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Summary. Males of the solitary sweat bee, Nomia trian-
gulifera, patrol over large areas where thousands of fe-
males emerge, searching for receptive females. The daily
operational sex ratio is strongly male-biased. Males con-
tact dead, frozen (untreated) females more frequently
than they contact females which were washed in hexane,
showing that olfactory cues are utilized in mate-finding.
A major source of female sex pheromone is in the head.
Male pouncing on females is temporally non-random,
indicative of group stimulation. Bioassays show that
newly emerged females are more attractive to males than
are older pollen-collecting females. Female odors are in-
dividually distinctive, based on male responses, and
there is much variation among females in their attractive
properties. Male responses to female odors suggest that
learning is important for mating in natural populations.
In contrast, the following hypotheses are unlikely to ac-
count for the observed behavior: (1) dissipation of fe-
male odors; (2) site learning and avoidance behavior
by males; (3) decay of male motivation; or (4) male-
produced repellents effective against other males. Labo-
ratory and field studies show that female Lasioglossum
figueresi produce individually-distinctive odors, which
are attractive to males. There is considerable inter-indi-
vidual variation among females in their attractiveness
to males among sexually immature females. Male re-
sponses to female odors decay over the course of the
presentation, suggesting the importance of learning in
natural populations, although several alternatives could
not be tested.

Introduction

Female bees, wasps, and ants (Hymenoptera, Aculeata)
are well-known for their sophisticated learning abilities
(see von Frisch 1967; Hoélldobler and Lindauer 1985;
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Fletcher and Michener 1987). In contrast, the influence
of prior experience on male behavior is little known,
despite suggestions from Darwin (1871) and others that
learning might be important in sexual selection (Robson
and Richards 1936; Lloyd 1980; West-Eberhard 1983).
Barrows (19754a, b) and subsequent authors showed that
males of an eusocial bee, Lasioglossum (Dialictus) ze-
phyrum (Smith) (Halictidae), habituate to odors of nest-
mate females, and of unreceptive females, and modify
their behavior in ways appropriate to the situation,
under both laboratory and natural conditions (Green-
berg 1982; Smith 1983; Smith and Ayasse 1987; Wcislo
1987; reviews: Michener and Smith 1987; Greenberg
1988).

These studies seemingly support the hypotheses of
various authors that male learning by hymenopteran
species represents an evolutionary origin for the recogni-
tion systems which permit cohesive kin-based social
groups (Holldobler and Michener 1980; Michener 1982;
Michener and Smith 1987; Greenberg 1988; also Jacobs
1924, cited in Linsley 1958). In particular, since males
can learn odors of female nest-mates, they later avoid
the same or similar odors to prevent inbreeding, and
also avoid very dissimilar female odors to prevent ex-
treme outbreeding [after Bateson 1983; for genetic con-
sequences, see Lynch (1991); Serradilla and Alaya
(1983)]. Male learning of individual odors also might
reduce mating effort expended on previously-encoun-
tered unreceptive females (Wcislo 1987; Michener and
Smith 1987).

Almost nothing is known, however, about learning
by males in solitary species or populations. This paper
reports experiments on a solitary bee, Nomia trianguli-
fera (Nomiinae), which certainly represents a pre-social
level of evolution, and the bee Lasioglossum (Dialictus)
figueresi (Halictinae), which might be secondarily soli-
tary, based on morphological comparisons with its rela-
tive, L. (D.) aeneiventre (Wcislo 1990). The objectives
are to (i) ascertain whether or not males respond to
and learn individually different female-produced odors
under semi-natural conditions; (ii) determine the sources
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of female-produced odors; and (iii) study the role of
social facilitation among males.

Materials and methods

Natural history

Nomia triangulifera. Mating behavior was studied at large nesting
aggregations on a farm along the Kansas River (Douglas Co.,
Kansas). The number of nesting females varied from about 50000
to over 150000 (between 1987 and 1990), and roughly equal
numbers of males and females were produced (details in R.L.
Minckley, W.T. Wcislo, D. Yanega, and S.L. Buchmann, in prepa-
ration). N. triangulifera is active from mid-August through Sep-
tember in northeastern Kansas, and experiments reported here were
conducted between 1984 and 1987.

Populations were protandrous. After emerging, males flew close
to the ground in great numbers over areas where females emerged,
and were also abundant on plants (Helianthus annuus L.) from
which females gather resources. Males pounced on females, and
displayed elaborate pre-copulatory behavior (Weislo et al., in press
a). They sometimes briefly pounced on other males or small wasps.
Approximately 2-3 weeks after emergence, males became scarce
at the site and on sunflowers. Voucher specimens are in the Snow
Entomological Museum, University of Kansas (SEMUK).

Lasioglossum figueresi. These bees nested in vertical earthen banks
along trails near San Antonio de Escazi, Costa Rica (details in
Weislo et al., submitted b). Female and male brood were present
in equal numbers. Adults emerged to mate in mid- to late-June
during a characteristic lull of the wet season. Males patrolled
among bushes along a vertical earthen bank opposite the one where
females nested (the banks were about 3 m apart, and the length
of the patrolled area was about 20 m). Males became progressively
less abundant throughout July, and were rare by the end of the
month (1988).

Flight patterns were less frenetic than those of smaller L. (Dia-
lictus) (Batra 1966; Michener and Wille 1961 ; pers. obs.). A male
approached a female (Fig. 1, left), flying a serpentine path. Males
pounced on females that landed on a leaf, twig, or the bank, and
the pair then fell to the ground (2=17). In one case, mating was
brief (43 secs), as in some other L. (Dialictus) (Barrows 1975 b),
with no courtship other than copulatory vibrations. Males also
sometimes pounced on other males, wasps, etc. Voucher specimens
are in SEMUK, the Instituto Nacional de Biodiversidad (Heredia,
Costa Rica), and elsewhere (Wcislo 1990).

Emergence patterns and patrolling behavior in Nomia triangulifera

The potential for intra-sexual competition was estimated by mea-
suring the daily operational sex ratio [OSR: the number of recep-
tive females emerging on a date, divided by the cumulative number
of males emerging to date, assuming males live 13 days (which
represents the mean longevity of females)]. Emergence phenologies
(1989 and 1990) were determined by placing three 1 x 0.5 m and
one 1x1m emergence traps (W.T. Wcislo and R.L. Minckley,
in preparation) over areas where bees nested the previous year.
Traps were checked daily, the numbers and sexes of emerging bees
were recorded, and the bees were removed.

There was yearly variation in the locations and sizes of the
arcas where females emerged, and where males patrolled, but this
reflected agricultural land-use patterns. Results from a preliminary
mark-recapture study show that some males remained within the
area (either 9 m? or 100 m?) where they were first marked (sec
Weislo 1991). No marked males were recaptured at distances
greater than 100 m, despite the fact that most probably flew much
further to visit sunflowers for nectar. Consequently, I assumed

Fig. 1. Left: a male Lasioglossum figueresi (body length about
6 mm) approaches a pinned, unextracted female (cropped from
photograph); middle: a male attempts necrophilic copulation with
an unextracted female; right: several males climbing on another
male attempting to mate with an unextracted female

that there were different sub-populations of males at different ends
of the fields.

Role of male learning of female odors in Nomia triangulifera

Putative female sex pheromones were studied by comparing the
attractiveness to males of frozen untreated females versus hexane-
washed females. Emerging females were collected in an insect net,
and transferred to individual 6-dram glass vials. Vials were carried
to the laboratory on ice, and placed in a freezer to kill the bees;
they are called unextracted females below (n=20). An additional
20 female bees, collected and killed as described above, were given
3 washes in excess hexane, baked in a 50° C oven for 24 h, and
then placed in individual vials. These extracted females were pre-
sumably devoid of any volatile chemicals. The extraction protocol
did not obviously change the visual appearance of females. Vials
were stored overnight in a freezer, and then carried to the field
the next day on ice in a cooler. Females were coded so that during
tests and video analyses I did not know their class.

A test involved taking a frozen female from a vial, sticking
anew #2 or #3 insect pin through her thorax, and then inserting
the pin in the soil so that the bee was 2-3 cm above the surface.
Responses of males were videotaped using a tripod-mounted Pana-
sonic® camera. Videos were scored by counting the numbers of
males approaching and contacting the pinned female for each min-
ute during a 5-min period.

A contact was unequivocal, and varied from a brief touch, to
extended copulation attempts. Approaches were obvious when the

Fig. 2. Digitized flight paths from video recordings (August 1986)
of male Nomia triangulifera responding to frozen unextracted fe-
males (black circles). Arrows indicate wind direction. Flight paths
A4 and B involve approaches and contacts, while paths C and D
involve only approaches
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male faced the female and flew near (<5cm) her, hovering or
flying along a serpentine to semi-circular flight path (after Kullen-
berg 1973; Smith 1983; Wcislo 1987). Representative flight paths
of approach and contact (Fig. 2) were made by copying a video
image to a computer with a digitizing bit-pad (input at 11 data
points/sec). Approach becomes more subjective in distinguishing
some cases (e.g., Fig. 2C) from a male just flying by; more empha-
sis is placed on biological interpretations of rates of contact. Fur-
thermore, most males were not marked, so it was not possible
to distinguish between one male contacting a female twice, and
two different males doing so once each [see Hirsch and Holliday
(1988) for a criticisms of using group data to study learning].

Male learning of individual female odors was studied by pre-
senting unextracted females (n=30) to males at two sites, Al and
Bl (order of presentation determined by a coin flip), each for
5 min; these bees were presented a second time at A and B (indicat-
ed by A2 and B2), and then at a third site C (note the order
of testing was not blind; methods from Wcislo 1987). Sites A and
B were approximately 100 m apart on a line roughly parallel to
the direction of the prevailing winds, and site C was > 500 m away
at the other end of the farm. Male behavior was scored for each
minute of a 5-min period. An additional 10 unextracted females
were left exposed to air (away from males) for 30—60 min before
they were presented to males to determine if putative attractants
dissipated over time at field temperatures (29-31° C).

To determine if male response wanes with time, another 34
frozen unextracted females were presented to males at the same
site, and data were recorded and analyzed as above.

Localization of Nomia triangulifera female odors and age-related
variability

To localize the source of potential pheromones, the head, mesoso-
ma (thorax), and metasoma (abdomen) of an unextracted female
(n=30) were separated using clean razor blades, and each tagma
was individually crushed immediately before testing onto clean 2 x
4mm black velvet rectangles. These rectangles were then tested
as for unextracted females (n=30 for each group of tagmata).
Results indicated that unextracted females differed in their at-
tractiveness to males. To determine if differences were related to
age, I compared the attractiveness of newly emerged females, with
older females already provisioning nests. Emerging females (n=15)
were collected and prepared as above, and pollen-carrying females
were captured as they returned to their nests (n=15; each female
was tested at three sites, and there were no significant differences
among sites, so results were pooled to give n=45). Pollen-carrying
females were conspicuously yellow, so these tests were not blind.
To determine if the yellow color of pollen influenced male response,
an additional five pollen-collecting females were likewise obtained
and frozen. As much pollen as possible was removed with an insect
pin and a fine brush, and the bees were thoroughly washed in
several changes of distilled water, and returned to the freezer.

Social facilitation among males of Nomia triangulifera

To determine if the activity of other males influences patrolling
males, randomly chosen 1-min periods of video from 25 unex-
tracted females were divided into 60 events each (25 periods; total
number of 1-s events=1500). An event was scored as “yes” if
a male approached the female during that time, and as “no” if
a male did not approach the female. Males that remained and
courted the dead female were counted only once.

Cage experiments on individual odors in Lasioglossum figueresi
Male and female pupae from different natal nests (collected in

mid-April) were transferred to plastic tissue culture trays, with
several pupae per plastic cell. All bees, therefore, had social experi-
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ence following eclosion. Young (callow) adults were kept together
for 48 h and periodically fed honey-water (1:1). A total of 19 unex-
tracted female bees and 11 extracted bees were prepared as de-
scribed for N. triangulifera. Also 11 males (48-96 h post-eclosion)
were transferred to an inverted mesh “fish cage™ (16 x 12 x 12 cm),
and were given honey-water ad libitum (methods in Greenberg
1982).

To determine if males respond to females’ odors, their behavior
was compared when they were presented with unextracted or ex-
tracted females. Coded females were pinned, and individually
placed in the cage with males (food removed), which was placed
outdoors in bright sunlight in still air. Approaches and contacts
were counted using hand-held counters for each minute during
5 min.

Field studies on mate attraction and learning
in Lasioglossum figueresi

Some experimental studies required several groups of naive males.
I located one population of active males, and mark-recapture stu-
dies (Wcislo 1991) showed that males did not restrict their flight
paths to a subset of the area where males occur, unlike some other
Lasioglossum (Dialictus) species (Kukuk 1989 and reference there-
in). Consequently, it was not appropriate to assume that there
were different sub-populations of males, precluding certain experi-
ments.

Experiments on learning used protocols described for Nomia,
with modifications. Adult female bees (n=20) were collected from
nest excavations at one aggregation, placed in individual glass vials
and killed by freezing. Frozen bees were stored overnight in a
freezer, and the next day were carried in a cooler with ““ice substi-
tute” (Coleman’s Chillers) to another nest aggregation (*‘Near
site” and **Nice view” of Wcislo et al., in press b). Females were
pinned and placed at the ends of branches of bushes along the
bank where males patrolled (Fig. 1, middle); this site was mid-way
between the ends of the patrolled area. Responses were scored
per minute for 4-min periods, and again not all males were marked.
An additional 5 unextracted females were left exposed to air (away
from males) for 30-60 min before presentations to males to deter-
mine if putative attractants dissipated after exposure to air (23—
27° C).

Statistical considerations

Different N. triangulifera test sites were chosen to have approxi-
mately the same densities of patrolling males, but these were not
quantified. In order to correct for differences in male densities,
the number of contacts per female was divided by the approaches
to that female. This measure of “attractiveness” (contacts/ap-
proaches=C/A) is a ratio, and approaches and contacts are not
independent, so an arcsine transformation seems biologically inap-
propriate. The data resulting from these experiments should be
viewed in this light (from Wcislo 1987).

Statistical tests are indicated in the text, and were taken from
Conover (1971) or Sokal and Rohlf (1981), or from Statview on
a Macintosh computer. Unless indicated otherwise, means are giv-
en with their standard errors.

Results
Operational sex ratio (OSR) in Nomia triangulifera

Males began emerging in mid- to late-August, and emer-
gence continued for about 2 weeks. Several days later
females began emerging, and thereafter male and female
emergence periods overlapped. The population sex ratio
varied from equality to slightly male-biased (R.L.
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Fig. 3. Operational sex ratio (OSR) per day during the mating
season for Nomia triangulifera for 1989 (black dotsy and 1990 (white
circles)

Minckley et al., in preparation), while the daily OSR
was always heavily male-biased, even at peak female
emergence (Fig. 3). Consequently, males probably com-
pete for receptive females.

Nomia triangulifera female odors as sexual releasers

Male response to female visual stimuli was increased
by the presence of female odors, as shown by comparing
the mean number of contacts per approach (C/4) on
frozen unextracted females [x=0.740.15 (SD), n=30,
for site A1] versus extracted ones [x=0.1 +0.1 (SD), n=
20] (P<0.001, Mann-Whitney U test). Young females,
not yet carrying pollen, were contacted more frequently
per minute (¥=15.61+0.76, n=45, pooled for first presen-
tations of 15 females at each of 3 sites) than older fe-
males already carrying pollen (x=1.14+0.18, n=45)
(P<0.0001, r=4.6, t-test; also significant with Mann-
Whitney U test). These young females were also con-
tacted more frequently than pollen-collecting females
with their pollen removed [¥=1.240.24, n=15 (5 fe-
males at 3 sites)] (P <0.0001 with z-test or Mann-Whit-
ney U test). These findings suggest that the color of
pollen does not deter males (the odors associated with
lipids from the pollenkitt could mask female odors, but
were not controlled). A comparison of male responses
to black squares with crushed heads of young and old
females gives similar results (below). The differential
male responses, therefore, are probably not due to the
yellow pollen, but to female maturational changes. In
numerous hours of observations for other studies, pol-
len-laden females (>100) always rejected courting
males.

Bioassays show that a major source of the sex phero-
mone is in the females’ heads. The mean number of
contacts for “ Nomia heads™ of newly emerged females
was 8.0+ 0.69 (n=30), greater than the number of con-
tacts to the corresponding ““ Nomia abdomen” (¥=3.5+
0.43, n=30) (P<0.0001, t="7.9, paired t-test). Both of
these values were greater (P < 0.0001; paired or unpaired
t-tests) than responses to either *“ Nomia thoraces” (x=
1.3+0.22, n=30) or a blank black velvet square (x=
1.0+ 0.19, n=15). Heads from females that already were

collecting pollen were contacted less frequently (x=
2.140.53, n=10) than those from females not yet col-
lecting pollen (above; P <0.05, Mann-Whitney U test).

The role of learning by male Nomia triangulifera

Based on unextracted newly emerged females, the mean
C/A for the first presentation at site A is slightly more
than those at B1 and C (P=0.011), and there were no
significant differences between B1 and C (P>0.4, Wil-
coxon Sign Rank test) (Fig.4). Differences in the
numbers of approaches between these sites were not sig-
nificant (P> 0.2). The mean C/A4 for A1 was significantly
greater than for the second presentation at the same
site A2 (P=0.004). In contrast, at site B there was a
slight increase in mean C/A4 between first (B1) and sec-
ond (B2) presentations, but the difference was not signif-
icant (P>0.5). These mixed findings indicate that al-
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Fig. 4. Mean (+SD) number of contacts per approach for the
same unextracted females presented twice at sites 4 and B, followed
by presentations at site C
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Fig. 5. Line graphs showing the contacts/approach by males to-
wards individual frozen unextracted female Nomia triangulifera for
repeated presentations of the same females at different sites
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though male learning may occur, its biological signifi-
cance may be swamped by other factors (see Discussion).
Examples showing individual variability in female at-
tractiveness at different sites and presentations is given
in Fig. 5.

The viedeotaped responses of males to frozen females
(n=34) over time at a single site (B) are summarized
in Fig. 6. These analyses show that the number of males

. approaching unextracted females was not significantly
- different throughout a 5-min period (Fig. 6, top). The
. number of contacts (Fig. 6, middle) and the number of
- contacts/approaches (Fig. 6, bottom), however, were sig-
- nificantly less for the second minute compared to the

first following initial presentation (both P=0.002), and
still less for the third minute (P=0.001), but thereafter
were not significantly different (P> 0.05).

The decay in responsiveness of males to unextracted
females can be interpréted with one of the following
hypotheses (modified from Wcislo 1987): (1) female
odors dissipate rapidly and are less pronounced during
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Fig. 6. The mean (+ SD) number of approaches (top), contacts
(middle), and contacts/approach (bottom) by male Nomia trianguli-
fera presented with unextracted females. Within each graph, values
not sharing characters are significantly different at P<0.05. Data
are based on analyses of videotape. Time is min
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subsequent presentations; (2) males learn to avoid the
places at which unreceptive females are presented; (3)
males learn that unextracted females are not sexually
receptive and during subsequent encounters they tend
not to respond to those learned odors; (4) male motiva-
tion decays spontaneously after initial activation (if fe-
males are perceived as a class); (5) males deposit individ-
ually distinctive chemical badges enabling them to recog-
nize and ignore already contacted females (assuming
males do not respond to the badges of other males);
or {6) males mark females with repellents (““antiaphrod-
isiacs”’) that deter other males prior to intromission (cf.
Kukuk 1985).

Females presented at site C remain attractive to
males, despite repeated contacts from other males, so
hypotheses related to dissipation of odors (1) and male
repellents (6) can be eliminated. Furthermore, unex-
tracted females left exposed to the air (<60 min) were
contacted [mean C/4=0.67+0.21 (SD)] at rates similar
to females kept on ice (P>0.3). Site learning (2) and
motivational decay (4) can be eliminated since males
pounced on novel females presented at the same site.
Most males were not individually marked, so the signifi-
cance of male recognition badges (5) cannot be deter-
mined on the basis of this experiment.

Social facilitation among male Nomia triangulifera

Habituation can be broken by novelty, or by apparent
novelty, if individuals pay attention to the behavior of
others that are responding directly to a stimulus. The
importance of this simple group effect was determined
by detailed analyses of video tapes. Records of 25 one-
minute periods are summarized in Fig. 7. Tested individ-
ually, in 6 of these 25 periods the distributions of ap-
proaches deviated from random (P <0.05), and overall
the pooled data are significantly non-random (Wald-
Wolfowitz runs test, T=510, P<0.05). The temporal
distribution of pounces suggests that males respond to
the activity of other males, in addition to their responses
to female odors. Males infrequently contact frozen or
otherwise dead (untreated) males (unpublished data),
nor do they usually pounce on other flying males, even
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Fig. 7. Results for 25 one-minute periods in which each second
was treated as an event with two possible outcomes: a male ap-
proaches (black box) or a male does not approach (white box)
a pinned, unextracted female Nomia triangulifera. m 3 approach
to unextracted ¢; 0 no & approach to unextracted ¢
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Table 1. Responses of caged male Lasioglossum figueres to unex-
tracted or extracted frozen conspecific females

Female contacted?

Yes No
Unextracted ¢ 17 2
Extracted @ 1 10

P<0.0001, Fisher’s exact test, and Pearson’s Phi

when the latter are near the source of female odor, al-
though occasional homosexual courtships occurred.

Olfactory sexual releasers in Lasioglossum figueresi
(cage experiments)

In small laboratory flight cages newly eclosed adult
males pounced on unextracted females more frequently
than they did on extracted ones (Table 1). The presence
of olfactory cues reduced a male’s threshold to respond
to other cues, even though newly eclosed males and fe-
males in nature are not sexually active.

The rate of male pouncing on dead females (0-5 con-
tacts per 5-min period) was much lower than that ob-
served under natural conditions, and may relate to sex-
ual maturation of the males or females. Ovaries of these
females were slender. Two frozen unextracted females
were not contacted by males. Of the 17 contacted fe-
males, 8 were sufficiently attractive to cause the male
to evert his genitalia and remain mounted on the dead
female for 12-244 s [x=73+73.9 s (SD), n=10 males].
Males did not perform any visible courtship behavior.

Field studies on olfactory sexual releasers and learning
in Lasioglossum figueresi

Males left their natal nests in mid-June, and (at least
at one site) patrolled among vegetation along an earthen
bank where females nested. They began flying at 0900
hours on clear, sunny days, and continued to fly until
mid-afternoon when it became cloudy or rained. Males
were not obviously aggressive to one another while fly-
ing, but vigorously pushed other males which were
crawling on frozen females (Fig. 1, right).

Free-flying males were attracted to females when
stimulated by chemical cues, and readily attempted to
copulate with models (Fig. 1, middle). The mean number
of contacts/approaches per minute for all presentations
(n=76) of unextracted females was greater [¥=0.35+
0.17 (SD)] than the rate in cage experiments. In this
population there is much variability in that some females
were frequently contacted and some infrequently con-
tacted (Fig. 8).

The mean (+SD) number of contacts per approach
(C/A) for L. figueresi is given in Fig. 9, for each of 4 min
during a presentation. The mean C/A4 for the first minute
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Fig. 8. Line graphs showing the contacts/approaches by males to-
wards towards individual unextracted female Lasioglossum figuere-
si
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Fig. 9. The mean (+ SD) number of contacts/approach for male
Lasioglossum figueresi presented with the odors of unextracted fe-
males. Values not sharing the same characters are significantly dif-
ferent at P<0.017. Time is min

(¥=0.49) was significantly greater than the C/A4 for the
second minute (7,=14, P=0.001, Wilcoxon sign rank
test); there is a trend towards decreasing response in
the remaining minutes, but the decreases were not signif-
icant.

The decay in responsiveness of male L. figueresi to
unextracted females may stem from any of the hypothe-
ses given for N. triangulifera. For L. figueresi several
of these possibilities could not be tested, since only one
population of males was available, and individuals pa-
trolled over the entire site. Males sometimes remained
on females for long periods of time, and males displayed
such behavior throughout trials, so it is unlikely that
females per se became progressively less attractive (hy-
pothesis 1). Females exposed to air for <60 min were
as attractive to males [C/4, ¥=0.46+0.12 (SD), n=135]
as were females that were frozen until the time of testing
(P>0.5, Mann Whitney U test). Dissipation of odors,
therefore, is probably not responsible for the decay in
responsiveness. Site learning (hypothesis 2) and motiva-
tional changes (hypothesis 4) are probably not important
since the presentation of novel unextracted females again




attracted males. It is, therefore, possible to eliminate
hypotheses 1, 2 and 4, while those related to male-pro-
duced badges (5) and repellents (6) could not be tested,
and cannot be rejected.

Discussion

The following conclusions emerge from this study: (1)
male solitary bees, Nomia triangulifera and Lasioglossum

" (Dialictus) figueresi, are sexually attracted to female
odors; (2) bioassays using male behavior show that fe-
males produce individually distinctive odors; (3) for N.
triangulifera a major source of the odors is a cephalic
gland, and the attractive properties change with age or
mated status of the females (cf. Engels and Engels 1988);
(4) male learning of individual female odors is the better
supported hypothesis to account for changes in male
behavior toward female odors in N. triangulifera, and
is one of three possible hypotheses remaining for L. fi-
gueresi; (5) females vary in their attractiveness to males,
or males vary in their responsiveness to females; and
(6) males of N. triangulifera increase their sexual pounc-
ing behavior in the presence of other active males, indi-
cative of social facilitation.

Mate attraction

Results from studies of both L. figueresi and N. trianguli-
fera show that males more frequently respond to female
visual stimuli in the presence of olfactory cues. In gener-
al, male bees and sphecid wasps will pounce on small,
dark objects (dots, dead bees, and so forth) that are
female-sized, especially in the presence of female odors
(e.g., Barrows 1975a; Evans and O’Neill 1986, 1988;
Kullenberg 1973; Tengdé and Bergstrom 1977; Tengd
1979; Bergmark et al. 1984; Free 1987; Tengd et al.
1988 ; Shimron and Hefetz 1985; for vespid wasps, Keep-
ing et al. 1986; Ono and Sasaki 1987). Inferential evi-
dence suggests there is scrambling competition among
males for receptive females (see Alcock et al. 1978). At
least for solitary species and populations, it seems un-
likely that such conditions would generate selection for
refined discriminating abilities by males (i.e., rejecting
receptive females).

The relative importance of visual and olfactory cues
for mate recognition is known for only a few apoids
{see Eickwort and Ginsberg 1980). For N. triangulifera,
the number of males contacting an odorless (extracted)
female was not significantly greater than the number
contacting a black rectangle, suggesting that visual cues
alone do not provide specific stimulation. Similarly,
black models with crushed female heads (appropriate
olfactory cue + inappropriate visual cue) were con-
tacted more frequently than were extracted whole fe-
males (no olfactory cue + appropriate visual cue). Mod-
els with the large scopae of female Dasypoda altercator
were more attractive to conspecific males than were
models without the scopae, and models with odor were
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more attractive than models without odors (Bergmark
et al. 1984; also see Butler 1965; Barrows 1975b; Meyer-
Holzapfel 1984; Koeniger 1990). In most cases, a variety
of cues seem to provide information which enables males
to recognize and respond to sexually receptive females
as rapidly as possible.

The significance of male learning for mating behavior

Responses of male L. figueresi and N. triangulifera to
unextracted females at a single site resemble a waning
response expected under habituation: soon after the ini-
tial presentation, the responsiveness of males gradually
decays. Habituation to individual odors of unreceptive
females occurs in a social bee (Barrows 1975a; Green-
berg 1982; Wcislo 1987; Smith and Ayasse 1987), and
effectively serves to decrease mating effort (sensu Low
1978) invested in previously-encountered unreceptive
worker females [see Robacker et al. (1976) for an exam-
ple in parasitic wasps]. This effect of habituation is sig-
nificant for bees since under natural conditions numer-
ous females are not receptive, and males probably com-
pete for access to mates (e.g., Batra 1966). Habituation
by males (Thorpe 1963; Peeke and Herz 1973; Peeke
and Petrinovich 1984), in combination with female nest-
ing philopatry, should result in intermediate levels of
outbreeding (see Wcislo 1987).

Social facilitation and apparent female variability

The responses of different males to individual female
odors are temporally non-random, suggesting that males
respond to movement of other males. Increased response
of reacting individuals is indicative of social facilitation
(““group stimulation™) (e.g., Allee 1938; Clayton 1978).
Stochastic fluctuations in the density or distribution of
patrolling males, coupled with learning, may be ampli-
fied in unpredictable ways (cf. Allen and Sanglier 1978;
Deneubourg et al. 1987), and locally exacerbate intra-
sexual competition [see Wade and Pruett-Jones (1990)
for consequences of ““female copying™ behavior]. Such
behavior might also help explain some of the inter-indi-
vidual variability in apparent female-attractiveness (also
Wecislo 1987). Additional sources of variation include
differences due to imprecision or noise in the neural con-
trol of behavior (Jander 1968; Eberhard 1990), individ-
ual variability in sensory systems (Christensen et al.
1990; see Miller et al. 1960), or the weather (Larsson
1989).

Variability in female attractiveness implies that some
females might be less likely to mate than others because
they are less likely to attract partners (see Gadagkar
et al. 1990 for vespid wasps). Among recently emerged
L. figueresi, males in a flight cage were attracted to some
females but not others. These differences might be
especially relevant for social bees since a discriminating
male mating with a future gyne will have higher average
fitness than one mating with a worker. Female variability
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in attractiveness (*“desirability”) to males, however, has
been described for a fly, Drosophila silvestris (Spiess and
Carson 1981), and may be widespread among animals
(see Williams 1959).

Mating, learned recognition, and social evolution

Learning abilities by males of solitary aculeates have
been hypothesized as one source of variation for the
origin of nest-mate recognizing abilities in social species
(e.g., Holldobler and Michener 1980). In N. triangulifera,
L. figueresi, and many other species, males compete with
other males (Alcock et al. 1978; Thornhill and Alcock
1983). Under these conditions selection for refined dis-
criminating abilities is expected to be stronger in females
than in males [possible exceptions include Dianthidium
ulkei (Frohlich and Parker 1985), and Halictus ligatus
(Packer 1986)]. Although there may be some cost to
mating repeatedly (e.g., decreased longevity), as known
for abnormal and normal Drosophila females (Bellen and
Kiger 1987; Fowler and Partridge 1989), the typically
biased operational sex ratio (OSR) suggests that few
males naturally have opportunities to mate themselves
to death. Competition among males should create selec-
tion for abilities to rapidly habituate to cues associated
with unreceptive females, coupled with selection against
discriminating among the smaller classs of receptive fe-
males. The latter should diminish as the direct fitness
of receptive females becomes more variable, as for social
species (Packer 1986). In such situations, females pro-
ducing discriminating sons might realize higher average
fitness. In general, however, learning enables males to
decrease time spent with females known to be unrecep-
tive from previous experience. Zawistowski and Rich-
mond (1985; also Zawistowski 1988) reach a similar con-
clusion from studies of male learning in Drosophila. As
with the bees, the majority of female fruitflies in nature
at a given time are not receptive (e.g., Gromko et al.
1980).

Female bees put much effort into rearing offspring,
and males do not. This asymmetrical investment implies
that females will be the discriminating sex (see Trivers
1972; West-Eberhard 1983; Wade 1987), but little is
known about female mate-choice in bees (see Wcislo
etal., in press b). In some Apoidea (e.g., Xylocopa)
males release volatile chemicals to attract females, which
fly from one territory to another, and eventually mate
with a male (e.g., Minckley et al. 1991). If females make
comparisons, then they must learn some features of a
male’s phenotype for comparisons with subsequent
male(s), creating conditions under which sexual selection
can operate for more refined female discriminatory abili-
ties (for a general discussion, see Wcislo 1989). If sexual
selection is considered, especially in light of the natural
selection on females for nest recognition abilities
(Holldobler and Michener 1980; Wecislo, in press), then
an elaboration of the female sensory system represents
a more plausible origin for nest-mate recognition by fe-
male Hymenoptera than a sex-related origin which as-
sumes that males learn in order to discriminate among

receptive females, accepting some and rejecting others
(see Ratnieks 1991).
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