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Abstract-The antenna1 forms and sensilla of 114 species of bees (Hymenoptera : 
Apoidea), representing all major lineages, were compared to ascertain the relationship 
between sensory structures and behavior. For all taxa, males and females of parasitic bee 
species do not differ significantly in the relative sizes of their antenna1 structures. For 
non-parasitic species, females have relatively longer scapes, but relatively shorter 
flagella. There are significant taxonomic effects in these relationships; the family 
Megachilidae is aberrant. These findings may relate to similarities in search behavior of 
males (both parasitic and non-parasitic) and parasitic females, which in general may be 
more dependent on longer-range olfactory cues, while non-parasitic females also use 
visual cues and contact or short-range olfactory cues. In the family Halictidae, there is a 
significant association between body-size and density of sensilla placodea. Among 
non-parasitic female bees, pollen specialists and generalists do not differ in the relative 
density of sensilla. Parasitic forms in Halictidae, however, have fewer sensilla placodea 
per unit aarea than do their hosts. 

Index descriptors (in addition to those in title): Sensory ecology, behavior, evolutionary 
convergence. 

INTRODUCTION 

INSECTS’ antennae are important sensory structures, as inferred from sexual and 
interspecific differences in form (e.g. Walther, 1983; Hashimoto, 1991), and as 
demonstrated by electrophysiology (e.g. Keil and Steinbrecht, 1984; Zacharuk, 1985). 
Most recent studies of sensory structures have neglected evolutionary and ecological 
considerations, and thus provide an incomplete picture of their biological significance 
(see Chapman, 1982; Dusenbury, 1992). 

This paper consists of 2 parts, which together will provide a better understanding of 
the evolutionary relationship between sensory structures and behavioral ecology. First, 
data are presented on the relative abundance of antenna1 sensilla among female bees 
(Halictidae) having different life styles. Such information is presently available for 
several social bees (Apidae: Dietz and Humphreys, 1971; Silva-de-Moraes and 
Cruz-Landim, 1972; Agren, 1975; Stort and Barelli, 1981a,b; Fonta and Masson, 1982; 
Johnson and Howard, 1987; Gupta, 1992), and several solitary or parasitic bees (Agren 
1977, 1978; Agren and Svensson, 1982; Schiinitzer and Schmid, 1990). Secondly, 
morphometric data on the relative lengths of antenna1 structures for males and females 
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of numerous pollen-collecting and parasitic bees are presented to ascertain whether 
convergent behavioral patterns are associated with convergence in antenna1 structures. 

Natural history 
A “non-parasitic” female uses visual and olfactory cues to search for plants from 

which it collects food for its offspring, and for itself (see Frisch, 1967; Michener, 1974). 
Some taxa exhibit a high degree of specificity to a restricted group of plants 
(specialists), while generalists are catholic in their pollen utilization. These non-parasitic 
females construct nests, and return repeatedly to them after learning their location 
using visual and short-range olfactory cues (see Wcislo, 1992a). 

“Parasitic” refers to a female which obligately searches for nests of non-parasitic 
bees, enters them, and deposits eggs on the stored food, or utilizes the host’s parental 
effort to take care of the parasite’s offspring. Parasitism has evolved independently 
numerous times (> 25) in the families Halictidae, Megachilidae, and Apidae sen~u 
Roig-Alsina and Michener (1993), and there are numerous structural convergences 
among these diverse taxa (Wcislo, 1987). 

Males in non-parasitic lineages search for females using both visual and olfactory 
cues (Wcislo, 1992b), and presumably the same is true for parasitic males, but no 
information is available. 

MATERIALS AND METHODS 

Dried, pinned bees representing 114 species from 7 families (see Appendix) were borrowed from the Snow 
Entomological Museum, University of Kansas, or from the University of Arizona Insect Collection. Using a 
dissecting microscope with an ocular micrometer, I measured head width and intertegular distance as indices 
of body size; the length of the scape from the point of its insertion into the ball and socket on the head to its 
most distant point at the junction with the pedicei; the maximum length of the pedicel; and the total length of 
the flagellum. I measured 5-10 specimens of each sex, if available. Values are reported as means for species. 
To minimize any statistical bias due to phylogenetic effects (see Harvey and Pagel, 1991), I used a mean 
value for genera or subgenera from which more than one species was measured; likewise, statistical analyses 
were performed on the unpartitioned data set, as well as separately for each family. 

Eleven taxa within the family Halictidae were chosen for scanning electron microscopic studies, as follows. 
Nomiinae: Dieunomia triangulifera (pollen specialist), D. heteropoda (specialist), Nomia melanderi (general- 
ist), and N. tefrazonara (generalist), Halictinae: Augochlora puru (generalist), Hal&us ligatus (generalist), 
Lasioglossum (Dialictus) zephyrum (generalist) L. (D.) versatus (generalist), L. (D.) nr. perparvus 
(generalist), Puralictus asteris (parasitic), and Sphecodes gibbosus (parasitic). 

The antenna1 surfaces were not cleaned, which was advantageous when re-constructing photographic 
montages because pollen grains, etc. served as landmarks. Agren (1975) compared air drying and critical 
point drying of Apis specimens, and reported that only very small differences in sensilla morphology were 
seen at high magnifications. 

One antenna (left or right determined by a coin flip) remained attached to the head for purposes of 
orientation, and the entire head was mounted on a SEM stub with double-sided sticky tape. The other 
antenna was removed from the head, and mounted on an SEM stub to allow views of the ventral surface. In 
each case, comparable orientations among individuals were achieved using a cluster of sensilla at the base of 
the pedicel as a landmark (arrow, Fig. 5). 

These preparations were then sputter-coated with gold-palladium for 3 min. Coated specimens were 
viewed in an ISI-DS130 scanning electron microscope (SEM) at voltages between 3 and 20 kV, at 
magnifications between 400 and 500 x for general surveys, and at higher magnifications for identifications of 
sensilla types. Photographs were taken with a Polaroid camera fitted to the SEM. 

Photographic montages of dorsal or ventral views of entire antennae were reconstructed, and the sensilla 
were counted by placing two or three SO or 100 pm’ quadrats on a diagonal across each flagellomere of the 
antenna. Transparent plastic sheets (Saran Wrapa) were placed over the photographs, and sensilla were 
marked with dots of ink and counted using a Manostata bacteria colony-counter. For species with patchily 
distributed sensilla, the quadrats were placed over areas with sensilla. 

Data are presented as arithmetic means + standard errors, unless indicated otherwise. Body- and 



12345678 9 10 11 

12 3 4 5 6 7 8 9 10 11 

J 

12 3 4 5 6 7 8 9 10 11 

ANTENNM FLAGELLOMERE 

FIG. 1. Mean number of sensilla placodea per lOO~m* versus flagellomere number for various 
species of non-parasitic and parasitic bees, including pollen generalists and specialists. (a) 
Non-parasitic pollen generalists: Lasioglossum (Diulictus) zephyrurn [Z], L. (D.) versatum [VI, L. 
(D.) nr. perparvus [D]; Parasitic: Purulictus asteris [PI. (b) Pollen generalists: Nomiu tetruzonata 
[N], N. melunderi [A]; Pollen specialists: Dieunomia heteropodu [HI, D. triangulifera [T]. (c) 

Non-parasitic pollen generalists: Halictus Iigatw [HI; Parasitic: Sphecodes gibbosus [S]. 
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antennal-size data were log-transformed, which normalized the distribution of all variables (using Lilliefors 
test for normality). Statistical analyses were performed on the transformed data, using SYSTAT (Wilkinson, 
1989) implemented on a Compaq@ computer. 

Terminology for surface sculpturing follows that by Harris (1979). 

RESULTS 

Morphological descriptions of antennae 
The antennae of all bees have the same general structure, consisting of a scape, 

pedicel, and flagellum (see Michener, 1944). The scape is usually between 15 and 30% 
of the total antenna1 length, and it is often slightly arched both outward and following 
the contour of the head. Basal to a slight constriction near the base, is a large ball, 
covered with a field of putative sensilla (Fig. 4), that fits into the antenna1 socket; these 
sensilla are proprioreceptors in Apis mellifera (Markl, 1962). The anterior surface of 
the scape is imbricate (Figs. 4 and 5), and is covered with simple or branched setae 
(Fig. 5). In most species, the posterior face is nearly devoid of setae, and the surface is 
nearly smooth. 

The pedicel is approximately as long as it is broad, its surface imbricate (Fig. 5), and 
covered with branched setae. At its base is a small patch of sensilla (Fig. 5), which are 
proprioreceptors in Apis mellifera (Lindauer and Martin, 1969). 

The flagellum is usually subdivided into 10 flagellomeres in females, and 11 
flagellomeres in males, although some taxa (e.g. the parasitic genus Biastes) have 10 
flagellomeres in both sexes. In this paper, the flagellomeres are numbered 1, 2, 3, 
. . .9, 10, beginning proximally. Except for the terminal one, each flagellomere is a 
slightly flattened cylinder. The surfaces of halictid flagellomeres are usually highly 
sculptured in an imbricate to alveolate pattern (see Callahan (1975) for the possible 
functional significance), except for an inner band along the ventral surface (Fig. 6). The 
relative length to width of each flagellomere varies both among flagellomeres and 
among taxa. The terminal flagellomere usually tapers to a beveled or slightly rounded 
point (Fig. 18), with an area on the ventral surface of the terminal flagellomere that 
lacks sensilla (Fig. 7). In some taxa, the terminal flagellomeres of males are greatly 
modified; e.g. in Dieunomia heteropoda they are broad and flattened, and the 
expansion lacks sensilla. Such male modifications probably relate to courtship 
behaviour (Wcislo and Buchmann, 1994), rather than to enhanced sensory capabilities. 

FIG. 4. Basal ball of the scape of a female Lasioglossum (Dialictus) versatus, showing the field of 
sensory sensilla, and the imbricate surface sculpturing of the scape. x 296. 

FIG. 5. Basal area of the pedicel of a female Lasioglossum (Dialictus) nr. perparvus, showing the 
sensilla used as landmarks for proper orientation (indicated by arrow), the imbricate surface 

sculpturing of the pedicel. x 527. 
FIG. 6. Flagellomere of a female Lasioglossum (Dialictus) nr. perparvus, showing the transition 

area between a smooth flagellar surface (right), and imbricate sculpturing (left). X 531. 
FIG. 7. Terminal flagellomere of a female Lasioglossum (Dialictus) nr. perparvus, showing the 

ventral area devoid of sensory sensilla. x 403. 
FIG. 8. Field of saber-shaped setae, with longitudinal furrows, on flagellomere 2 of a female 

Halictus ligatus. Interspersed are S-shaped sensilla trichodea A. x 1.66K. 
FIG. 9. Flagellomeres l-3 of a female Lasioglossum (Dialictus) versa&s, showing the transition 

area between a setal field (above line) and sensilla trichodea (below line). X 501. 
FIG. 10. Flagellomere 6 of a female Lasioglossum (Dialictus) nr. perparvus showing field of 

sensilla placodea. x 530. 
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Sensilla types 
The traditional classification for bee antenna1 sensilla is that of Lather (1964), who 

classified those of Apt3 into 9 types on the bases of phenetic similarity. Esslen and 
Kaissling (1976) split some of Lather’s classes even further, but Agren (1977, 1978) 
lumped some classes because he was unable to reliably distinguish them phenetically 
using SEM. I have used Agren’s system. 

Non-innervated hair (seta) (Figs. 8, 9, 11 and 12). The shape of setae varies from 
long, smooth, hair-like structures with sharp, tapered tips, to flattened, saber-like 
forms with or without longitudinal furrows. 

Pore plate (sensillum placodeum) (Figs. 6, 24, 25, 26 and 28). An oval to nearly 
circular disc; when oval, the longest dimension is parallel to the long axis of the 
antenna. Under high power, these sensilla have slight radial furrows, although these 
may be artifacts of air-dried preparations. 

Pit organs (sensillum ampullaceum and sensillum coeloconicum) (Figs. 27, 28, 29 and 
39). Pit organs appear as holes of different diameters in the antenna1 surface, within 
which there is a peg that sometimes protrudes slightly. Under high power, the peg has 
furrows following meridial lines. These types are similar in SEM, except that the 
diameters of s. coeloconica are greater than those of s. ampullacea. 

Peg-like sensillum (sensillum basiconicum). This type of sensillum is a straight peg 
with a blunt or nearly flattened tip. 

Sensillum trichodeum A. (Figs. 8 and 15). This sensillum is thin and tapering, slightly 
to markedly s-shaped. 

Sensillum trichodeum B. (Figs. 17, 20, 22, 24 and 29). This sensillum is thin at the 
base and tapers to a very fine point; the distal portion is strongly arched, and the 
degree of curvature varies among sensilla, as well as among taxa. 

Sensilla trichodea C-D. (Figs. 8 and 29). These sensilla are long hairs with rounded 
to slightly sharpened tips, and are sometimes slightly curved away from the antenna1 
surface. 

Relationship between sensilla numbers and antenna1 length 
I quantified the distribution of sensilla placodea for 2 reasons. First, this is the 

sensilla type easiest to unambiguously score, and hence there is more comparative 
information available; at lower magnifications needed for a general survey (<600 x), 

some of the other sensilla types are difficult to distinguish (e.g. sensilla trichodea 

FIG.~~. Flagellomere 1 of a female Dieunomia heteropoda showing straight, tapering setae (lower 
left), merging into field of saber-shaped setae (upper). x 391. 

FIG. 12. Saber-shaped setae on flagellomere 3 of a female Halictus ligates, showing the 
longitudinal furrows. x 4.01K. 

FIG. 13. Field of sensilla trichodea on flagellomere 6 of a female Halictus ligatus. x 2.46K. 
FIG. 14. Flagellomere 5 of a female Dieunomia heteropoda showing sensilla trichodea surrounding 

a sensillum placodeum. x 2.04K. 
FIG. 15. Close up of a sensillum trichodeum of flagellomere 3 of a female Halictus Iigatus. x &SK. 
FIG. 16. Probably a sensillum trichodeum C/D showing the longitudinal furrow; flagellomere 2 of a 

female Halictus ligatus. x 4.79K. 
FIG. 17. Field of sensilla trichodea C-D interspersed with curved sensilla trichodea B from 

flagellomere 9 of a female Halictus ligatus. x 2.46K. 
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A,C,D). Secondly, electrophysiological evidence from honey bees (A@) shows that 
sensilla placodea are important olfactory receptors (Kaissling and Renner, 1968; see 
Free, 1987). 

In general, among both males and females of non-parasitic and parasitic species, 
there is an increase in density of sensilla from the proximal to more distal 
flagellomeres. In Halictidae, non-parasitic females have relatively more sensilla 
placodea per unit area than do related parasites (Fig. la, b). Among non-parasitic 
forms, however, pollen specialists (Beunomia heteropoda and D. triangulifera) have 
comparable densities of sensilla placodea to those of related generalists (Nomia 
melanderi and N. tetrazonata) (Fig. lc). 

Relationship between antenna1 size and behavioral ecology 
For non-parasitic and parasitic bees, there is a significant positive association 

between sensilla placodea density and a measure of body size (female headwidth; 
Pearson’s r = 0.54, n = 14, P = 0.056). Therefore, a broad comparative survey can 
use morphometric measures as an indirect measurement of sensilla abundance. 

In general, non-parasitic females are significantly larger than the corresponding 
males (intertegular distance: 2.29 mm k 0.13 and 2.07 + 0.12, respectively; n = 63, 
t = 7.15, P < O.OOOl), have longer scapes (females: 0.80 mm + 0.04; males: 0.56 k 0.03; 
n = 63, t = 8.65, P<O.OOOl), but shorter flagella (females: 1.95 mm tO.lO; males: 
2.93 f 0.17; n = 63, t = -8.41, PC 0.001). Parasitic females are also larger than males 
(intertegular distance: 2.05 f0.15, and 1.94kO.15, respectively; n = 40, t = 3.12, 
P = 0.003), but there are no significant intersexual differences in either scape (females: 
0.65 mm k 0.05; males: 0.60f 0.05; n = 40, t = 1.79, P = 0.81) or flagella lengths 
(females: 2.40mm kO.16; males: 2.89mmk0.51; n = 40, t = -1.14, P = 0.263). 

Results comparable with those described above are obtained when the analyses are 
performed separately on each family (Table 1). An Analysis of Variance (ANOVA) of 
the log-transformed data, however, showed significant family effects for all the above 
measures, except the flagella lengths of parasitic and non-parasitic males, and the scape 
lengths of both males and females of parasitic taxa (Table 2). These effects indicate 

FIG. 18. Terminal flagellomere of a female Lusioglossum (Dialicfz~) nr. perparvus, showing the 
abundance of sensilla trichodea B. X 531. 

FIG. 19. Flagellomere 2 of a female Hulictus ligutus showing a S-shaped sensillum trichodeum A. 
x 4.01K. 

FIG. 20. Sensillum trichodeum B from flageilomere 8 of a female Furalictus asteris. The degree of 
curvature of this sensilla can varies. x 7.02K. 

FIG. 21. Probable sensillum trichodeum showing the spiral furrows on flagellomere 5 of a female 
Dieunomiu heteropoda. x 381. 

FIG. 22. Sensilla trichodea B on the terminal flagellomere of a female Augochloru puru. x 2.12K. 
FIG. 23. Sensilla trichodea of flagellomere 2 of a female D;eunomia heteropodu with its tie broken 

off to show its thick-walled hollow structure. x 3.02k. 
FIG. 24. Field of sensilla nlacodea from the terminal flaaellomere of a female Dieunomiu 
heteropoda, showing the slightly oval shape of the plate-like sensilla. The pits in the lower, right 

corner are sensilla ampullaceae. X 521. 
FIG. 25. Sensilla placodea of a female Dieunomia heteropoda, showing the more rounded shape of 

these sensilla. Note the imbricate surface sculpturing. x 740. 
FIG. 26. Nearly round sensilla placodea of flagellomere 10 of a male Dieunomia heteropoda. 

x 350. 
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FIG. 27. Flagellomere 8 of a female Lasioglossum (Diulictus) nr. perparvus, showing the cluster of 
sensilla coeloconica. X 531. 

FIG. 28. Flagellomere 10 of a female Augochloru puru, showing sensilla coeloconica (pit organs on 
right, broad arrow), and sensilla ampullaceae (pit organs on left, narrow arrow), interspersed with 

oval sensilla placodea and spiral-furrowed sensilla trichodea. x 2.05K. 
FIG. 29. Sensillum ampullaceum on flagellomere 10 of a female Augochloru puru. Compare the 

degree of curvature of the sensilla trichodea B in the foreground with that of Fig. R. x 4.01K. 
FIG. 30. Sensillum coeloconicum showing the structure within the pit on flagellomere 10 of a 

female Augochloru puru. x 3.07K. 
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TABLE. 1. MEAN VALUES FOR ANTENNAL MEASUREMENTS AND BODY SIZE FOR MALES AND FEMALES OF 

NON-PARASITIC (N-P) AND PARASITIC (P) BEES. FLAG = FLAGELLUM; TEG = INTERTEGULAR DISTANCE; 

t = STATISTIC FROM PAIRED tTEST. 

Category Female 
(X? SE) 

Male 
(Xk SE) 

t P 

Halictidae N-P Teg 1.85 f ,121 1.64f ,109 4.77 <O.OOOl 

(31) 
N-P Scape 0.93 + .07 0.52 + .03 8.83 <0.0001 
N-P Flag 2.51+ ,115 3.14 f ,229 -8.953 <0.0001 

P Teg 1.41+.168 1.29 k ,136 2.115 0.064 

(10) 
P Scape 0.667 + .08 0.47 f .05 3.957 0.003 
P Flag 1.76 + ,152 2.32 f.31 -2.559 0.031 

Megachilidae N-P Teg 3.33 + ,273 3.01 f .25 2.437 0.041 

(9) 
N-P Scape 0.996 + .08 0.74 + .07 2.912 0.02 
N-P Flag 2.57 + .201 3.29 + .244 -4.288 0.003 

P Teg 2.414 f .17 2.21+ .186 2.467 0.039 

(9) 
P Scape 0.652 + .06 0.58 + .05 3.542 0.008 
P Flag 2.548 + .19 2.35 + ,159 1.648 0.138 

Apidae N-P Teg 2.403 + .26 2.25 + .24 3.588 0.002 

(20) 
N-P Scape 0.63 + ,049 0.54 + .05 6.837 <0.0001 
N-P Flag 2.135 + .22 3.06 + .41 -3.466 0.003 

P Teg 2.16 + .24 2.09 f .23 1.39 0.182 

(19) 
P Scape 0.59 f .06 0.63 + .08 -1.08 0.294 
P Flag 2.65 + .26 3.47 + 1.05 -0.925 0.367 

TABLE. 2. SUMMARY FROM ANOVA OF LOG (BODY SIZE 

MEASUREMENTS) USING FAMILY GROUPS (HALICTIDAE, 

MEGACHILIDAE, AND APIDAE) AS AN EFFECT. “N-P” ARE 

NON-PARASITIC BEES; “P" ARE PARASITIC BEES. THE 

DEGREES OF FREEDOM ARE (2,48) AND (3,35) FOR THE 

NON-PARASITIC BEES AND PARASITIC BEES, RESPECTIVELY. 

SIGNIFICANT F-VALUES FOR MEASUREMENTS ARE GIVEN IN 

BOLD: a, o.os>P>o.ol; b, o.o~>P>o.oo~; c, P<O.OOI; 
F-RATIOS FOR MEASUREMENTS NOT BOLD-FACED ARE NOT 

SIGNIFICANT AT P>0.04. 

Body part F-ratio (P) 

N-P Flagella $? 
N-P Flagella d 
P Flagella $J 
P Flagella cr” 
N-P Scape $? 
N-P Scape cf 
P Scape $J 
P Scape d 
N-P Tegular $J 
N-P Tegular d 
P Tegular 0 
P Tegular d 

5. 156b 
0.833 
3.486” 
0.273 
9.798’ 
3.864b 
0.712 
0.872 
7.40gb 
7.4sb 
6.52gb 
6.520b 
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that it is important to account for phylogenetic history when interpreting the biological 
significance of sensory structures. 

All 3 families contain some bee species in which the individuals are relatively large 
and others small. Consequently, comparisons among means may be biased if antenna1 
proportions change differently among bees of different size classes. Therefore, scape 
lengths and flagella length were regressed against intertegular distance (Figs 2 and 3). 
For all bees pooled, these regression analyses yield patterns similar to those obtained 
by simply comparing means: the slopes for the regression equations are similar for both 
sexes for both scapes and flagella, but the y-intercepts are significantly different for the 
2 sexes of non-parasitic bees (Figs. 2a and 3a). In other words, for bees of a given body 
size, non-parasitic males have longer flagella but shorter scapes than those of females. 
For parasites, both the slopes and the y-intercepts are not significantly different 
between sexes (Figs. 2e and 3e). For bees of a given body size, there are no significant 
differences between males and females for either scape or flagella length. When 
families were analysed separately, there was concordance with the pooled samples for 
halictids and apids (Figs. 2b,d,f,h), and striking discordance for Megachilidae (Fig. 

2c,g). 
Among non-parasitic forms, the slopes of the regression equations for the flagella 

lengths are not different between males and females for Halictidae and Apidae (Fig. 
3b,d), while the intercepts are different. For megachilid lineages, however, the females’ 
flagella length increases with increasing body size, while for the males there is no 
significant regression equation (Fig. 3~). 

Among parasites, the between-sex comparisons for regressions of flagella lengths also 
differ among families. In Apidae (Fig. 3h), males and females have indistinguishable 
slopes and y-intercepts, while in Halictidae, the slope for males is greater than the 
females’, and the y-intercepts are not different (Fig. 3f). For parasitic megachilids, the 
males’ flagella lengths increase with increasing body size, while for females there is no 
significant regression (Fig. 3g), which is opposite to the non-parasitic forms. 

The relationships between the regressions for scape length for males and females 
likewise differ among families (Fig. 2a-h). All the individual regression equations 
explain a significant amount of the variation in antenna1 size, with the exception of 
scape length for non-parasitic female megachilids. For non-parasitic Halictidae (Fig. 
2b), both the slopes and the y-intercepts are different between sexes, while for Apidae, 
only the y-intercepts are different comparing males and females (Fig. 2d). For parasitic 
Megachilidae and Apidae, neither the slopes nor the y-intercepts differ between sexes 
(Fig. 2g,h), while for the Halictidae only the slopes differ (Fig. 2f). 

DISCUSSION 
Comparative evidence is mixed as to whether there is an association between sensilla 

density and behavioral ecology in bees. Pollen-specialists (Dieunomiu truingulifera and 
D. heteropoda) did not differ in sensilla placodea density from generalists (Nomiu 
tetruzonatu and N. melunderi). Likewise, social bees (Apinae) that create aerial odor 
trails did not have a relatively greater number of olfactory sensilla than related bees, 
which do not use such trails (Silva-de-Moraes and Cruz-Landim, 1972; Johnson and 
Howard, 1987). Stingless bees (e.g. Lestrimelittu), which raid heterospecific colonies 
where they forage for resources (Roubik, 1989), did not differ from other stingless bees 
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in densities of sensilla placodea (Johnson and Howard, 1987). In contrast, however, 
females of some parasitic bees have less-dense sensilla placodea on their more terminal 
flagellomeres relative to their non-parasitic relatives (Results), but in some lineages 
have relatively longer antennae. 

In many aculeate Hymenoptera, there are quantitative differences between males 
and females in the densities of olfactory sensilla, as well as their distributions (e.g. 
Esslen and Kaissling, 1976; Agren, 1977; Agren and Svensson, 1982), as well as the 
overall length of the antennae (Results). The presumption is that males’ antennae have 
a greater surface area for more receptors to enhance localizing a mate, which is 
probably important since there is often much competition among males for access to 
sexually receptive females (e.g. Wcislo 1992b). In contrast, males which defend 
territories where females forage (e.g. Protoxaea), or attract females with pheromones 
(e.g. some Bombus), have enhanced visual systems (i.e. a greater number of 
ommatidia), and have smaller antennae for their body size (e.g. Williams, 1991: 24). 

In general, active insects that search out a specific food source or habitat using odor 
perception, tend to have a greater number of olfactory antenna1 receptors than do 
generalists or very small insects that respond to environmental stimuli in more passive 
ways (Chapman, 1982). Chapman stressed the tentative nature of any conclusions 
because few data were available, although more recent studies tend to support these 
earlier conclusions (e.g. Ross, 1992; Bland, 1989, 1991). Other hypothesized rela- 
tionships between behavioral ecology and sensory structure have been discussed by 
numerous authors (see Dusenbury, 1992; Bernays and Wcislo, 1994). 

For a small number of bee taxa, Miiller (1872) showed that males of non-parasitic 
species had longer flagella and shorter scapes than do females, while there were no 
inter-sexual differences for parasitic bees. Results from a larger data set support his 
conclusion. Mi_iller (1872) hypothesized that the different lineages of parasitic bees 
were descended from ancestors allied to their hosts (“Miiller’s Law”), which implies 
that the evolutionary change in antenna1 structure involves the parasitic lineages. Why 
do males and females of parasitic bees have similar antenna1 proportions, while these 
differ among non-parasitic bees? 

An ecological basis for these differences in antenna1 dimensions may relate to sexual 
differences in searching behavior. There is no convincing evidence that non-parasitic 
females use long-range olfactory cues for orientating to their homes (references in 
Wcislo, 1992a), but some are used for female flower-visiting behavior (Frisch, 1967; 
Wenner, 1971; Roubik, 1989; Lunau, 1992). Short-range olfactory cues, as well as 
contact chemical cues, are important to females for nest and flower recognition (Frisch, 
1967). For males, in contrast, olfactory cues are often important over both longer and 
shorter distances for mate localization and recognition (references in Wcislo, 1992b). 
Among parasitic forms, less is known about the relative importance of long- vs. 
short-range olfactory cues. In a few cases, parasitic females are known to be attracted 
to their hosts on the basis of olfactory cues (e.g. Cane, 1983; Cederberg, 1983; Fisher, 
1984). Nothing is known about mate-finding behavior of parasitic bees. 

These morphological convergences between males and females are interesting with 
respect to the evolutionary origins of the convergent structures so widely present in 
various lineages of parasitic bees. Various authors have noted that the body form of 
parasitic females often bears certain resemblances to that of the males of non-parasitic 
species (PCrez, 1884; Wheeler, 1919; Michener, 1978). A possible origin for some of 



78 W. T. WCISLO 

these morphological structures of female parasites may be regulatory deviations such 
that the female’s external phenotype is masculinized to some degree. Kerr and da 
Cunha (1990) propose a similar hypothesis relating to queen versus worker morphology 
in a stingless bee, and Clarke et al. (1985) discuss such “transvestite” phenotypes for 
wing color patterns in a butterfly. 

The antennae of bees in the Megachilidae provide exceptions to some patterns seen 
in other families. Reasons for this discordance are not clear. Developmental pathways 
of secondary sexual characters among Megachilidae appear to be relatively unstable, 
based on the frequent occurrence of sex anomalies (Mitchell, 1929). Cockerell (1911), 
for example, described a new genus of megachilids (Androgynellu) because females’ 
antennae had 11 flagellomeres (in nearly all other bees, females have lo), and he 
speculated the bees might be parasitic; these specimens are sex anomalies of female 
Megachile (Michener, 1965). 

Morphological studies must be tentative, since differences in sensory capabilities may 
or may not be associated with structural differences. In Yponomeutu moths, for 
example, Van der Pers et al. (1980) found no differences in external morphology of 
sensilla trichodea, despite the fact that differences in sensitivity spectra exist (Van der 
Pers and Den Otter, 1978). Moreover, in some Hymenoptera, structural differences in 
antennae may be induced by environmental conditions experienced during develop- 
ment (e.g. Johnson et al., 1987; Pinto et al., 1989). 

Factors other than olfactory information acquisition also influence antenna1 form, 
including their use by males during courtship (e.g. Wcislo and Buchmann, 1994), and 
their possible use in nest construction by females, as known for Apis (Lindauer and 
Martin, 1969); analogous use of appendages as measuring devices is also known in 
spiders (Vollrath, 1987) and paper wasps (Vespidae) (Downing and Jeanne, 1990). 
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APPENDIX 

List of bee species for which antenna1 measurements were taken (* = parasitic species; 7 = a eusocial robber 
species) 

ANDRENIDAE Hypomacrotera subalpinus (Ckll) 
Andrena (Melandrena) cerasifolia Ckll OXAEIDAE 
Andrena (Melandrena) platyrhina Ckll Protoxaea gloriosa (Fox) 
Perdita (Macroteropsis) portalis COLLETIDAE 
Timberlake Eulonchopria punctatissima Michener 
Perdita (Perdita) dasylirii (Ckll) Caupolicana hirsuta Spin. 
Nomadopsis (Micronomadopsis) australior (Ckll) HALICTIDAE 
Nomadopsis (Micronomadopsis) scutellaris (Fowler) Dufourea pulchricornis (Ckll) 



Sensilla Numbers and Antenna1 Morphology 81 

Systropha curvicornis (Scopoli) 
Rhophites quinquespinosus Spin 
Halt&s (Halicius) hgatus Say 
H. (Seladonia) hesperus Smith 
Habralictus bimaculatus Michener 
Agapostemon texanus Cresson 
A. splendens (Lepeltier) 
*Ptilocleptis tomentosa Michener 
Homalictus darnpieri (Cockerell) 
Lasioglossum (Ctenomia) catulus 
L. (Dialictus) imitatus (Smith) 
L. (Evylaeus) calceatus (Stop.) 
L. (Hemihalictus) lustrans (Ckll) 
*Paralictus platyparius Robertson 
‘Microsphecodes trichommus Michener 
“M. truncaticaudus Michener 
*Sphecodes gibbosus (Linn.) 
*S. heraclei Robertson 
*S. bruchycephalus Mitchell 
* Eupetersia guillarmodi Michener 
Thrincostoma sjostedti Fr. 
Megalopta genalis Meade-Waldo 
Neocorynura pubescens (Friese) 
Corynura chilensis (Spinola) 
Augochlora pura Say 
Augochloropsis ignitu (Sm.) 
*Temnosoma sp. 1 (det. G.C. Eickwort) 
Paragapostemon coelestinus (Westwood) 
Ruizantheda mutabilis (Spinola) 
Dinagapostemon mexicanus Roberts 
Pseudagapostemon arenarius (Schrottky) 
Nomioides (Cellariella) brooksi Pesenko 
Nomia tetrazonata tetrazonata Ckll 

MELI’l-l-IDAE 
Dasypoda hirtipes (Fabr.) 

MEGACHILIDAE 
*Coelioxys (Synocoelioxys) hunteri Crawford 
* C. (Neocoelioxys) methane Ckll 
*C. (Boreocoelioxys) novomexicana Ckll 
*Dioxys productus subruber Ckll 
Megachiie gentilis Cresson 
Lithurae apicalis (Ckll) 
Anthidium maculosum’ Cresson 
Aztecanthidium tenochtitlanicum Snelhng 
Dianthidium curvatus Smith 
* Dolichostelis costalis (Cresson) 
*D. costuricensis (Friese) 
Euaspis abdominalis (Fabr.) 
* Prostelis australis (Cresson) 
*Stelis phaeoptera (Kirby) 
Pachyanthidium bouyssoni Vachal 
Trachusa (Heteranthidium bequaerti (Schwarz) 
Chalicodoma (Chelostomoides) angelarum Ckll 

Osmia (Osmia) lignaria Say 
APIDAE 

* Triepeolus verbesinae (Ckll) 
*Melecta (melectomorpha californica Cresson 
‘Nomada (Micronomada) modesta (Cresson) 
Mel&odes (Psilomelissodes) intorta Cresson 
Amegilla (Amegilla) capensis (Friese) 
Anth‘bphora (Lophanthophori) affablis Cresson 
Eoicharis (EpicharoidesJ ablofasciata Smith 
E;omalopsis’ solani Ckh d 
Melissodes confusa Cresson 
Diadasia enavata (Cresson) 
Peponapis pruinosa (Say) 
Bruunsapis foveutu (Smith) 
*Bruunsapis breviceps (Cockerell) 
Braunsapis hewitti (Cameron) 
Allodape panugoides Smith 
Allodapula variegata Smith 
*Inquilina excavata (Cockerell) 
*Eucondylops reducta Michener 
Exoneuru bicolor Smith 
*Nasutapis straussorum 
Ceratina acantha Provancher 
Xylocopa (Schoenherria) micans Lepeltier 
X. (Neoxylocopa) varipuncta Patton 
Manuelia postica (Spinola) 
Eulaema cingulata (Fabr.) 
*Algae cuerulea (Lepehier & Serville) 
Euglossa cyanura Ckll 
* Exnerete smaragdina (Guerin) 
Bombus morrisoni Cresson 
*Psithyrus variabilis (Cresson) 
tLestrimelittu sp. D (det. D. W. Roubik) 
Trigona (Friesiomelitta) nigra (Cresson) 
Apis mellifera L. 
Ctenoplectra albolimbata Magretti 
Tapinotapis caerula (Friese) 
*Coelioxoides waltheriae (Ducke) 
Tetrupedia ornata (Spinola) 
* Doeringiella bizonata Holmberg 
* Epeolus crucigera Panzer 
*Osiris pallidus Sm. 
*Isepeolus viperinus Holmberg 
* Townsendiella pulchra Crawford 
*Neolarra verbesinae (Ckll) 
* Holcopasites calliopsidis (Linsley) 
*Biastes brevicornus Panzer 
*Nomada rufipes Fabr. 
*Ctenioschejus goryi Romand 
*Ericrocis ointada Snelhne & Zavortink 
‘Mesonychium littoreum Moure 
* Thyreus calceata (Vachal) 
* Zacosmia maculata Cresson 


