke into two groups
that he hypothesizes to be monophyletic. His one
synapomorphy for thelarger of these groups, which
he calls Larridae, is a unique form of the openings
of the larval salivary glands. This larval character
was also stressed by Evans in his papers, and
earlier by Michener (1952).

Many other authors havealsobeen interested in
phylogenetic relationships among sphecid wasps,
and the preceding discussion is not intended to be
an exhaustive historical review of ideas about
sphecid relationships. However, the works men-
tioned above are especially noteworthy because of
their comprehensive scope, their thoroughness,
and the extent to which they have influenced other
workers. Evans and co-workers have published
several stimulating and frequently-cited papers
discussing general evolutionary patterns among
sphecid wasps (e.g. Evans 1957a, 1962, 1966a, 1966b,
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1966¢, Evans and West Eberhard 1970). In recent
years, using phylogenetic patterns deduced from
cladistic analyses to inform and evaluate theories
about evolutionary processes has been more and
more widely advocated as a fruitful research pro-
gram (Eldredge and Cracraft 1980, Brooks and
McLennan 1991, Harvey and Pagel 1991). The
growing popularity of this approach makes it even
more important to critically assess the strength of
evidence supporting published phylogenetic hy-
potheses. The present paper is a quantitative cla-
distic analysis of the characters identified in the
above-mentioned works of Evans (especially Evans
1959 and 1964a) and of Bohart and Menke (1976).
I did this study as background work for a re-
search project with a narrower focus: a cladistic
analysis of the genera in one subfamily, the
Philanthinae. Thus, my major objective was to
determine whether or not the Philanthinae as de-
fined by Bohart and Menke is monophyletic and to
establish its phylogenetic placement within the
Apoidea (sensu Michener 1986 and Gauld and
Bolton 1988 —i.e., sphecid wasps and bees). Unre-
solved relationships among taxa not closely re-
lated to the Philanthinae did not prevent me from
continuing with my study, so [ did not attempt to
resolve them. A preliminary report of my analysis
was published in a newsletter for aculeate re-
searchers (Alexander 1990).  havereceived several
inquiries about that report, and have also given
more careful attention to problems involved with
outgroupanalysis, which haveresulted inmodified
hypotheses of relationships within the Apoidea.
The present paper is intended as a more complete
presentation of what my exploratory analyses have
revealed. Its major conclusion is that much more
work remains to be done, but I hope it will also
provide a better focus for that future work.

METHODS AND MATERIALS

As explained above, the starting point for this
study was a series of tables of polarized characters
taken from the works of Bohart and Menke (1976)
and Evans (1959). The sphecid wasps belong to a
monophyletic group (Apoidea) that also includes
the bees (Apiformes). Characters to establish the
monophyly of the Apoidea and Apiformes (bees)
are based primarily upon Brothers (1975), supple-
mented by discussions in Bohart and Menke (1976)
and Michener (1974).

Thavenotexamined larval specimens myself, so
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all my assignments of larval character states to taxa
are based upon the literature. In addition to the
numerous papers of Evans and co-workers cited
earlier, Grandi’s (1961) excellent illustrations of
aculeate larvae are extremely useful. For bee lar-
vae, I have relied primarily upon the descriptions
by McGinley (1987). Evans’ polarity assessments
for larval characters are used, since information on
larval morphology in the outgroup is unfortunately
still too fragmentary for meaningful application of
more rigorous analytical procedures.

Foradult characters, [ have examined specimens
myself in order to determine the state of each
character for each taxon, because such determina-
tions cannot always be made from the literature. I
have examined representatives of all the sphecid
tribes recognized by Bohart and Menke (1976) and
all genera for which both adults and larvae are
known, as well as a few representatives of each of
the major lineages of bees (traditionally assigned
therankof family). Appendix 1lists the taxa whose
adults T have examined.

In 1984, Day proposed that the puzzling genus
Heterogyna, which was originally placed in its own
monotypic family (Nagy 1969), is an aberrant
sphecid wasp. It is not included in most of the
analyses presented here, which deal with the taxa
treated by Bohart, Menke, and Evans. However, 1
haverecently been able to examine male specimens
of four of the five known species of Heterogyna, and
I accept Day’s argument that the males of this
genus exhibit the character states that Brothers
identified as salient synapomorphies for sphecid
wasps and bees, whereas the morphology of females
is autapomorphic. 1 have done one preliminary
analysis to determine the phylogenetic position of
Heterogyna within Apoidea.

The final data matrix (Table 1) consists of ninety
characters, of which ten are features of larval mor-
phology, seventy-nine are features of adult mor-
phology, and one is a feature of adult female be-
havior (character 72 in Table 2, which lists the
characters and character states used in all the
analyses).

1 have selected outgroup taxa from lineages
withinthe Aculeata, as discussed below. Exemplars
from the Ichneumonoidea represent an outgroup
for the Aculeata, following the unpublished analy-
ses of Mason (1983, cited by Carpenter [1986] and
Gauld and Bolton [1988]) which hypothesize that
the Aculeata and Ichneumonoidea are sister taxa.

Ineachof theanalyses presented below, asingle
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“hypothetical ancestor” is used as the outgroup for
rooting the trees. Different hypothetical ancestors
are used in different analyses. This is done to
compare the results of analyses based entirely upon
Bohart and Menke’s judgments about the polarities
of adult characters with the results of analyses
based upon polarities that are hypothesized ac-
cording to the procedure outlined by Maddison et
al. (1984). The latter procedure determines the
most parsimonious distribution of each character
on a tree comprised of the ingroup and several
outgroup taxa. For each character, this optimized
character state distribution is used to hypothesize
the state that was present in the ancestor of the
ingroup. The tree that forms the basis for this
procedure is assumed to be an independent and
well-supported hypothesis of phylogenetic rela-
tionships among the outgroup taxa. In this type of
analysis, the character being “fitted” to the tree is
not used to derive the tree.

For my hypothesis, I have used the tree of
aculeaterelationshipsin Fig. 2 of Carpenter’s (1990}
reanalysis of the data in Brothers (1975). Inmy 1990
report in the newsletter Sphecos, I hypothesized
the polarity of each character in my matrix as if the
tree derived by Brothers and Carpenter were based
upon characters completely independent of those
I used in my analysis of relationships within the
Apoidea. However, a closer examination of
Brothers’ data set shows that 23 of the 92 characters
that he used in his study are also included in my
matrix. Because his hypothesis of aculeate rela-
tionships is based on his assessment of the polarity
of these characters, it would be logically inconsis-
tent to use his phylogenetic hypothesis to postulate
different polarities for these characters. Conflict
about the state to be assigned to a given character
at a given node — in this case, the node of interest
is the common ancestor of the Apoidea — is pos-
sible because the most parsimonious distribution
of a single character on a predetermined tree will
not necessarily correspond to the optimized dis-
tribution of that character when it is used in con-
junction with a large number of other characters in
order to determine the most parsimonious tree for
the entire set of characters. Consequently, for the
characters in my matrix that Brothers also used in
his study, the states that he hypothesized to be the
groundplan state for the Apoidea (which he called
the Sphecoidea in his paper) are assigned to the
hypothetical ancestor in my matrix.

For most characters, the polarities hy pothesized
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Table 1. Data matrix used in the cladistic analyses. Characters and character states are defined in Table 2. “Outgroup 1” shows the codings
used in the preliminary study published in Sphecos (Alexander, 1990), “Outgroup 2” is based on the polarities hypothesized by Bohart and
Menke (1976), and “Outgroup 3” is based on the polarities determined by the character state optimization procedure of Maddison et al. (1984)
For each taxon entry, the first number is character 0, the last is character 89. A “-* indicates that the character varies within the taxon (for the
outgroup, these are characters for which polarity decisions are indecisive), and a “?” indicates that the state is unknown for the taxon (this is
primarily used for larval characters, since larvae are undescribed for several taxa). (B and M = Bohart and Menke; optim. = optimized).

Outgroup 1 (Sphecos)
OQutgroup 2 (Band M)
Outgroup 3 (optim.)

o

1
000-0000000 10-31

00001 0000- - -
000000000000000000000000010-31

Cerceris

3| 4 5]

000101001001010001000000100010
000101001001010000000102100000
000-01001101011001000030101010

Ampulicini DDOUDI0002100000001000001H120 Colletidae 010101000100- 1000000010010~ 00-
Doli i 0002000111021 Andrenidae 01-1010001000100000000001000- -
Sceliphrini 00000100010000000011 000000-11 Halictidae 01-10100010001000-0000001010- -
Sphecini 00011110010001-001110000000111 Melittidae 011101000100310000000000100000
Ammophilini 00011110010011-00-11-000000111 Long-tongued Bees 0111010001000100000-0-0010-0- -
Astatini 000000000000000001110000000031 Laphyragogini 010100001101010000000000100030
I’emphredomm 00-001-00---000001-1000010-0-1 Xenosphecini 011101001101000000000000100110

00310000001020100011-000010100- Dinetini 101101001001000000000000000011

000000000000000011110000000001 Heliocausini 101101011001100001000000100000

10010001100-000001110000100110 Entomosericini 101101001001011001200000010000

-110000-0000- Eremiaspheciini 1011010011010100000000000000-0
Larrini 10100001 1111 O i 001101001101011000000000100010
Trypoxylini 01-0000-0-0-0--01111000000-- 0~ Pseudoscoliini 00110100100101100-000000100000
Crabronini 00100-0-00-0-0001111-000-0--00 Scapheutini 101101001001011001100000101010
Oxybelini 001010000000000011111011001230 Bothynostethini 10110100110-011000000000103000
Alyssonini 00000-0-00-110000131001 Heterogyna 010000001100000000000100100031
Nyssonini 0000000001030000011113100011230
Gorytini 00-000000-00----011101000-1111 6 7 8
Stizini 0010000001000110211103-0010111 Outgroup 1 (Sphecos) 010000-210100000-0100000000000
Bembicini 10-120200-0000-021110120010111 Outgroup 2 (Band M) 000-00200000000000000000000000
Aphilanthopini 000001000100011101110000000-11 Outgroup 3 (optim.)  010000200000000000000000000000
Philanthini 0101010001000111031110000000011 Ampulicini 120000021010011112100000000002
Cercerini 000101000101011101110000030-10 Dolichurini 010000021010011112100000010002
Colletidae 000100000100-11001111000000110 Sceliphrini 010010210010031112100000000000
Andrenidae 000111000100011001111000010110 Sphecin: 010010210010011112100000000000
Halictidae 0-01110001000110011110000-0- 10 Ammophilini 010010210010011112100000000000
Melittidae 000111000100011001111000010110 Astatini 0000002110100111021010101-0010
Long-tongued Bees 000131-0010001100111100001-110 Pemphredonini 02-0001210100111-21--011--0110
Laphyragogini 000010000400011001130000000011 Psenini 010000-21010011112111011100110
Xenosphecini 001100010-001-1002100000010012 Mellini 010000021010011112101111030010
Dinetini 001000010000000001110000000011 Palarini 11000012101001111210611710310110
Heliocausini 101000000000000011110000001232 Miscophini 00-000-2101001111210111-020110
ntomosericini 001100000100000001100000100121 Larrini -100002--0100111121011--020110
Eremiaspheciini 0001010000-000000- 000000000011 Trypoxylini 01000002-010011112101111020110
‘Odontosphecini 102101000000010011110000010011 Crabronini 021000021010011112101111020110
Pseudoscoliini 000101000100001101110000010010 Oxybelini 02100102-010011112101111020110
Scapheutini 0010010-000-000011110000-0--10 Alyssonini 010000021010011112101011111010
Bothynostethini 00--010-0-00000011110000100010 Nyssonini 010100021010011112101001111012
8, 1110000010002 Gorytini --0--0-21010011112101001111011
Stizini 1101-0121010011112101001111010
4 5 Bembicini --012002101001111210100013101-

Outgroup 1 (Sphecos)
Outgroup 2 (Band M}

3
0-0-02000-

0-0002000001000-00010100000000

Philanthini

0100001210100111121110111-1110
010000121010011112111011111110

Outgroup 3 {optim.)  01000200010000000-0-0100000000 Cercerini 010000-21010011112111011111110
Ampulicini 200100010100100020201110100111 Colletidae 0-000020112111110210-0--010122
Dolichurini 210110000000000002201110000100 Andrenidae 010000201121111102101011-10122
Sceliphrini 000010000010000110010110000110 Halictidae 01000020112111110210101-01-1-2
Sphecini 00011000011-000110010110-0--10 Melittidae 010000121121111102101010-101-2
Ammophilini 000010001111000110010110100110 Long-tongued Bees 010-001-11211111021-00---10-02
Astatini 001100001001000001 phyragogini 000000220010211112122222222220
Pemphredonini 00110-0010000100- - - - 0-0- 100001 Xenosphecini 010000121010011112122222222220
Psenini -01-01001-0-010010410000300000 Dinetini 210100121010011112122222222220
Mellinini 100100001-00102021000000100000 Heliocausini 0100001210100111121”””””3
Palarini 00110100110101000- 300001102010 Entomosericini 01010012101021111212?2
Miscophini 10110-001-0-01000-0000001010- - Eremiaspheciini 01000012101021111212?2

Larrini -0110-001-01-1000-000000301010 Odontosphecini 0]0000221010’111121’7777’7”"1
Teypoxylini 10110-0010000100--0001001010- - Pseudoscoliini 01000012101001111217’7”’7”’0
Crabronini -01-0-00110-0100--000000101011 Scapheutini 110-00121010?111121?

Oxybelini 101101101101010001000000101011 Bothynostethini 010-000210100111121? ’7’77’"’70
Alyssonini 10010-001101012001000000101000 Heterogyna 211000021010011112122222222220
Nyiiomm 101101011000000001- 00000101000

Gorytini 100101001~ --000001000000100000

Stizini 1011010-11-1100001-00-00110010

Bembicini 16¢-1010-11-1-100010001021-00-0
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Table2. Charactersand character states used in the parsimony
analyses. Characters marked with an asterisk were treated as
nonadditive (= unordered).

Character
Character States
0. Ocelli
0. Hemispherical, with transparent lens
1. Flattened, oval or linear, or reduced to a transverse
scar
1. Inner margin of compound eyes
0. More or less parallel
1. Notched or emarginate
2. Facets of compound eyes
0. More or less uniform in size
1. Some facets greatly enlarged ventrally or
anteromedially
2. Facets enlarged dorsally, very small ventrally
3. Stipes (on maxilla)
0. Short and broad
1. Long and narrow
4. Galea-glossa complex
0. Short, broad, flap-like
1. Moderately elongated, not flap-like
2. Greatly elongated, subtubular
3. Greatly elongated, flattened, enclosed ventrally by
labial palpi, which have the basal two segments
greatly clongated and flattened, the apical two
segments much shorter, subcylindrical
5. Mandibular socket
0. Open
1. Closed
6. Labrum
0. Short, wider than long, usually hidden by clypeus
1. About as long as wide
2. Longer than wide, extending well beyond clypeus
7. Externoventral tooth or notch on mandible
0. Absent
1. Present
8. Clypeus subdivided by distinct longitudinal lines
0. No

1. Yes
9*. Shape of clypeus
0. Narrowly transverse
1. Not transverse, but with a dorsally produced
median portion
2. Sharply rooflike (Ampulicini)
3. Swollen, to accomodate proboscis when folded
{(Bembicini)
4. Not transverse, but with a ventrally produced
median portion
10. Gular area
0. Narrow, so that hypostomal carina is close to
occipital carina
1. Broad, hypostomal carina widely separated from
occipital carina
11*. Frontal carina
0. Absent
1. Present, evenly convex in profile, linear in frontal
view
2. Present, sharply angulate in profile, shaped like an
inverted T in frontal view

29

3. Present, a very broad ridge rather than a narrow
carina (Nyssonini)
12. Frontal sulcus
0. Absent
1. Present
13. Antennal sockets
0. Contacting clypeus, or separated from it by less than
half the diameter of a socket
1. Separated from clypeus by more than half the
diameter of a socket

14. Sub, I sclerite delimited by sut I sutures
(= supraclypeal area of Michener, 1944)
0. absent
1. present
15. Clypeal brush  (in males only)
0. absent
1. present

16*. Propleuron
0. Not specially modified
1. Posterolateral margin lamellate, posterolateral angle
declivous and set off from rest of propleuron by
inner ridge or hump
2. Anterior face flattened, somewhat compressed in
lateral view, ventral margin and ventrolateral
corner lamellate
17*. Pronotal collar
0. Long, not collar-like
1. Narrowly transverse, collar-like
2. Evenly sloping from neck of pronotum up to
scutum, so that there is no discernible collar
(Astatini)
18. Pronotal lobe
0. Contacting or nearly contacting tegula, so that
scutum does not contact mesopleuron
1. Separated from tegula by anterolateral process or
carina from scutum, so that scutum directly contacts
mesopleuron
19. Notauli
0. Present, long
1. Absent or very short (not reaching an imaginary
line tangent to anterior margins of tegulae)
20*. Admedian lines of scutum
0. Separate, distinct
1. Fused into a single median line
2. Absent
21. Oblique scutal carina
0. Absent
1. Present
22*. Scutellum
0. Without lateral flange
1. With lateral flange overlapping metanotum
2. A horizontal, strap-like band tightly appressed to
metanotum, posterior margin lamellate
23. Metanotal squamae
0. Absent
1. Present
24. Scutellum with a pitted transverse basal sulcus
0. No
1. Yes
25. Episternal sulcus
0. Present, long (extending ventrad of scrobal sulcus)
1. Short (not extending ventrad of scrobal sulcus) or
absent
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26. Omaulus
0. Absent
1. Present
27*. Postspiracular carina
0. A narrow, sharp ridge forming the vertical anterior
wall of the subalar fossa
1. A broad, rounded ridge forming the vertical
anterior wall of the subalar fossa
2. Absent, because subalar fossa is absent or separated
into anterior and posterior pits
28*. Subalar line
0. Absent or incomplete, but subalar area not reduced
1. Present, but not greatly expanded into a carinate
ridge or flange
2. Present as a very prominent carina or flange
3. Absent, subalar area greatly reduced or absent
29*. Separation of middle coxae
0. Metasternum quadrate or rectangular, on more or
less the same plane as mesosternum, so that
midcoxae are widely separated
1. Similar to 0, but metasternum distinctly narrowed
anteriorly, so that midcoxae are close together
2. Metasternum on a different plane from that of
mesosternum
30. Posterior margin of metasternum
0. Broadly rounded, truncate, or weakly emarginate
1. Bilobed, lobes subparallel and closely approximated
2. Bilobed, lobes diverging apically
31. Precoxal lobes
0. Present, delineated by distinct transverse groove
from mesosternal apophyseal pit
1. Absent
32. Dorsolateral carina on middle coxa
0. Absent
1. Present
33. Lower metapleural area
0. Present
1. Absent
34. Propodeal sternite
0. Absent
1. Present
35*. Propodeal enclosure
0. Present, U-shaped
1. Present, V-shaped
2. Absent
36. Propodeal mucro
0. Absent
1. Present
37. Lateral spines or teeth on propodeum
0. Absent
1. Present
38. Tarsal claws
0. Bifid or with subapical teeth or lobe
1. Simple
39. Plantulae
0. Present
1. Absent
40. Apicoventral setae on hindtarsomere V
0. Setiform
1. Bladelike
41. Foretarsal rake (in females)
0. Absent
1. Present
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42, Tarsomeres
0. 1V similar to 111, V inserted toward apex of IV
1. IV short, V inserted dorsally at base of IV
43. Number of midtibial spurs
0. Two
1. One
44*. Apex of hind femur
0. Unmodified
1. Broadened, truncate
2. With an apical spatulate process
Insertion of metasoma
0. Between hind coxae
1. After and above hind coxae
46%. Metasomal petiole
0. Absent
1. Formed of first metasomal sternum only
2. Formed of first metasomal sternum and first
metasomal tergum
47*. Base of first metasomal sternum
0. Simple, without any carinae
1. With longitudinal median ridge or paired ridges
2. With distinct transverse ridge
48*, Shape of second metasomal sternum
0. Evenly convex, not swollen at base
. Swollen at base, but without a transverse sulcus
Swollen at base, with a transverse sulcus at base of
swollen area
Palarini — varies between sexes and species, but
usually a very prominent subapical transverse ridge
{especially in males)
Similar to state 2, but with a pair of basilateral
nodes bearing tufts of very short, fine setae

45.

&

[,

o

=

49. Lateral line or carina on tergum 1
0. Present
1. Absent

50. Number of visible metasomal terga in males
0. Seven

1. Fewer than seven
51. Pygidial plate (in females)
0. Present
1. Absent
52*. Sixth metasomal sternum (females)
0. Similar to other segments, except for troughlike
vertical side walls
1. Elongate, forming an exposed tapering tube
through which sting is exserted
2. Apically bifid or emarginate
- Apex of female metasoma
0. More or less conical
1. Strongly compressed laterally
2. Strongly compressed dorsoventrally
Cerci (males)
0. Present
1. Absent
. Laterobasal spiracular lobes on male tergum 7
0. Absent
1. Present
56%. Volsella
0. With differentiated digitus and cuspis
1. Digitus and cuspis fused, not differentiated
2. Absent
3. A large, rolled, C-shaped plate (Bothynostethini)
57. Penis valves {= “aedeagal head”)

@
)

54,

=

a
@
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0. Without teeth on apicoventral edge
1. With numerous short teeth on apicoventral edge
58*, Apex of marginal cell
0. Acuminate, ending on costal margin of wing
1. Evenly truncate or broadly rounded
2. Open (in some outgroup taxa)
3. Obliquely truncate, not ending on costal margin of
wing
59. Number of submarginal cells
0. Three
1. Two or fewer
60*. Forewing vein 3rs-m (“outer veinlet of 3rd submarginal
cell” in Bohart & Menke, 1976)
0. Ending near middle of marginal cell (= R1 cell)
1. Ending near apex of marginal cell
2. Absent
61* Forewing vein 2-Rs (“outer veinlet of 1st submarginal
cell” in Bohart & Menke, 1976)
0. Angled, and with a remnant of vein 1r-rs (1st radial
cross-vein)
1. Straight or weakly curved, not appendiculate, no
remnant of 1r-rs
2. Absent
62. Number of discoidal cells in forewing
0. Three
1. Two or fewer
63. Divergence of forewing vein M
0. At or after vein cu-a
1. Before vein cu-a
64. Prestigmal length of 1st submarginal cell
0. Less than twice height of cell
1. Between two and three times height of cell
2. More than three times height of cell
65. Submarginal and discoidal cells
0. Separated by vein Rs+M
1. Fused, due to loss of vein Rs+M
66. Jugal lobe
0. Small or absent
1. About 1/2 as long as vannal lobe
2. More than 3/4 as long as vannal lobe
67. Hind wing vein 2A
0. Present as a tubular vein
1. Present as a nebulous or spectral vein
2. Absent
68. Hind wing vein 3A
0. Present
1. Absent
69. Body vestiture
0. Without plumose setae
1. With at least some plumose setae
70. Female metasomal tergum 7
0. Somewhat exposed, evenly sclerotized throughout
1. Retracted and entirely hidden from external view,
sclerotization reduced to a short strip across
anterior margin
2. Sclerotization entirely reduced mesally so that the
lateral spiracular plates (hemitergites) are linked by
membrane only
71. Female hind basitarsus
0. Subcylindrical, about as wide as tarsomeres i1 - V
1. Flattened, wider than tarsomeres 11 - V
72. Larval provisions
0. Arthropods (usually paralyzed)
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1. Pollen and nectar or plant oils
73. Posterolateral angle of pronotum
0. Evenly rounded or subacute, reaching tegula
1. Reduced dorsally above and slightly anterior to
spiracular operculum; operculum forms a highly
differentiated pronotal lobe
74. Ventral angle of pronotum
0. Rounded, not much exceeding level of base of fore
coxa
1. Greatly produced, almost contacting its
counterpart ventrally
75. Metapostnotum
0. Forming a transverse groove at anterior margin of
propodeum
1. Greatly enlarged and posteriorly produced mesally,
forming a “propodeal enclosure” or “propodeal
triangle”
76. Hindtibial strigilus
0. Absent
1. Present
77*. Hind margin of pronotum
0. Pronotum long, hind margin nearly straight, only
very slightly anteriorly arcuate
1. Pronotum shortened, hind margin strongly concave
in a fairly regular and somewhat arcuate parabolic
curve (“V-shaped”)
2. Pronotum shortened, hind margin shifted anteriorly
over almost its entire width (“broadly U-shaped”)
78. Prosternum
0. Forming an approximately uniform plane, not
sunken
1. Sunken over most of its surface, only a short
anterior section visible ventrally
79. Larval integument
0. Smooth
1. With abundant setae or dense spinules
80. Larval body shape
0. With more or less even contours
1. With conspicuous projections laterally, dorsally, or
caudally
81. Position of larval anus
0. Terminal, directed caudad
1. Ventral, preapical, directed ventrad
82. Opening between atrium and sub-atrium of larval
spiracles
0. Armed with a circlet of spines
1. Simple, unarmed
83. Parietal bands (on head of larva)
0. Present
1. Absent, or very faintly indicated
84. Larval antennal papillae
0. Absent
1. Present
85*. Larval mandibles
0. Simple, with 4 or 5 apical teeth
1. With fewer than 4 or 5 teeth
2. With an apical concavity
3. As in Mellinini (autapomorphy)
86. Larval maxillae
0. Directed mesad apically, closely associated with
labium and hypopharynx
1. Projecting apically as large, free lobes
87. Larval galea



0. Large
2. Small
88*. Larval spinneret
0. A transverse slit
1. With paired openings, each at the end of a
projection
2. Absent
89. Male metasomal sternum 7
0. Well developed, not much smaller than sternum 6,
usually clearly visible externally and expused
1. Reduced and much smaller than sternum 6, but
partly exposed
2. Greatly reduced, much smaller than sternum 6 and
completely hidden by it
3. Absent

by Bohart and Menke are supported by the more
rigorous analytical procedure described above.
Table 3 lists the seven characters for which the
optimization procedure results in a different po-
larity assessment from that hypothesized by Bohart
and Menke. Therearean additional twelve charac-
ters for which one procedure yields uncertain or
equivocal results, whereas the other hypothesizes
a single unequivocal groundplan state. Thus, a
total of nineteen characters do not receive identical
polarity codings with each procedure.

A few of the optimized polarity decisions are at
odds with rather widely accepted ideas about
character evolution in sphecid wasps and bees.
Especially noteworthy in this respect are the
episternal sulcus(character 25), plantulae (character
39), and foretarsal rake (character 41).

Bohartand Menkehypothesizethat an episternal
sulcus extending ventrad of the scrobal sulcus is
the plesiomorphic condition for the Sphecidae,
and bee systematists have generally regarded this
character state as plesiomorphic for bees. For both
groups, the basis of this assessment seems to be
that a long episternal sulcus is present in taxa
which generally have plesiomorphicstates for other
characters. Most taxa outside the Apoidea have no
sulcus at all in the position of the episternal sulcus,
but some Bethylidae (e.g. Epyris clarimontis) may
have one. My analyses use Bohart and Menke's
coding of “episternal sulcus absent or short”
(Character 10 in their Table 2, p. 30; Character 25,
state 1 in my Table 2) as a single character state.
Under this coding, outgroup taxa are scored as
having the episternal sulcus absent (or variable in
Bethylidae), and the character state optimization
procedure infers that the ancestor of the Apoidea
had the episternal sulcus “absent or short”. If

JournAL oF HYMENOPTERA RESEARCH

Table 3. Characters for which Bohart and Menke (1976)
postulated different groundplan states from those derived by
an optimized fit to a cladogram of aculeate taxa based on the
studies of Brothers (1975) and Carpenter (1990), using the
optimiz procedure p by Maddison et al. (1984).
Ch and character are defined in Table 2, and are
merely given brief labels here. The column labelled “B & M”
shows the groundplan state postulated by Bohart and Menke.
This column corresponds to Outgroup 2 in Table 1. A *?”
indicates that Bohart and Menke expressed doubt as to the
plesiomorphic condition for the character, or did not indicate
what they considered the plesiomorphic state to be. The
column labelled “Optimized” shows the state assigned to the
ingroup node (i.e. the state present in the ancestor of the
Apoidea) as determined by the optimization procedure
mentioned above. This column corresponds to Outgroup 3 in
Table 1. Characters in this column denoted by a (B) are ones
that Brothers used in his study, so that groundplan states for
these characters are based upon his polarity assessments
rather than the tree-fitting procedure of Maddison et al.
(1984). Characters denoted by a “-” in this column and the
“Sphecos” column are those for which polarity decisions were
indecisive. The column labelled “Sphecos”, equivalent to
Outgroup 1 in Table 2, shows the groundplan states used in a
preliminary analysis that I published in the newsletter Sphecos
(Alexander, 1990). In that analysis, 1 did not distinguish
between characters in my data matrix that had and had not
been used by Brothers in his study. Instead, the groundplan
state of each character was determined by optimizing its fit to
Brothers’ cladogram, regardless of whether or not the character
had been used to derive the cladogram.

Character Sphecos B&M  Optimized

)

7. Mandibular notch

10. Gular area

12. Frontal sulcus

24. Scutellar sulcus

25. Episternal sulcus

29. Separation of midcoxae
31. Precoxal lobes e
33. Lower metapleural area -
39. Plantulae

41. Foretarsal rake

45. Insertion of metasoma
47. Base of sternum 1

49. Lateral line on tergum 1
61. Forewing vein 2-Rs

63. Divergence of vein M
66. Jugal lobe

67. Hind wing vein 2A

68. Hind wing vein 3A

76. Hindtibial strigilus
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“absent” and “short” were coded as separate char-
acter states, the groundplan state for Apoidea would
be equivocal, because the ingroup would have two
derived states, neither of which occurs in the
outgroup.

A similar argument explains the hypothesis
that the absence of a foretarsal rake in females is
plesiomorphic. In the outgroup taxa that I have
examined, only Anthoboscinae and some
Pompilidae have a foretarsal rake. In Brothers’
original (1975) analysis, Apoidea and Vespoidea
are sister taxa, and the first clade to branch off
within Vespoidea is (Tiphiidae [with
Anthoboscinae as the basal group] + (Sapygidae +
Mutillidae)). In Carpenter’s (1990) reanalysis of
Brothers’ data, Sierolomorphidae is the basal clade
in Vespoidea. Females of Anthoboscinae, and
some Sapygidae [ have examined for this character
(e.g. Fedtschenkiaanthracina), have a foretarsal rake.
Thus, if Brothers” original hypothesis of aculeate
relationships is correct, the ancestral state of the
foretarsal rake in Apoidea would be equivocal.
Carpenter’s cladogram supports the conclusion
that the ancestor of Apoidea had no foretarsal rake.

Inthe outgroup, I find plantulae to be presentin
Pompilidae, Anthoboscinae, and some
Rhopalosomatidae. Such a distribution results in
thehypothesis that plantulae are primitively absent
in Apoidea if Carpenter’s cladogram is used. If
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Brothers’ cladogram is used, the groundplan state
for Apoidea is equivocal.

With the basic data matrix of Table 1, I have
performed analyses to examinetheeffectsof altering
three variables: the taxa examined, the characters
employed, and the groundplan character states for
the hypothetical ancestor. The twodifferent groups
of taxa considered are (1) only those for which both
adults and larvae have been described, and (2) all
sphecid tribes, including those for which only adults
are known. Including taxa for which only adults
areknown in ananalysis that uses larval characters
results in a data matrix with numerous “empty”
cells (denoted by a “?” in Table 1). Although Iuse
a parsimony program (Hennig86) that can analyze
amatrix with missing information, the usual result
of doing such an analysis is poorer resolution of
phylogenetic relationships. The alternative is to
completely ignore certain taxa because of insuffi-
cientinformation about them. Neither approachis
completely satisfactory. By comparing the results
of both approaches, one canat least find out if there
areany patterns of phylogeneticrelationships sup-
ported by both sets of incomplete information.

A similar rationale explains why I wish to com-
pare the results of analyses that use both adult and
larval characters with the results of analyses that
use only adult characters. Finally, I examine the
results of using a hypothetical ancestor based upon

Table 4. C of variables

ployed in the quantitative cladistic analyses. For hypothetical ancestor codings, the

column labelled “Literature” utilized codings hypothesized in the literature, primarily by Bohart and Menke (1976) and Evans
(1959), and the column labelled “Optimized” utilized codings based upon the procedures described by Maddison et al. (1984),
as explained in the text. For each of the analyses designated by number in the table, there was also a part (a) in which all
characters were given equal weight, and a part (b} in which successive approximations character weighting was used. Thus,
Analysis 1b used hypothetical ancestor codings based on the literature, only sphecid tribes whose larvae are known, adultand
larval characters, and successive approximations character weighting.

HyPOTHETICAL ANCESTOR CODINGS

Taxa EmpLOYED LITERATURE Ortimizen
Only sphecids whose larvae are known Analysis 1: Analysis 5:
Adult & larval characters Adult & larval characters
Analysis 2: Analysis 6
Adult characters only Adult characters only
All Sphecid Tribes Analysis 3: Analysis 7:
Adult & larval characters Adult & larval characters
Analysis 4: Analysis 8:

Adult characters only

Adult characters only
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the polarity decisions of Bohart and Menke with
the results of using a hypothetical ancestor based
upon polarity decisions derived from character
state optimization. This 2 x 2 x 2 arrangement of
variables requires eight basic analyses. For each of
these analyses, I also compare the results obtained
whenall characters are given equal weight with the
results obtained when characters are weighted
according to Farris’ (1969) successive approxima-
tions procedure. Table 4 summarizes the combina-
tions of variables used in each analysis.

Asexplained above, the assessments of character
polarities made by Bohart and Menke agree with
the results of a more formal analytical procedure
for all but 19 of the characters included in the data
matrix that I used. I therefore also examine the
results of an analysis that excludes these 19 char-
acters (the characters are listed in Table 3). For this
analysis, I include all sphecid tribes and both adult
and larval characters (except for the 19 characters
justmentioned). Theanalysisincluding Heterogyna
uses all sphecid tribes, adult and larval characters
(the latter coded as unknown for Heterogyna and 10
other tribes), and the character state optimization
procedure for outgroup analysis.

All analyses discussed below employed ].S.
Farris’ Hennig86 program, Version 1.5 (Farris
1988), and used the commands m* and bb* to
search for the most parsimonious trees. Use of the
bb* option was time-consuming, especially when
numerous iterations were necessary in the suc-
cessive approximations character weighting pro-
cedure. (According to Farris [1988], the bb com-
mand will not retain more than 100 minimum-
length trees that are found in an extended branch-
swapping procedure, whereas the bb* command
will retain all minimum-length trees.) Compari-
son of results obtained with the bb and bb* com-
mands for the same data set showed that they
resulted in different final weights assigned to some
characters and thus different hypotheses of phylo-
genetic relationships. In view of this, I considered
it preferable to use the more exhaustive branch-
swapping procedure, under the assumption that it
was taking complete account of all the available
information, instead of using an arbitrary cut-off
point in searching for multiple minimum-length
trees.

In these analyses, the tribes of Sphecidae as
defined by Bohart and Menke are used as the
terminal taxa. This taxonomic level has been se-
lected primarily for reasons of analytical tractabil-
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ity. Bohart and Menke recognize 226 genera and
7,634 species of sphecid wasps, so even an analysis
at the level of the genus would require an ex-
tremely large and cumbersome matrix. Grimaldi
(1990) reported anattempt to analy ze a matrix with
158 taxa in the dipteran family Drosophilidae us-
ing the Hennig86 program. He found that “initial
runs ... using the complete matrix were never fin-
ished, so the matrix was gradually pared down
until it was found that 127 taxa was the maximum
number that the program could analyze (at least
using the m*; bb commands).” The analytical
tractability of a data matrix depends not only on
the number of taxa, but also on thelevel of character
conflict, with high levels of character conflict re-
sulting in poor resolution, or multiple equally
parsimonious resolutions. The results to be pre-
sented below show highlevels of character conflict.
The major shortcoming of using tribes (or gen-
era) as terminal taxa is that several of them are
almost certainly paraphyletic, and treating such
taxa as monophyletic adds yet another source of
error and confusion in a phylogenetic analysis.
Table 5 lists the tribes of sphecid wasps that are
most likely to be paraphyletic, because they are
defined by character states that Bohart and Menke
themselves regard as plesiomorphic at the level of
the tribe they define. Because of uncertainty about
which tribes are monophyletic, a few of the char-
acters in the matrix I used are autapomorphies.
Although such characters are not useful for deter-
mining phylogenetic relationships among tribes,
they do provide evidence that the tribe possessing
themis monophyletic. Evenwithautapomorphies,
the consistency indices for these analyses are low
enough that anyone who erroneously tries to use
this index as a measure of confidence in a phylo-
genetic hypothesis should be unlikely to develop a
false confidence in these particular hypotheses.

RESULTS

Eachof the analyses results innumerous equally
parsimonious trees (range: 9 to 5,272 trees; tree
statistics summarized in Table 6). Thus, the first
conclusion is that these data provide support for a
large number of competing hypotheses about phy-
logenetic relationships within the Apoidea. Fig-
ures 1-10 summarize the results of each analysis in
amanner that facilitates comparison, although it is
important to remember that the diagrams being
compared are consensus trees, and that the actual
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Table 5. Tribes in Bohart and Menke’s (1976) classification
that are defined by characters that they considered to be
plesiomorphic at the level of the tribe.

TRIBE
Sceliphrini

COMMENTS

Apparently paraphyletic with respect to
Sphecini + Ammophilini. Bohartand Menke
interpreted the presence of plantulae in the
Sphecinae as plesiomorphic, but the
optimization procedure for establishing
character polarity would interpret the
presence of plantulae as an autapomorphy
for Sceliphrini, although this character
exhibits high levels of homoplasy.
Astatini Includes all genera of subfamily Astatine
except Dinetus.

Apparently paraphyletic with respect to
other tribes of Larrinae.

Apparently paraphyletic with respect to
Oxybelini.

Apparently paraphyletic with respect to
other tribes of Nyssoninae.

Apparently paraphyletic with respect to
Bembicini.

Apparently paraphyletic with respect to
other tribes of Philanthinae.

Miscophini
Crabronini
Gorytini
Stizini

Aphilanthopini
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Table 6. Summary statistics for the analyses defined in Table
4; CI. = consistency index, R1. = retention index. Analysis 9
used all sphecid tribes and both adult and larval characters,
but excluded the nineteen characters listed in Table 3.
“Heterogyna” refers to the analysis including the enigmatic
genus Heterogyna.

Length ClL R No. of Trees

Analysis  la 274 44 65 5272
1b 726 73 84 108
Analysis  2a 242 44 63 42
2b 633 75 .83 99
Analysis  3a 346 37 60 3994
3b 686 72 85 3994
Analysis  4a 314 37 .58 3994
4b 609 70 82 347
Analysis  5a 273 44 65 555
5b 722 73 .83 162
Analysis  6a 244 44 62 854
6b 634 77 84 90
Analysis  7a 347 37 60 156
7b 669 72 84 330
Analysis  8a 316 37 58 15
8b 597 70 .82 46
Analysis  9a 248 A1 64 2009
9b 570 74 86 3992
Heterogyna a 356 36 60 351
b 698 68 82 9

number of competing hy potheses is far higher than
what is shown pictorially. Appendix 2 presents a
brief discussion of the ambiguities involved in
mapping character state distributions onto consen-
sus trees.

Despite the large number of competing hy-
potheses that merit consideration, a few consistent
patternsappearinalltheanalyses. Table7identifies
groupings of terminal taxa that are consistently
supported as monophyletic groups, and lists the
characters that are always interpreted as
synapomorphies for these groups. It seems rea-
sonable to regard these groups as strongly sup-
ported by the available evidence, and it is notewor-
thy that most of them are groups that have long
been regarded as “natural” and are similar or
identicalin composition to the subfamilies in Bohart
and Menke's classification. Table 8 compares the
monophyletic groups consistentlty supported in
thisstudy with the classification proposed by Bohart
and Menke.

Just as noteworthy as the groupings of sphecid
tribes that are consistently supported as mono-
phyleticare traditional groupings that receivelittle
or no support as monophyletic taxa. Judging from

the results of these analyses, the subfamilies
Pemphredoninae and Astatinae of Bohart and
Menke’s classification do not appear to be mono-
phyletic. Each of these subfamilies consists of two
tribes (one of the tribes of Astatinae is monotypic).
Character states that Bohart and Menke use to
unite these tribes into subfamilies appear to be
plesiomorphic. The monophyly of each tribe was
not investigated in this study.

One final general observation is that very few
consistent and strongly supported patterns of re-
lationships among major monophyletic groups
within the Apoidea are found. In Figures 1-10,
many of the internal branches are supported by
very few characters, and most of these characters
exhibit homoplasy.

The group of three tribes corresponding to
Bohart and Menke's subfamily Sphecinae s consis-
tently a basal lineage, and most of the remaining
tribes share a substantial number of syn-
apomorphies. The Ampulicinae of Bohart and
Menkeis a problematic group in this respect, how-
ever. In most of the analyses in which only adult
characters are used, the Ampulicinae is placed in
monophyletic groupings that also include several

















































































