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Summary. In Perdita portalis, a ground nesting, communal bee, males are clearly dimorphic. The two male
morphs are easily distinguished based on head size and
shape into (1) a flight-capable, small-headed (SH) morph
that resembles the males of other closely related species
and (2) a flightless, large-headed (LH) morph that possesses numerous derived traits, such as reduced compound eyes, enlarged facial foveae and fully atrophied
indirect flight muscles. The SH morph occurs exclusively
on flowers while the LH morph is found only in nests
with females. While on flowers, SH males are aggressive,
fighting with conspecific males and heterospecific male
and female bees, and they mate frequently with foraging
females. Using artificial observation nests placed in the
field, I observed the behavior of females and LH males
within their subterranean nests. LH males are aggressive
fighters; males attacked each other with mandibles
agape, and male-male fights always ended in the death
of one male. LH males are highly attentive to the reproductive behavior of females; they spend increasing
amounts of time near open cells during cell provisioning,
and mating only takes place immediately prior to oviposition when females are forming the accumulated pollen
and nectar into a ball. Based on larvae reared to adulthood in the laboratory, the two male morphs occur in
equal proportions. The behavior of males in closely related species, especially P. texana, and the origin and
maintenance of male dimorphism are discussed.

Introduction
Perdita (Macroteropsis) portalis is an unusual bee because of the existence of two discrete male morphs that
differ both in structure and behavior. One male morph
is capable of flight, relatively small-headed and regularly
* Current address: Department of Entomology, National Museum
of Natural History, Smithsonian Institution, Washington, DC
20560, USA

found on flowers visited by foraging females (SH
morph). First discovered by Rozen (1970), the other,
derived, morph is strikingly modified, as judged by comparison with related bees, possessing an expanded head
capsule, enlarged facial foveae, reduced compound eyes,
elongate pointed mandibles, a three-pronged clypeus,
and reduced thoracic musculature, which renders it
flightless and restricted to a life within the natal nest
(LH morph). Unlike most of the close relatives of Perdita
portalis, which show continuous variation in head size,
albeit with strong positive allometry, the males of P.
portalis are truly dimorphic.
Flightless, macrocephalic males are known from a
number of Hymenoptera: fig wasps in the genera Idarnes
and Philotrypesis (Hamilton 1979; Murray 1987), ants
in the genus Cardiocondyla (Stuart et al. 1987a, b; Kinomura and Yamauchi 1987), and in a communal halictine
bee, Lasioglossum (Chilalictus) erythrururn (Kukuk and
Schwarz 1988). In all of these examples, flightless males
engage in lethal male-male fighting in an enclosed space
like a fig receptacle or a natal nest. Males that survive
inter-male combat have access to a large number of receptive females, with whom they mate. Based on the
results presented in this study, male dimorphism in P.
portalis has arisen in a similar context. Large-headed,
flightless males remaining in the natal nest are capable
of lethal male combat and mate repeatedly with the female residents immediately prior to oviposition. Sexual
selection, due to the advantages of last male mating,
appears to be responsible for the evolution of this bizarre, macrocephalic male morph.
The nesting and foraging behavior of female P. portalis has been described elsewhere (Danforth, in preparation), but can be summarized as follows. This species
occurs from north-central Arizona east to the southwestern corner of New Mexico (Hidalgo, Grant and Luna
counties) and south to Zacatecas state, Mexico (Timberlake 1954, 1968). Females nest communally, with up to
29 adult females and 26 adult macrocephalic males per
nest. Nests consist of subterranean tunnels leading to
brood cells approximately 10 cm below the surface.
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Fig. 1. Summary of typical female behavior throughout the day. Time throughout the day divided into three time periods: pre-provisioning,

provisioning, and post-oviposition

E a c h female resident c o n s t r u c t s one cell p e r d a y a n d
fully p r o v i s i o n s it with p o l l e n a n d n e c t a r collected f r o m
species o f Sphaeralcea ( M a l v a c e a e ) . F o r a g i n g occurs between 0900 a n d 1500 h o u r s a n d each cell is fully p r o v i s i o n e d with f o u r to eight f o r a g i n g trips. F o l l o w i n g the
last f o r a g i n g trip, females a d d n e c t a r a n d s h a p e the accum u l a t e d p o l l e n into a s p h e r i c a l p o l l e n - n e c t a r ball. A n
egg is laid o n the p o l l e n ball a n d the cell is closed w i t h
soil. This cycle is r e p e a t e d d a i l y t h r o u g h o u t the p e r i o d
o f Sphaeralcea b l o o m , u s u a l l y f r o m late July t h r o u g h
m i d - S e p t e m b e r (Fig. 1). Based o n o b s e r v a t i o n s o f females w i t h i n artificial nests, there is no evidence o f c o o p e r a t i o n o r r e p r o d u c t i v e division o f l a b o r .
Nests are large, w i t h over 200 c o m p l e t e d cells p e r
nest, a n d are r e - u s e d b y several g e n e r a t i o n s . T h e r e f o r e ,
active nests c o n t a i n one to several matrilines, d e p e n d i n g
on the n u m b e r o f females initially f o u n d i n g the nest.
T h e r e is s o m e o v e r l a p o f g e n e r a t i o n s because eggs laid
early in the nesting season m a y p r o d u c e a d u l t s t h a t
e m e r g e in the l a t t e r p a r t o f the season. H o w e v e r , the
m a j o r i t y o f o f f s p r i n g enter d i a p a u s e a n d r e m a i n as lasti n s t a r l a r v a e ( p r e p u p a e ) t h r o u g h the winter.

Materials and methods
This study was conducted at a locality 2 km north of Rodeo, Hidalgo County, New Mexico, where approximately 10 nests in 1987,
24 nests in 1988, and 33 nests in 1989 were located. Nests were
found at other localities in both 1988 and 1989:30 km north of
Hachita, Grant County, NM (1988) and 9.2 km east of Animas,
Hidalgo County, NM (1989). All localities were mixed Chihuahuan
desert/grassland habitat with scattered Sphaeralceaplants, the sole
source of pollen and nectar for this species. Sphaeralceasubhastata
predominates at the Rodeo locality and S. angustifolia at the Animas locality.
Body weights were measured either "wet" (live or freshly killed)
or " d r y " (dried for at least 2 days at 55° C7). In order to calculate
the relationship between wet and dry body weight, freshly killed
bees were weighed, then dried and reweighed. Weights were mea-

sured to the nearest 0.01 rag. Linear measurements were made on
a sample of 99 males, half of which were collected as adults in
nests or on flowers, and the other half reared to adulthood from
larvae or pupae collected in nests. Measurements (Fig. 2) included
intermandibular distance (IMD), intertegular distance (ITD), forewing length (FWL), and hindtibia length (HTL). Measurements
were made using a binocular microscope equipped with an ocular
micrometer. Scaling relationships were calculated using major axis
(Model II) regression of log-transformed data (Sokal and Rohlf
1981 ; LaBarbera 1989).
Nests were excavated by blowing a fine mist of talcum powder
down the tunnels and carefully digging away the soil with a penknife. Care was taken to excavate nests early or late in the day
or on cloudy days, in order to insure that all the resident bees
were present. Larvae and pupae were placed in 96-well tissue culture dishes for rearing in a laboratory incubator at 30° C.
In order to observe the behavior of males and females within
nests under semi-natural conditions, observation nests, similar to
those developed for the study of a social halictine bee, Lasioglossum
(Dialictus) zephyrum, were used (Michener and Brothers 1971). The
construction of observation nests is described in detail elsewhere
(Danforth, in preparation). In brief, they consisted of a thin layer
of soil sandwiched between two plates, 40.6 x 20.3 cm each, of
transparent red pIexiglass. Bees were placed into these nests as
pupae and, following emergence, readily accepted their artificial
homes.
Unlike most studies of halictine bees in observation nests (Batra
1964, 1968 ; Stockhammer 1966; Kukuk and Schwarz 1987, 1988),
nests were placed in the field so that bees could forage under natural conditions. In order to do this, a hole, 1.5 m deep, 1.5 m wide,
and 2 m long, was dug at the Rodeo locality and was covered
with a 3/4-inch plywood top fitted with a trap door. Four slots,
1 x 20.3 cm each, were cut along one edge of the plywood top
into which the uppermost edges of the observation nests could
be fitted. The nests were supported from beneath by a wooden
shelf.
In 1988 a total of seven nests were constructed and three were
eventually accepted by at least one female and up to four LH
males. In 1989 six nests were constructed and three were accepted
by at least one female. LH males were deliberately excluded from
the 1989 nests in order to observe female behavior in their absence;
a situation like that found in newly initiated nests, prior to the
emergence of the first LH males. The maximum number of adult
females per nest was six and the maximum number of adult LH
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nests was recorded. For females, I recorded the times of departures
from the nest, returns with and without pollen, cell construction,
pollen ball formation, oviposition, and mating. For males, I continuously recorded their behavior and location within the nest (either
at the nest entrance, in the main tunnel, in lateral tunnels leading
to cells, or in cells) and when mating and male-male fighting occurred. In addition, I recorded the position and activity of each
bee in the nest at 10-min intervals throughout the observation
period (=scan sampling of Altmann 1974). Data were recorded
with a handheld tape recorder and time intervals measured to the
nearest second. A total of 69 h of observation were recorded (1988:
45.5 h; 1989:23.5 h).
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Results

D

Male morphology and body size
Male P. portalis fall into two non-overlapping groups,
most easily distinguished by head size. All the males
collected as adults or reared from pupae or larvae could
be unambiguously identified as either the L H or the
SH m o r p h based on intermandibular distance ( I M D ;
Fig. 3A). SH males had I M D s between 0.90 and
1.26 mm, while I M D ranged from 1.50 to 1.68 m m for
the L H morph. This bimodal distribution of head widths
does not result from the disappearance or death of males
of intermediate head size, because males reared from
larvae or pupae (Fig. 3 B) show the same degree of dimorphism as males collected as adults (Fig. 3 C).
There is some suggestion that the sample of SH adult
males collected on flowers ( 2 = 1 . 1 6 + 0 . 0 1 ; n = 3 0 ) may
have slightly larger heads than the sample of SH males
reared from larvae and pupae (2=1.11_+0.02; n--22),
although the difference falls just short of significance
(Fig. 3B, C; t = 2 . 0 0 ; P=0.052). The two samples of

Fig. 2A-D. Morphological measurements. A Anterior view male
head, B dorsal view male mesosoma, C male hindtibia, D male
forewing
males was four. Fifty-six cells were completed in the six successful
observation nests. Nineteen of the 56 cells were observed for the
complete provisioning cycle, and 4 were observed for part of the
provisioning cycle.
During the periods of observation, usually from 0900 to 1500
hours, the behavior of all females and males in the observation
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Table 1. Morphological comparison of small and large-headed
males and females. Mean _+SE (N), and range. See Fig. 2 for measurements

Mb (rag)

IMD (ram)

ITD (mm)

FWL (ram)

HTL (ram)

Mb (rag)

Smallheaded males

Largeheaded males

0.87
_+0.03 (52)
0.45-1.27
1.14
_+0.01 (52)
0.88-1.28
0.92
+0.01 (50)
0.74-1.06
2.82
+0.02 (49)
2.48-3.04
0.88
±0.01 (52)
0.74-0.98

1.26
_+0.04 (46)
0.83-1.79
1.57
+0.01 (47)
1.47 1.68
0.88
_+0.01 (47)
0.80-0.96
2.48
_+0.01 (39)
2.36-2.60
0.86
___0.004 (46)
0.80-0.93

Females
1.36
_+0.04 (36)
1.00-1.80

P
<0.001 (vs smallheaded males)
0.04 (vs largeheaded males)

Table 2. Coefficients of variation for males and females. P values
give the probability that parametric variances are equal
Smallheaded males

Largeheaded males

P

P
< 0.001

<0.001

Mb
IMD
ITD
FWL
HTL

20.58%
7.97%
7.32%
4.46%
5.90%

20.10%
3.15%
4.29%
2.38%
3.45%

<0.001
<0.001
<0.001
<0.001
< 0.001

Females
0.0037

Mb

15.43 %

(P<0.25, n.s. for
both comparisons)

<0.001

0.014

LH males, those collected as adults in nests (2= 1.57_+
0.01 ; n = 24) and those reared from larvae or pupae (2 =
1.58_+0.01; n=23), differ very little in head width (t=
0.83; P = 0.41).
LH and SH males differed significantly in all other
variables measured: body weight (Mb; Fig. 4A, B), inter-

tegular distance, forewing length (Fig. 8), and hind tibia
length (Table 1). LH males are significantly larger in
body weight and IMD, but significantly smaller in ITD,
FWL, and HTL.
The SH males are also significantly more variable
than the LH males (Table 2). For all linear measurements
and dry body weight, the variances were significantly
greater for the SH males than for the LH males. The
variance in female dry body weight did not differ significantly from the variance of either SH or LH males.
Figure 5 shows the relationships between the logtransformed linear measurements and the log of dry
body weight for the two male morphs. The allometric
equations, calculated separately for each morph, are
shown in Table 3. Since these rleationships are all between a length and a mass, the null hypothesis of
isometry, shown in Fig. 5 with the dashed line, is a slope
of 0.33. For 1MD and ITD, the SH morph does not
differ from isometry (Table 3); however, for FWL and
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Fig. 5A-D. Bivariate plots of linear measurements (log-transformed) versus the log of dry body weight. Closed circles indicate SH
males and open circles indicate LH males. Dashed lines indicate the null hypothesis of isometry (a slope of 0.33) and the solid lines
indicate the major axis regression lines for each group

Table 3. All•metric equations, corresponding to regression lines shown in Fig. 5, relating linear measurements to dry body
weight for both male morphs. P indicates
probability that the observed all•metric
coefficients, the exponents in these equations, are indistinguishable from the null
hypothesis of isometry, 0.33, using a X2
test with 1 degree of freedom (Jolicoeur
1963b; Anderson 1963)

Small-headed male

P

Large-headed male

P

IMD = 1.20 Mb0"32

< 0.9

IMD = ] .55 Mb 0'09

< < 0.001

ITD=0.95

<0.5

ITD=0.85 Mb °'12

< <0.001

Mb °'27

FWL=2.88 Mb °'15

<0.00]

FWL=2.45 M b -0.004

< <0.001

HTL=0.91 Mb °'19

<0.001

HTL=0.85 Mb T M

< <0.001

H T L , the slope of the major axis regression line is significantly less than 0.33. For the L H morph, all four linear
measurements scale negatively all•metrically. In fact, the
regression lines, with slopes ranging f r o m - 0 . 0 0 4 to
0.12, are nearly horizontal, indicating that for L H males
a change in body mass results in very little change in
linear measurements. This is consistent with the low variability in these linear measurements a m o n g L H males
(Table 2). Figure 5 illustates a morphological tradeoff
between investment in head size and investment in nonhead body size: L H males, although they are significantly heavier overall, have disproportionately small bodies
for their size, as measured by the three thoracic measurements. The SH morph, on the other hand, has a disproportionately large thorax, relative to total weight.
The differences between L H and SH males in external
m o r p h o l o g y are associated with differences in internal
morphology, primarily in flight and mandibular musculature. In both male morphs, the bulk of the head cap-

sule is taken up by the mandibular adductor muscles,
which lie behind the brain and paired mandibular
glands. The adductor muscles originate over the inner
surface of the head capsule to the level of the median
ocellus in front, down the sides of the head capsule,
and to the level of the occipital foramen posteriorly
(Fig. 6 A, D). Portions of the adductor muscles also originate on a cephalic lamella lying along the midline of
the head f r o m the anterior ocellus to the occipital foramen, and also on the lateral surfaces of the tentorium.
Because the region of the head dorsal to the •cell• is
expanded in the L H males, the surface area available
for adductor muscle attachment is greatly enlarged.
The mandibular abductor muscles originate on the
posterior and lateral areas of the head capsule and do
not differ conspicuously in size between the two morphs
(Fig. 6 B, E).
The two morphs differ in the external structure of
the head capsule, especially on the posterior surface. The
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1.0 mm
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Fig. 7A-J. Thoracic morphology of the two male morphs. A-D
lateral views of SH male thorax, E-F lateral views of LH male
thorax, G, H SH male second phragma, I, J LH male second

phragma, lofm. =longitudinal indirect flight muscle, dvfm. =dorso-ventral indirect flight muscle, 2Ph. =second phragma, vnc. =
ventral nerve chord, fa.bo. =fat body. Scale bar= 1.0 mm

S H m o r p h h a s a p r o b o s c i d i a l f o s s a similar to m a l e s o f
o t h e r species o f Perdita (Fig. 6 F ) ; however, in the L H
m o r p h the h y p o s t o m a l c a r i n a e are p r o d u c e d i n t o thin
l a m e l l a e t h a t a r c h over the p r o b o s c i d i a l fossa (Fig. 6C),

f o r m i n g a r o o f t h a t p a r t l y encloses the w i t h d r a w n l a b i o maxillary complex.
T h e two m o r p h s also differ s t r i k i n g l y in t h o r a c i c m o r p h o l o g y . In S H m a l e s the d o r s o - v e n t r a l a n d l o n g i t u d i n a l
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tion, the scaling relationships between several linear
measurements and body weight, and cuticular and muscular morphology. As in dimorphic thrips (Crespi 1988),
beetles (Eberhard 1982) and fig wasps (Hamilton 1979),
the dimorphism in P. portalis reflects a tradeoff between
investment in morphological features associated with
flight (thoracic musculature, wing length) and morphological features associated with male-male fighting (mandibular musculature, head armament).

Behavior of SH males on flowers

Macrocephalic male

Fig. 8. Wing morphology of the two male morphs. Scale bar=
1.0

mm

flight muscles are large and conspicuous (Fig. 7 C, B,
D). However, in the LH morph these muscles are entirely
lacking and fatty tissue is found in their place (Fig. 7 F).
The curvature of the scutum, the site of attachment of
the flight muscles (Fig. 7A, E), is reduced, and the mesothoracic phragma, another site of attachment for the
longitudinal flight muscles, is reduced in the flightless
morph (Fig. 7G, H vs I, J). For a description of the
flight mechanism in bees, see Snodgrass (1956). Although the flight musculature is lacking in the LH
morph the wings are not conspicuously modified, although they are somewhat smaller (Fig. 8; Table 1).
The relationship between dry and wet body weight
was determined for 13 males (11 SH and 2 LH) and
20 females. For males the regression equation is Mb
(wet)=--0.027+2.85 Mb (dry) (P<0.00), and for females is Mb (wet)=--0.161+2.76 Mb (dry) (P<0.00).
The two LH males do not deviate significantly from
the regression line for all males combined. The proportion of body weight made up of water is significantly
higher for males (2=64.3_+0.7%; n=13) than for females (2=61.9_+0.7%; n=20; P=0.036 by MannWhitney U-test), but LH and SH males did not differ.
In summary, the two male morphs are distinct morphologically in the mean values for both weight and
linear measurements, the degree of morphological varia-

The dimorphism described above corresponds to behavioral diphenism as well. LH males are found exclusively
in nests and are flightless. The SH morph is found almost
exclusively on flowers, but occasionally, recently eclosed
SH males can be found in nests. Detailed observations
of SH males on flowers for up to 30 min indicated that
they pursue a relatively stationary, sit-and-wait, mating
strategy. Approximately half of the 32 males observed
remained on the same flower for more than 30 min.
While on flowers, males are attentive to the presence
of other insects. When a conspecific female landed on
a flower, the resident male either pounced on her immediately and mating ensued (59/88 male:female encounters; 67%), or the female left the flower (29/88
male: female encounters; 33 %). While on flowers, males
mated frequently - up to seven matings were observed
per half hour. Mating lasted from 10 s to over 2 min
(2= 1.18-t-0.05 min; n = 59).
When insects other than conspecific females landed
on a flower occupied by a male P. portalis, males behaved aggressively. They commonly attacked both male
and female P. latior, a closely related but larger Sphaeralcea visitor, various bombyliid flies, and, especially aggressively, other P. portalis males. On six occasions, male
P. portalis landed on flowers occupied by a conspecific
male and in every instance fighting ensued. The fights
were violent, with the two males rapidly tumbling
around the cup-shaped corolla, locked together with
their mandibles. Fights lasted up to 40 s and ended when
one male flew off. Based on censuses of open Sphaeralcea flowers at the Rodeo locality during the time of
female foraging, from 3 to 12 SH males and up to 12
females were present per 50 open flowers.

Macrocephalic male nest occupancy
Perdita portalis is a communal bee with from 2 to 29
adult females and up to 26 adult males per nest (n = 9
active nests excavated). Two nests contained SH males,
probably recently emerged bees that had not yet left
their natal nest. No SH males remained in observation
nests.
There is evidence that the number of LH males per
nest is correlated with the number of females per nest.
Figure 9 shows the relationship between the number of
males and females in active nests excavated in 19871989. Nests 89-17 and 89-50 appeared, based on the
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small number of prepupae, to be newly initiated. In the
remaining seven mature nests the number of males and
females per nest appear roughly equal (rho = 0.977; P <
0.01, Spearman's rank correlation coefficient).

Behavior of macrocephalic males within observation nests
Figures 10 and 11 summarize the data on LH male behavior based on 50 male hours of observation of five

males in three observation nests. Observation periods
were broken up into three catagories: (1) pre-provisioning, when open, unprovisioned cells were present in the
nest; (2) provisioning, when open, partially provisioned
cells were present and females were actively provisioning
cells; and (3) post-oviposition, when all cells had been
closed or abandoned and females were no longer actively
provisioning (Fig. 1). Figure 10 shows the data based
on scan sampling and Figure 11 presents the data based
on continuous monitoring.
Males spent very little time at the nest entrance overall: 5.5% based on scan sampling and 2.7-2.8% based
on continuous monitoring. Each visit to the nest entrance lasted 47.4_+9.3 s ( n = 9 6 ) , on average. There is
little fluctuation in the percentage of time spent at the
nest entrance during the different time periods.
Although LH males spent the majority of time in
the main and lateral tunnels, there are significant
changes over the course of a day in the percent of time
spent in various locations within the nest. For example,
in the transition from pre-provisJoning to provisioning

243
time periods, for the scan sampling data (Fig. 10), time
spent in lateral tunnels leading to open cells (18.4% to
39.9%) and cells (0.8% to 19.1%) increased with a corresponding decrease in time spent in the main tunnel
(76.0% to 34.0%; )~2--96.93, df=3, P<0.001). Following oviposition, males returned to pre-provisioning types
of behavior, again spending the majority of their time
in the main tunnel (66.7%) and less time (33.3%) in
lateral tunnels (Z 2 = 11.07, df= 3, P<0.025).
Similar changes in the behavior of LH males are evident in the data based on continuous records, at least
for single-male nests: time spent in the main and lateral
tunnels drops from 98.0% to 75.1%, and time spent
in open cells increases from 0.0% to 18.7% (Fig. 11).
This trend is not evident for multiple-male nests, probably because of increased male-male fighting in multiplemale nests, which took place mostly in the main tunnel
and laterals.
During the period of cell provisioning, males behaved
as though they were guarding entrances to laterals leading to partially provisioned cells. While in laterals, they
were always facing away from the open cell, and were
usually located at the junction of the lateral and main
tunnels. When encountering bees that were descending
the main tunnel, LH males often acted aggressively toward them, at least initially. If the descending bee was
a female, she was allowed to pass, but when other LH
males were encountered, they were attacked.
Males spent on average 3.1 _+0.3 s (n= 59) in an open
cell during each visit. When entering partially provisioned cells containing loose clumps of pollen, males
could frequently be seen lifting up the pollen loads in
their mandibles. LH males were never seen receiving
food from female nest-mates through oral trophallaxis,
as in Lasioglossum erythrurum (Kukuk and Schwarz
1988), so it is likely they are feeding on the pollen, or
the small amounts of nectar in the pollen loads, during
these brief visits to partially provisioned cells.
Intra-nest mating only took place during pollen ball
formation, just prior to oviposition (Fig. 11). After females had completed their last foraging trip of the day,
they began to form the accumulated pollen into a pollen
ball (Fig. 1). Pollen ball formation took 19.93 _+0.93 min
(n = 16), and approximately 9 min after the initiation of
pollen ball formation, females invariably left their cells
and entered the lateral tunnel or, occasionally, the main
tunnel. If a LH male was present, mating always took
place during this departure from the cell (9 of 9 times).
In nests that lacked LH males, females simply groomed
during this period and then returned to the cell (10 of
10 times) and continued pollen ball formation.
In nests with LH males, from one to two additional
copulations occurred before the egg was laid, but unlike
the first mating, the subsequent matings were initiated
when the male entered the cell and pulled the female
out into the lateral tunnel with his mandibles. These
later, male-initiated, matings were recorded in eight of
the nine cells I observed completely provisioned. No
mating was observed within nests at any other time except during pollen ball formation, and for every cell
observed through the completion of provisioning, fe-

males mated at least once with a resident LH male, when
present, prior to egg laying.
Based on the continuous records of male behavior,
males spent 1.2% of their time mating in single-male
nests and 0.4% of their time mating in multiple-male
nests. Intra-nest matings lasted on average 1.96___
0.13 min (n = 16).

Male-male fighting within observation nests
Males fight with each other when they are present in
the same nest (Fig. 11). Overall, males spent 3.4% of
their time fighting; however, this value gives no indication of the intensity of these battles. LH males behaved
aggressively when they encountered another male in the
nest. During fights, males raised their heads and held
their mandibles agape, and the two opponents grasped
each other by the head and pushed, pulled, and twisted
for, on average, 45.6 _+6.9 s (n = 51). One male was killed
after 13 encounters over the course of 3 h. On the following day, another male was killed after 46 battles in 5 h.
Over the next 2 days two more LH males eclosed and
both were later found dead. Males apparently died as
a result of wounds to the neck region or the membranous
roof of the proboscidial fossa (Fig. 6 C, F). The function
of the elongate genal projections and the well-developed
hypostomal carinae in LH males appears to be to protect
this vulnerable region from the opponent's mandibles
during intra-nest battles.
Although these observations suggest that LH males
cannot coexist in the same nest, as many as 26 LH males
were found in natural nests. The correspondence between the number of females and the number of LH
males (Fig. 9) suggests that males may be able to tolerate
other males in the same nest as long as the nest is large
enough to allow each male access to at least one female.
Perhaps in larger nests the frequency of male-male encounters is reduced, and thus a number of males can
occupy the same nest. Dead LH males were found while
excavating two natural nests, and one dead macrocephalic male was found next to a nest entrance, indicating
that males also fight to the death under natural conditions.

Behavior of macrocephalic males in natural nests
In 1988, data were collected on the rate and duration
of LH male visits to nest entrances, in natural nests.
LH males were easily identified because they differ conspicuously from SH males and females in the color and
punctation of the head. LH males spent from 1 to 314 s
at the nest entrance on each visit (2= 13.59_+4.26 s; n =
79 visits). A LH male appeared at the nest entrance
at a rate of 4.26 visits/h. Furthermore, of the 23 natural
nests studied, but not excavated, LH males were seen
in all but 5. This value may underestimate the occurrence
of LH males because they may have been present, but
not seen, in these 5 nests. Considering both excavated
(n = 4) and observed (n = 23) nests, LH males were present in at least 81% (21/27) of the nests.
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Sex and morph ratio
The sex ratio of 167 adults reared from nests excavated
in 1988 and 1989 was 55% male, 45% female (not significantly different from a 50:50 sex ratio; Z2= 1.73, P <
0.5). Of the 80 males reared and identified to morph,
52.5% were LH males and 47.5% were SH males (not
significantly different from a 50:50 morph ratio; 2~2=
0.20, P<0.9).
Discussion

Origin of male dimorphism in P. portalis
P. portalis belongs to a monophyletic group of 30 species
that includes the subgenera Macrotera, Macroteropsis,
Macroterella, and CockereIlula (Timberlake 1954; Danforth, in preparation). Based on the phylogeny of this
group and information on the nesting biology and male
mating behavior of other species in the group [P. (Macroteropsis) latior, Rozen, personal communication; P.
(Macrotera) texana, Neff and Danforth, in preparation;
P. (Macrotera) sp. nov. Rozen, personal communication;
P. (Cockerellula) opuntiae, Custer 1928, Bennett and
Breed 1985; and P. (Macroterella) mellea, Rozen, personal communication], the LH male in P. portalis is
almost certainly a derived trait for this species. All other
species studied to date, except P. mellea, show continuous variation in male head size. However, in these species
male head size shows positive allometry such that larger
males have disproportionately large heads (e.g., P. texana; Neff and Danforth, in preparation). Furthermore,
in P. texana, and possibly others, although all males
are flight-capable, some males periodically enter nests
for extended periods of time, during which mating may
take place. Male dimorphism appears to have arisen independently in P. mellea and P. portalis from a condition
of continuous variation in male head size and shape,
like that seen in male P. texana. What factors explain
the origin of male dimorphism in P. portalis?
Kukuk and Schwarz (1988) list three hypotheses for
the existence of male dimorphism in Lasioglossum erythrurum: (1) LH males may result when females mistakenly
lay a male egg on a large pollen ball originally destined
for a female offspring. This hypothesis assumes that the
LH males are developmental anomalies that have neither
their origin nor their maintenance explained by selection.
The other two hypotheses invoke selection to explain
the origin and persistence of the LH morph: (2) LH
males are a "soldier caste" resulting from kin-selection
favoring male nest guarding (Houston 1970; see Bartz
1982 for a theoretical discussion of the evolution of male
workers) and (3) LH males result from intra-sexual selection (Huxley 1938) favoring increased fighting ability,
which enables males to monopolize females in a communal nest by killing or excluding conspecific male competitors.
The first hypothesis is plausible for P. portalis because
females are significantly heavier than SH males (Fig. 4),
but very similar in body weight to the LH morph. In

addition, strong positive allometry in male head size is
present in the species of Perdita closely related to P.
portalis (Danforth, in preparation). A significant correlation between provision mass and adult body weight
among individuals of the same sex has also been observed in several hymenopteran species (Dow 1942;
Klostermeyer et al. 1973; Plowright and Jay 1977; Cross
et al. 1978; Cowan 1981 ; Jayasingh and Taffe 1982; Plateaux-Qu6nu 1983; Brockmann and Grafen 1989).
However, a number of facts cast doubt on the adequacy of oviposition °'mistakes'' in explaining the existence of the LH morph. First, LH males occur at a
very high frequency; more than 50% of the males produced are the LH morph. Second, the dimorphism is
absolute, with no males of intermediate morphology.
Finally, the behavior of the LH males within nests, specifically lethal male combat and mating immediately
prior to oviposition, suggests that they are unlikely to
be developmental anomalies.
Hypothesis two, that LH males act as guards protecting the nest from intruders and parasites, is not well
supported. Nest parasites or predators were never discovered in nest excavations, and only two cases of nest
parasitism were observed in artificial nests (Danforth,
in preparation). In addition, both in observation and
natural nests, LH males spent only a small percentage
of their time at the nest entrance, which is where female
guards in halictine bees normally reside (Batra 1964;
Brothers and Michener 1974; Abrams and Eickwort
1981).
The third hypothesis, that the LH morph has arisen
as a result of male-male competition for females in the
nest, is the strongest hypothesis and has been proposed
for the origin of flightless males in other Hymenoptera
(Hamilton 1979). Both the intensity of male-male combat in observation nests and the occurrence of dead LH
males in natural nests indicate that inter-male combat
is an important selective factor for males that remain
in the natal nest. This hypothesis is further supported
by: (1) the increased time spent by LH males in the
vicinity of open cells during cell provisioning (Figs. 10,
11), (2) the behavior of LH males toward other bees
in the nest during cell provisioning, and (3) the positive
correlation between the number of LH males and females in nests (Fig. 9). Finally, the repeated matings immediately prior to egg laying indicate that males are
attentive to the reproductive behavior of females. If
there is a last-male mating advantage in this species,
the mating behavior of LH males would insure paternity
of female-producing eggs laid by any females whom they
inseminated prior to egg laying. From the perspective
of LH males, mating with females prior to the beginning
of pollen ball formation is wasted effort because females
still have the opportunity to mate with SH males on
flowers during subsequent foraging trips.
The role of sexu,al selection is dependent upon the
degree of sperm precedence in P. portalis. Among bees,
paternity studies have been conducted only for Apis melIifera, for which there was no evidence of non-random
sperm utilization by multiple-mated queens based on allozyme data (Page and Metcalf 1982). However, high
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Table 4. Summary of female nest
occupancy patterns and male variation in
species closely related to P. portalis

No.
females/
nest

Male
variation

Reference

P. sp. nov.

1-2

polymorphic

P. texana

1-28

polymorphic

P. latior

1-8

polymorphic

P. opuntiae

1-38

polymorphic

P. mellea

4-15

dimorphic

J. Rozen,personal
communication
Neff & Danforth,
in preparation
J. Rozen, personal
communication
Bennett and
Breed 1985
J. Rozen, personal
communication

P. portalis

2-29

dimorphic

levels of sperm precedence have been detected for other
Hymenoptera: two species of Polistes (Metcalf 1980),
Dahlbominus fuscipennis (Wilkes 1966) and Nasonia vitripennis (Holmes 1974; for reviews of sperm precedence
in insects, see Eickwort and Ginsburg 1980; Parker
1970; and Starr 1984). Since multiple mating is common
in Perdita portalis, as in other panurgine bees (e.g., Nomadopsispuellae, Rutowski and Alcock 1980; Calliopsis
andreniformis, Shinn 1967; and other species of Perdita,
Danforth 1989), and sperm is stored in the spermatheca,
some degree of sperm precedence seems likely.
If intra-sexual selection explains the evolution of the
LH morph in P. portalis (and P. mellea), why has dimorphism not arisen in similar, closely-related species?
One factor favoring the evolution of flightless males,
which has been suggested for fig wasps (Hamilton 1979)
and ants (Kinomura and Yamauchi 1987), is the cooccurrence of multiple, reproductive females. The
number of co-habiting, receptive females represents the
magnitude of the potential reproductive payoff to a male
that can gain access to those females. Table 4 shows
data on female nest occupancy for P. portalis and the
five closely related species for which these data are available. Although P. portaIis and P. meIlea are among the
species with the highest number of females/nest, other
species, which lack LH males, also have large nest populations (e.g., P. opuntiae). Although P. texana may contain a maximum of 28 females/nest, such large nests
are very rare and the majority of nests contained less
than 4 females. These data do not strongly support this
hypothesis. The hypothesis is further weakened by the
fact that many males occur together in nests, in proportion to the number of adult females (Fig. 9).
A second factor that may favor LH males is the longterm persistence of nests. In P. texana the vast majority
of females appear to found new nests each year (Neff
and Danforth, in preparation). In contrast, natal nest
re-use appears to be far more prevalent in P. portalis,
judging by the size of nests and their persistence year
to year (Danforth, in preparation). Frequent nest re-use
by females would favor the evolution of flightless, LH
males by eliminating the need for males to leave the
natal nest in search of receptive females.
Finally, differences in the degree of non-random
sperm utilization may underlie differences in male mat-

ing behavior. A high level of sperm precedence would
impose strong selection on males that could gain access
to females immediately prior to egg laying.

Maintenance o f dimorphism

Assuming this dimorphism is a stable one, and that the
plesiomorphic SH morph is not being eliminated by selection, one may ask what factors maintain both male
morphs in this species. The answer to this question will
depend on whether the two morphs are equal or unequal
in fitness (Austad 1984; Dominey 1984). The two morph
fitnesses could be equal for several reasons. First, there
may be no sperm precedence. Alternatively, fitness may
be frequency-dependent. Neither of these hypotheses
seems likely.
The dimorphism may persist in spite of unequal fitness if relative morph fitness varies in space and/or time
(Dawkins 1980; Austad 1984). Temporal and spatial
variation in the proportions of newly founded nests,
which lack LH males, and old persistent nests, which
contain LH males, could contribute to the maintenance
of the dimorphism. Newly founded nests must lack LH
males prior to the emergence of the oldest brood. Development from egg to adult takes at least 21 days in P.
portalis (Danforth, in preparation). Therefore, for at
least a 3-week period, females in newly initiated nests
will be mating exclusively with SH males. Variation in
the number of old versus new nests could arise at one
locality over the course of a season (nests lacking LH
males are most prevalent early in the season), or between
localities due to the mix of new and old nests, or population density.
The two male morphs may also persist in the population because of trade-offs imposed on females by the
difference in relative "cost" of the two morphs. The
question of how females allocate their total male reproductive effort between LH and SH males is analogous
to the question of how females make sex ratio allocation
decisions. Fisher's model for sex ratio allocation predicts
that selection acting on the offspring generation can alter
decisions made by parents in their output of sons and
daughters (Fisher 1958; Dawkins 1980), As in sex ratio
allocation, in which the two sexes are not necessarily
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equal in cost to the p a r e n t , the two male m o r p h s in
P. portalis are p r o b a b l y u n e q u a l in cost to the parent.
Since L H males are significantly heavier, they are p r o b ably significantly m o r e costly in time a n d energy to produce ( D a n f o r t h 1990). A l t h o u g h L H m a l e fitness m a y
exceed SH male fitness, the two m o r p h s m a y persist
together because, f r o m the perspective o f m a t e r n a l fitness, a few " c o s t l y " L H males m a y equal m a n y " i n e x p e n s i v e " SH males (Alcock et al. 1977). U n d e r this scenario, SH males m u s t a d o p t a strategy o f " m a k i n g the
best o f a b a d j o b " ( D a w k i n s 1980; E b e r h a r d 1982).
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