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Under sexual conflict, males evolve traits to increase their mating and reproductive
success that impose costs on females. Females evolve counter-adaptations to resist males and
reduce those costs. Sexual harassment is a form of sexual conflict in which males make repeated,
costly attempts to mate. Costs to female foraging or predation risk have been measured in several
species, but quantitative measurements of direct fitness costs are rare. In the alfalfa leafcutting
bee (Megachile rotundata Fabricius; Hymenoptera: Megachilidae), males harass females, and
females resist all mating attempts. We placed bees in large, outdoor cages with different male-
biased sex ratios. Harassment rate, nest progression, offspring production, temperature and food
availability were measured daily for seven days. Harassment rates were highest at intermediate
sex ratios. Harassment reduced the number of foraging trips and increased the duration of
foraging trips made by females. Females produced offspring at a slower rate when subjected to
higher rates of harassment. This demonstrates a direct link from sex ratio to harassment to female
fitness under natural conditions. We also discuss an alternative explanation that female resistance
is a mechanism for mate choice for high quality males, which would require that indirect benefits
accrue either through daughters or in grandsons because all sons in haplodiploid species arise

from unfertilized eggs.



51

52

53

54

KEYWORDS

sexual conflict, sexual coercion, sexual harassment, female resistance, sex ratio, fecundity, cost,

alfalfa leafcutting bee, Megachile rotundata, Hymenoptera



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Sexual conflict can drive the evolution of males and females in ways completely different
from traditional mate choice. Under traditional mate choice, males evolve traits to lure and entice
females, and female preferences evolve because choosy females receive direct and/or indirect
benefits from males (Andersson 1994). In contrast, under sexual conflict, males evolve
adaptations that increase their own fitness while imposing costs on females. Females then evolve
counter-adaptations to resist mating attempts, which, in turn, reduces the fitness of these
manipulative males. Though these male-induced costs have been measured in several species,
there is currently a debate over whether examples of sexual conflict represent true conflict. This
is due to the possibility that female resistance may be a mechanism for mate choice to only allow
the highest quality males to mate (Eberhard 2002; Chapman et al. 2003; Kokko et al. 2003;
Eberhard 2005; Parker 2006; Peretti & Cordoba-Aguilar 2007). If females receive indirect
benefits through offspring, the observed female resistance behaviours may actually function to
screen out lower quality males. Females that are highly resistant to coercive males would end up
mating with only the most coercive males. If coercion ability in males is heritable, those highly
resistant females would produce highly coercive sons. Females could thus “gain by losing”
through this “sons effect” (a.k.a., “sexy son’) benefit (Weatherhead & Robertson 1979; Wedell
& Tregenza 1999; Huk & Winkel 2008). Females could also receive good genes benefits by
mating with the most vigorous, aggressive males. Such indirect benefits to females are thought to
be weak compared to the direct costs because they are expressed only through sons (Parker
2006). Females may also receive direct benefits due to their resistance by avoiding low quality
males that do not provide high direct benefits such as nuptial gifts (Thornhill 1980). It is
essential that costs and benefits to females are measured in the same species to determine

whether direct costs are outweighed by indirect benefits (Eberhard 2005; Hosken & Tregenza



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

2005). If the indirect benefits do outweigh the costs, this would suggest that female choice is
operating. If not, then sexual conflict is operating (Parker 2006). Both female choice and sexual
conflict could be operating simultaneously, but the net cost or benefit would indicate which is

primarily responsible for the evolution of male and female traits.

One form of sexual conflict is sexual coercion, where males attempt to copulate through
physical force and harassment (Clutton-Brock & Parker 1995). Through harassment, males make
repeated, costly mating attempts, which induce females to mate rather than continue resisting.
The cost of male harassment to females has been measured in several species in terms of
physical injuries to the female (Rowe et al. 1994; Blanckenhorn et al. 2002; Miihlhduser &
Blanckenhorn 2002), increased predation (Rowe et al. 1994; Miihlhduser & Blanckenhorn 2002)
and foraging costs (Rowe et al. 1994; Stone 1995; Schlupp et al. 2001). Rowe et al. (1994) found
that changes in the population sex ratio in water striders resulted in higher rates of harassment
and higher potential costs to females. The few studies that directly measured fitness in terms of
longevity and fecundity were performed in the laboratory under artificial conditions and
measured costs by pairing the subjects (e.g. a male and a female vs. two females) (McLain &

Pratt 1999; Meader & Gilburn 2008; Sakurai & Kasuya 2008; Gay et al. 2009).

Our study species was the alfalfa leafcutting bee (Megachile rotundata Fabricius;
Hymenoptera: Megachilidae), a solitary bee. Males pursue females at their nests and foraging
sites. Females put up active resistance to all mating attempts and usually mate only once (Gerber
& Klostermeyer 1972; Blanchetot 1992), though they are capable of mating multiply. Thus, if

males impose a fitness cost on females, this can be easily observed and quantified because
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females build linear nests making daily measurements of reproduction possible. The frequency
of harassment from male bees can be manipulated under natural conditions in outdoor cages by
varying the sex ratio within the species’ normal range. If male harassment impairs a female’s
foraging ability, then females housed with relatively more males should be harassed more
frequently and need to take more or longer foraging trips to build and provision each cell. As a
result, the more frequently harassed females should produce offspring at a slower rate. Reduced
fecundity would represent a quantifiable measure of the direct fitness cost of sexual conflict,

measured in interacting groups of bees under natural conditions.

METHODS

Study species

Alfalfa leafcutting bees are sexually dimorphic being easily distinguished by color and
size (Gerber & Akre 1969; Akre et al. 1982; Richards 1984), with females an average of 1.2
times larger than males (Klostermeyer & Gerber 1969; Klostermeyer et al. 1973). After
emergence as adults, most females live approximately 30 days, and males live 15-23 days,
though many individuals of either sex live longer (Richards 1984). Adult sex ratios range from
1:1 to 5:1 (males: females) depending on environmental and nesting conditions of the parents
(Gerber & Klostermeyer 1972; Richards 1993; Pitts-Singer & James 2005) and drops towards
the end of the season when males die off before females (Richards 1984). Females nest
gregariously (under wild and captive conditions) and build linear nests in pre-existing tunnels.

Females forage for leaves, nectar and pollen near their nests. The tunnels are lined with leaf-
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cuttings used to form individual brood cells, which are provisioned with nectar and pollen. A
single egg is laid in each cell, which is then sealed off with leaf discs before the initiation of the

next cell (Gerber & Klostermeyer 1972; Richards 1984).

The mating system appears to be a form of scramble competition, and the male mating
strategy resembles sexual coercion through harassment with apparent attempts at forced
copulations (Gerber & Klostermeyer 1972). Males patrol and chase females near nesting and
foraging sites, and they pounce on females found resting, foraging at flowers, entering nest
tunnels, or flying nearby. This harassment appears to interfere with females’ nesting activities
(Gerber & Klostermeyer 1972). Once a male captures a female, he moves to dorsally mount the

female and copulate (Wittmann & Blochtein 1995).

The females’ behaviour suggests intense resistance to all mating attempts by males.
When a female is seized, a struggle ensues as females try to dislodge males using rapid
abdominal thrusts (Wittmann & Blochtein 1995) and leg kicks (Rossi, B. H. pers. obs.). These
struggles can last from a few seconds to several minutes and end after copulation or with the
male dislodged. Most females will mate with only one male within the first few days post-
eclosion before nest-building begins (Gerber & Klostermeyer 1972; Richards 1984) providing
them with a lifetime supply of sperm (Richards 1994), though some females may mate multiply
(Blanchetot 1992). Observations suggest that females may become more resistant to mating

attempts after they mate (Gerber & Klostermeyer 1972).
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Many features of struggles during sexual encounters remain unexplained and may include
a combination of male coercive and luring behaviours. When mounting a female, alfalfa
leafcutting bee males press their front legs over the female’s eyes and antennae. Odour glands on
the front legs may be used to send signals to the female through her antennae, perhaps to
stimulate her rather than physically overcome her resistance(Wittmann & Blochtein 1995).

Males will also beat their wings intermittently throughout the event (Rossi, B. H. pers. obs.).

General procedure

In the summers of 2006 and 2007, eight 2 x 6 x 6m (H x W x L) outdoor screened cages
were placed in a field of alfalfa (Medicago sativa) in Logan, UT, U.S.A. and each was equipped
with a small domicile that housed a Polystyrene nest board with prefabricated tunnels (Fig. 1).
Nest tunnels were 10 cm deep and 6mm in diameter. We cut nest boards to size so that four nest
tunnels were provided for each female and two nest tunnels per male to prevent overcrowding
and provide space for both sexes to rest in tunnels at night (Stephen 1981). Paper straws were
inserted in the available nest tunnels to allow progress of each nest to be monitored, as described
below. Alfalfa leafcutting bees forage close to their nest (Richards 1984), so this cage setup

resembled their natural conditions.

Bees were obtained from a commercial bee supplier JWM Leafcutters, Inc., Nampa, ID,
U.S.A.) as prepupae in leaf-covered cocoons. Alfalfa leafcutting bees overwinter as prepupae
and are stored in this state over the winter season (Gerber & Klostermeyer 1972). Prepupae were

incubated (in staggered batches of approximately 60 bees) individually in clear gelatine capsules
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(size 00, Capsuline Inc., Pompano Beach, FL, U.S.A.) at 30 degrees C for 2-3 weeks until they
emerged as adults (Pankiw et al. 1979; Richards 1984). Only bees (males and females) of equal

age were used in each cage for each trial.

We uniquely colour-marked each female upon emergence and took four body size
measures — fresh weight at emergence, head width, intertegular width (Cane 1987) and wing
length. Virgin males and females were released into cages and allowed to freely interact, mate,
examine nest tunnels, forage and build nests. Variations in sex ratio and bee density represented
different treatment conditions (Table 1) and included possible sex ratios of 0.5:1, 3:1 and 4:1
(male: female) and bee densities of 8, 10, 12 and 16 total bees (males and females). This is
similar to what has been done in studies of sexual harassment in water striders (Rowe et al.

1994). The bee density was varied to control for the possible effect of overcrowding in the cages.

We monitored the bees’ activities at the nest box for 2-3 days until at least 75% of the
females had initiated nests. Females do not initiate nests until after they have mated. Frequent
chases and occasional mountings of females by males were observed, but it is unknown if these
resulted in successful copulations. We then monitored the nesting females for 7 days. In total, we
monitored 34 females in eight different cages. To measure male harassment, we counted the
number of male-initiated chases of any females within 50 cm of the nest in 10 minute
observations twice a day in each cage. Observations were made from 1000 to 1500 hours
(MDT), the bees’ active period (Klostermeyer & Gerber 1969). The exact time of observation
was varied from day to day to represent every part of the active period in the data sets and ensure

that each cage was observed during the same times of day. “Harassment rate” was defined as the
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mean number of male-initiated chases per day divided by the number of females (known to be

present that day).

We videotaped (using Sony Digital-8 camcorders) each nest box for one hour each day
during one of three time periods: 1000-1130, 1130-1230 and 1230-1500 hours. We used the
number of times that each female entered and exited her nest to calculate the number of trips
taken per hour, the average duration of foraging trips, and the total time spent foraging during the

hour.

We also measured other aspects of the female nesting behaviour. The type of foraging
trip (e.g. for leaves or pollen/nectar) was recorded by noting whether the female performed a
specific “turn-around” manoeuvre after arriving. When a female has collected pollen, it is held in
the hairs of her scopa, or pollen-carry apparatus, on the underside of the abdomen. The female
first enters her nest head-first, so to regurgitate nectar into the cell. Then the female backs out of
the tunnel, turns around and moves into the tunnel abdomen-first, so that she can scrape pollen
from the scopa and pack it into a mass provision. Thus, if this turn-around manoeuvre is
observed, the female must have just been on a nectar/pollen-collecting trip. Pollen and nectar are
usually collected on the same trips (Klostermeyer & Gerber 1969; Klostermeyer et al. 1973).
Also, we counted the number of “mistakes” females made as they returned to their tunnel.
Because females usually work on only one nest at a time (Klostermeyer & Gerber 1969), if a
female entered a tunnel that was not her nest prior to finding her own nest tunnel, this was

counted as a mistake.
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Ambient temperature and food availability (floral resources) were monitored because
they are well-known to positively affect bee activity levels (reviewed in Willmer & Stone 2004)
and reproduction (Kim 1996; Richards 1996; Kim 1999; Peterson & Roitberg 2006). Ambient
temperature was monitored using a Hobo data-logger (Onset Computer Corp., Pocasset, MA,
U.S.A.) that was placed inside each domicile in each cage. For analyses, we used the mean

temperature for each day during the bees’ active period from 1000 to 1500 hours.

We estimated the floral resources by counting open, unvisited flowers every other day in
four 0.25 m* quadrats placed in four evenly-spaced locations within each cage. When an alfalfa
flower is visited by a bee, pressure on the keel petal causes the flower to “trip,” meaning the
sexual column is released. The bee can then collect both pollen and nectar from the flower
(Larkin & Graumann 1954). Thus, we used untripped flowers, identified by the exposed sexual
columns, as representative samples for the floral resources available to bees. We conducted the
first flower survey before bees were introduced to ensure floral resources were adequate for

nesting success to occur and determine the maximum floral resources available to bees.

Males and females were counted every night in nest tunnels. Though the numbers of
males and females remained relatively stable, the sex ratios and bee densities did vary from the
initial starting values. A mean sex ratio and bee density was calculated for each cage and each
female (across the days she lived), and those values were used in our analyses. Also at night, we
removed each nest tunnel’s paper straw and measured the distance from the back end of the nest
to the end of any nest construction to determine the progress made each day by each bee. From

these data was calculated the mean nest progression (mm) for each female.

11
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To determine total offspring production, we removed and x-radiographed each nest at the
conclusion of trials. X-radiography has no significant, negative effects on developing offspring
(Stephen & Undurraga 1976; Maki et al. 1990). In the x-ray images, developing offspring are
clearly visible within the individual cells (Fig. 2). The nest-building distances from each day
were compared to the x-ray images to measure offspring production, which was defined as the
number of offspring each female produced each day. An offspring (of either sex) was counted if
it developed to at least the prepupal stage. It was not possible, from the x-radiographs, to identify
offspring that died before developing to this stage because females will also produce cells
without an egg (Pitts-Singer 2004). All adult bees were removed and frozen, so we could take

further morphological measurements that were not used in these analyses.

Data analysis

To determine which factors affected variables measured at the cage (treatment) (e.g.,
harassment rate and food availability), we conducted linear and nonlinear (when appropriate)

regression analyses level. N = 8 unless otherwise indicated.

To determine the factors affecting variables measured at the individual female level (e.g.,
nest progression, offspring production, and female foraging variables), we used a linear
regression model, the Generalized Linear Model (GLM) (Laird 2004) with robust standard
errors adjusting for possible cage effects (SPSS 15, SPSS Inc., Chicago, IL, U.S.A.). N =34

unless otherwise indicated.
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The values for sex ratio and bee density differed from their initial starting values (Table
1) due to disappearances of males or females and were calculated as means over the seven days.
Five females in three of the cages were not present for the entire seven days, because they either
died or escaped, so separate harassment rates, temperatures and floral resources were calculated

for each of them only using measures from days they were present.

RESULTS

Factors affecting harassment rate

The male: female sex ratio did not affect mean harassment rate (Linear regression: F'j ¢ =
3.913, R? = 0.294, p = 0.0953; power = 0.38; Fig. 3), though the trend was in the expected
direction. The distribution suggested that a quadratic fit was more appropriate. Using this model,
sex ratio did affect harassment rate, with the highest harassment rates at intermediate sex ratios

(Quadratic regression: F s =7.336, R? = 0.746, p = 0.0326).

Mean harassment rate increased with mean temperature (Linear regression: F ¢ = 18.209,
N=28, R’ = 0.835, p = 0.0053), but not with food availability (Linear regression: F;5=1.201, N
=7, p=0.3231). Total bee density (includes both males and females) had no significant effect on
harassment (Linear regression: F = 1.572, R’ = 0.076, p = 0.2566; power = 0.19) or offspring

production rate (GLM: B+SE = -0.037+0.050, R’ =0.035, p =0.4687).
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Effect of harassment and sex ratio on fecundity

As mean harassment rate increased, offspring production decreased (GLM: B+SE = -
0.351+0.042, R = 0.442, p < 0.0001; Fig. 4) and nest progression decreased (GLM: B+SE = -
3.192+0.341, R* = 0.483, p < 0.0001). Offspring production increased with nest progression

(GLM: B+SE = -3.192+0.341, R’ = 0.725, p < 0.0001).

As sex ratio increased, offspring production decreased (GLM: B+SE = -0.116+0.060, R’
=0.165, p =0.0523; Fig. 5). However, the relationship may not be best described as linear.
Therefore, we added a second order term of sex ratio as a main affect, thus enabling the testing
of a quadratic model using a linear GLM. This significantly improved the fit of the model with
the lowest offspring production at intermediate sex ratios (GLM: R? = 0.481, N = 34; Fig. 5,

Table 2).

Effect of harassment on female foraging behaviour

Mean harassment rate had a negative effect on the mean number of nest visits (GLM:
B+SE = -1.343+0.378, R* = 0.214, p = 0.0004) and foraging trips (GLM: B+SE = -1.879+0.580,
R’ =0.218, p =0.0012) per female per day. Offspring production was positively affected by the
number of nest visits (GLM: B+SE = 0.134+0.026, R* = 0.299, p < 0.0001) and foraging trips

(GLM: B+SE = 0.060+0.019, R’ = 0.271, p = 0.0014).

14



307 Mean harassment rate had a positive effect on the mean durations of nest visits (GLM:
308 B+SE =48.650+17.910, R’ = 0.236, p = 0.0066) and foraging trips (GLM: B+SE =

309 117.663+46.550, R> = 0.269, p = 0.0115). Offspring production was lower in nest visits and
310  foraging trips of longer durations (nest visits: GLM: B+SE = -0.002+0.001, R* = 0.206, p =
311 0.0341; foraging trips: GLM: B+SE = -0.002+0.0002, R = 0.459, p < 0.0001).

312

313 There was no significant effect of mean harassment rate on total times spent in the nest
314  (GLM: B+SE = -89.032+68.994, p = 0.1969) or on foraging trips (GLM: B+SE =

315  85.102+66.425, p = 0.2001) per day. Offspring production was not significantly affected by total
316  times spent in the nest (GLM: B+SE < 0.001+0.0002, p = 0.1083) or on foraging trips (GLM:
317  B+SE < 0.001+0.0002, p = 0.1083).

318

319 Mean harassment rate positively affected the proportion of pollen trips (GLM: B+SE =
320 0.046+0.017, R* = 0.035, p = 0.0077), but did not affect offspring production (GLM: B+SE = -
321  0.033+0.212, R’ = 0.026, p = 0.8758). Harassment did not affect the number of mistakes a
322  female made when returning to the nest (GLM: B+SE < 0.001+0.027, p = 0.9964).

323

324 Effect of temperature, floral resources and female body size

325

326 As mean temperature increased, offspring production decreased (GLM: B+SE = -

327 0.053+0.014, R* = 0.297, p = 0.0002). Nest progression also decreased as mean temperature
328 increased (GLM: B+SE = -0.525+0.079, R* = 0.389, p < 0.0001).

329
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Data analyses from the seven cages in which floral resources were recorded revealed that
offspring production increased with the mean number of untripped flowers (GLM: B+SE =
0.019+0.010, N = 30, R? = 0.160, p = 0.0404). Bee density did not affect the number of untripped
flowers (Linear regression: F;s=3.512, N=17, R’ = 0.30, p > 0.1198), nor was there any
significant effect of sex ratio on the mean number of untripped flowers per female (Linear
regression: F;5=0.019, N=17, R’ < 0.01, p > 0.8944). All cages used in our analyses contained
at least 1650 untripped flowers per female each day, the minimum number of flowers needed by
a female to produce a single provision (Cane 2005), and contained from 4113 to 39287 untripped

flowers each day. Thus, females did not appear to have been limited by floral resources.

A principal component analysis of the female body size measurements was conducted
(SPSS 15) and produced three independent measures of body size (Table S1). There was no
significant effect of any of the direct adult female body size measures or any of the principal

component measures of body size on offspring production (GLM: p > 0.05).

DISCUSSION

Our results demonstrate that male harassment imposes a fecundity cost on female alfalfa
leafcutting bees. Importantly, this cost is directly related to sex ratio, where intermediate sex
ratio treatments result in the highest harassment rates. Sex ratio is known to affect costs of
harassment (Rowe et al. 1994), and harassment is known to negatively affect female longevity
(Meader & Gilburn 2008) and fecundity (McLain & Pratt 1999; Sakurai & Kasuya 2008).

However, this is the first demonstration of a direct link between sex ratio and fecundity under
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field conditions within realistic sex ratio bounds. By resisting mating attempts and fleeing from
males, females made fewer foraging trips and took longer to make the number of foraging trips
necessary to build each cell. Thus, the females harassed more frequently built their nests and laid

eggs at a slower rate resulting in lower reproductive success.

The foraging costs that resulted from females fleeing males are similar to those observed
in seed-eating true bugs (McLain & Pratt 1999) and the solitary bee Anthophora plumipes (Stone
1995). Because females are not known to mate while nest-building, this resistance likely serves
to reduce the cost of male mating attempts. If females did not flee and allowed approaching
males to mount them, they would have to endure even longer time costs as they worked to
dislodge males. Fleeing reduces these potential time costs by preventing the mounting of males.
The cost of male mating attempts probably cannot be completely eliminated by females because

males patrol in areas essential to females such as their nests and foraging sites.

Male harassment may impact female foraging through time costs of fleeing males and the
gathered resources that are lost. We observed that females returning to nests with a leaf piece
would often drop it when pounced upon or chased by a male. Once she escaped, she then had to
retrieve a new leaf piece, so a part of that foraging trip had to be repeated. There was no
correlation between harassment and “mistakes”, or females entering the wrong nest cavity upon
return from a foraging trip, so a female’s ability to correctly identify her own nest cavity did not

seem affected by pressure to flee harassing males.
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Harassment rates peaked in the 3:1 sex ratio cages. The slightly reduced harassment rate
in the 4:1 cages might have been due to male-male competition. At high densities, male bees are
known to directly compete more with other males to maintain access to areas containing females
such as nest or foraging sites (Thornhill & Alcock 1983; Larsson 1991; Stone et al. 1995;
Willmer & Stone 2004). While we only measured male chases of females, males did chase other
males. We did not mark males, so it is unclear if these chases were attempts to defend territories,
attempts to exclude other males from the male’s current vicinity, or mistaken mating attempts. In
any case, when the male density is very high, male-male chases may increase, which would
reduce the frequency of male chases of females. A similar pattern was found in mosquitofish
(Smith 2007), where male-male agonistic displays were more frequent and copulation attempts

less frequent at higher male densities.

Environmental factors also influenced reproductive success. Food availability correlated
with offspring production, which was expected based on previous work on alfalfa leafcutting
bees (Peterson & Roitberg 2006) and its sister species M. apicalis (Kim 1996; Kim 1999). Also,
food limitation did not influence our results because all cages had at least the minimum required
flowers for each female each day to build cells and produce offspring. In all the experiments we
observed females foraging throughout the cages. Indeed, males patrolled and chased females
everywhere in the cages. There were no areas that were free of males, and thus females could not

shift foraging areas to avoid males

Mean temperature reduced nest and offspring production, though temperature was

previously shown to increase nest and offspring production in alfalfa leafcutting bees (Richards
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1996). Additional studies of solitary bees that found positive effects of temperature on bee
activity (Stone et al. 1995; Abrol 1998) were conducted at lower temperatures. The bees in our
experiments may have suffered from overheating (Willmer & Stone 2004) with some cages

reaching maximum temperatures as high as 44° C.

Adult body size did not correlate with offspring production in our study. This is similar
to findings in another cavity-nesting, solitary megachilid, Osmia lignaria Say (Tepedino &
Torchio 1982). However, in alfalfa leafcutting bees (Klostermeyer et al. 1973) and M. apicalis
(Kim 1997), body size did have an effect. Also, when bees were selected for each cage, attempts
were made to keep the average fresh weight of each cage’s females close to that of the other
cages. We often needed to use whatever bees had emerged within the last few days to ensure
bees in each cage were of identical ages. To detect the effects of body size on offspring
production in the context of high and low harassment rates, we would need to test many females

in more cages with intentionally-selected larger- or smaller-sized females.

We did not examine the longevity of females, another component of fitness. While it is
possible that the females harassed at a higher rate may have ended up living longer and making
up the difference in fecundity, we would predict that if the energetic costs of escaping harassing
males had any effect on longevity, it would be to reduce it (due to physical injuries and increased
predation risk), not increase it. The relationship between factors promoting female longevity and

lifetime fecundity are fertile grounds for future investigation.

Indirect benefits in a haplodiploid system
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If there are indirect benefits of female resistance, they would come from those first few
days post-eclosion when females do mate with a single male despite appearing resistant to all
mating attempts. Now that there is confirmation that costs exist, this experiment can be repeated

and multiple generations monitored to measure possible indirect benefits of female resistance.

Hymenoptera are haplodiploid, meaning sons develop from unfertilized eggs and
daughters from fertilized eggs. As a result, a female’s sons do not inherit any genes from her
mate. Any “sons effect” must be expressed through grandsons (i.e. a “grandsons effect”).
Nevertheless, the male effect is still genetically similar to diploid organisms because the
relatedness of a haplodiploid father to his grandson is the same as a diploid father to his son (r =
0.5). Alternatively, indirect benefits could appear as a “daughters effect” in which daughters
inherit increased strength or vigour that aggressive, coercive males might possess. Thus, females
could accrue benefits from mating with effectively harassing males either through daughters or
grandoffspring. This study has shown that females pay an immediate cost from male harassment.
This opens the opportunity for future work to explore whether they can recoup those costs
through the reproductive success of their daughters and especially through the reproductive
success of grandsons (Rossi, B. H. unpublished data). If the costs are outweighed by such
indirect benefits, then the function of female resistance would be for mate choice in addition to

reducing male-induced costs of sexual conflict.

20



441

442

443

444

445

446

447

ACKNOWLEDGEMENTS

This study conducted as a part of a UCLA-ARS Specific Cooperative Agreement #58-5428-6-
324. It was made possible by funding from a UCLA Quality of Graduate Education Fellowship
and help from Ellen Klomps, Shaila Kalaskar, Glen Trostle, Michael Barker, Nicole Boehme,
Cory Vorel and many undergraduate assistants. We also thank Daniel Blumstein, Gregory

Grether, Daniel Fessler and two anonymous referees for their constructive comments.

21



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

REFERENCES
Abrol, D. P. 1998. Foraging ecology and behaviour of the alfalfa pollinating bee species
Megachile nana (Hymenoptera: Megachilidae). Entomologia Generalis, 22, 233-237.
Akre, R. D., Catts, E. P., Zack, R. S. & Klostermeyer, E. C. 1982. Gynandromorphs of
Megachile rotundata (Fab) (Hymenoptera, Megachilidae). Entomological News, 93, 85-94.
Andersson, M. 1994. Sexual Selection. Princeton, New Jersey: Princeton University Press.
Blanchetot, A. 1992. DNA fingerprinting analysis in the solitary bee Megachile rotundata -
variability and nest mate genetic relationships. Genome, 35, 681-688.
Blanckenhorn, W. U., Hosken, D. J., Martin, O. Y., Reim, C., Teuschl, Y. & Ward, P. 1.
2002. The costs of copulating in the dung fly Sepsis cynipsea. Behavioral Ecology, 13, 353-358.
Cane, J. H. 1987. Estimation of bee size using intertegular span (Apoidea). Journal of the
Kansas Entomological Society, 60, 145-147.
Cane, J. H. 2005. How much pollen and nectar constitute larval provisions of the alfalfa leaf-
cutting bee? In: Proceedings of 2005 Northwest Alfalfa Seed Growers Winter Seed Conference,
pp- 49-50. Boise, ID.
Chapman, T., Arnqyvist, G., Bangham, J. & Rowe, L. 2003. Sexual conflict. Trends in
Ecology & Evolution, 18, 41-47.
Clutton-Brock, T. H. & Parker, G. A. 1995. Sexual coercion in animal societies. Animal
Behaviour, 49, 1345-1365.
Eberhard, W. G. 2002. The function of female resistance behavior: Intromission by male
coercion vs. female cooperation in sepsid flies (Diptera: Sepsidae). Revista De Biologia

Tropical, 50, 485-505.

22



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

Eberhard, W. G. 2005. Evolutionary conflicts of interest: Are female sexual decisions
different? American Naturalist, 165, S19-S25.

Gay, L., Eady, P. E., Vasudev, R., Hosken, D. J. & Tregenza, T. 2009. Costly sexual
harassment in a beetle. Physiological Entomology, 34, 86-92.

Gerber, H. S. & Akre, R. D. 1969. The external morphology of Megachile rotundata Fabricius
(Hymenoptera: Megachilidae). Melanderia, 1, 1-36.

Gerber, H. S. & Klostermeyer, E. C. 1972. Factors affecting the sex ratio and nesting behavior
of the alfalfa leafcutter bee. Washington Agricultural Experiment Station Technical Bulletin, 73,
I-11.

Hosken, D. J. & Tregenza, T. 2005. Evolution: Do bad husbands make good fathers? Current
Biology, 15, R836-R838.

Huk, T. & Winkel, W. G. 2008. Testing the sexy son hypothesis - A research framework for
empirical approaches. Behavioral Ecology, 19, 456-461.

Kim, J. Y. 1996. Maternal investment and reproductive strategies of an adventive leaf-cutter
bee, Megachile apicalis (Hymenoptera: Megachilidae). Ph.D., University of California, Davis.
Kim, J. Y. 1997. Female size and fitness in the leaf-cutter bee Megachile apicalis. Ecological
Entomology, 22, 275-282.

Kim, J. Y. 1999. Influence of resource level on maternal investment in a leaf-cutter bee
(Hymenoptera: Megachilidae). Behavioral Ecology, 10, 552-556.

Klostermeyer, E. C. & Gerber, H. S. 1969. Nesting behavior of Megachile rotundata
(Hymenoptera: Megachilidae) monitored with an event recorder. Annals of the Entomological

Society of America, 62, 1321-1325.

23



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

Klostermeyer, E. C., Mech, S. J. J. & Rasmussen, W. B. 1973. Sex and weight of Megachile
rotundata (Hymenoptera: Megachilidae) progeny associated with provision weights. Journal of
the Kansas Entomological Society, 46, 536-548.

Kokko, H., Brooks, R., Jennions, M. D. & Morley, J. 2003. The evolution of mate choice and
mating biases. Proceedings of the Royal Society of London Series B - Biological Sciences, 270,
653-664.

Laird, N. M. 2004. Analysis of Longitudinal and Cluster-Correlated Data. Beachwood, OH:
Institute of Mathematical Statistics.

Larkin, R. A. & Graumann, H. O. 1954. Anatomical Structure of the Alfalfa Flower and an
Explanation of the Tripping Mechanism. Botanical Gazette, 116, 40-52.

Larsson, F. K. 1991. Some take it cool, some like it hot - A comparative study of male mate
searching tactics in two species of Hymenoptera (Colletidae and Sphecidae). Journal of Thermal
Biology, 16, 45-51.

Maki, D. L., Moffett, J. O. & Petersen, H. D. 1990. X-radiography effects on leafcutting bee,
(Hymenoptera, Megachilidae) Megachile rotundata, body size and survival at emergence.
Southwestern Entomologist, 15, 147-150.

McLain, D. K. & Pratt, A. E. 1999. The cost of sexual coercion and heterospecific sexual
harassment on the fecundity of a host-specific, seed-eating insect (Neacoryphus bicrucis).
Behavioral Ecology and Sociobiology, 46, 164-170.

Meader, S. J. & Gilburn, A. S. 2008. Asymmetrical costs of sexual conflict in the seaweed fly,
Coelopa frigida. Ecological Entomology, 33, 380-384.

Miihlhiuser, C. & Blanckenhorn, W. U. 2002. The costs of avoiding matings in the dung fly

Sepsis cynipsea. Behavioral Ecology, 13, 359-365.

24



516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

Pankiw, P., Siemens, B. & Lieverse, J. 1979. Alalfa leaf cutter bee in Northwestern Canada.
(Ed. by Research Station, B., AB and Experimental Farm Fort Vermilion, AB in Cooperation
with Alberta Agriculture and Alberta Crop Research Program), pp. 1-11: Contribution No.:
NRG-79-10.

Parker, G. A. 2006. Sexual conflict over mating and fertilization: An overview. Philosophical
Transactions of the Royal Society of London B Biological Sciences, 361, 235-259.

Peretti, A. V. & Cordoba-Aguilar, A. 2007. On the value of fine-scaled behavioural
observations for studies of sexual coercion. Ethology Ecology & Evolution, 19, 77-86.
Peterson, J. H. & Roitberg, B. D. 2006. Impact of resource levels on sex ratio and resource
allocation in the solitary bee, Megachile rotundata. Environmental Entomology, 35, 1404-1410.
Pitts-Singer, T. L. 2004. Examination of 'pollen balls' in nests of the alfalfa leafcutting bee,
Megachile rotundata. Journal of Apicultural Research, 43, 40-46.

Pitts-Singer, T. L. & James, R. R. 2005. Emergence success and sex ratio of commercial
alfalfa leafcutting bees from the United States and Canada. Journal of Economic Entomology,
98, 1785-1790.

Richards, K. W. 1984. Alfalfa leafcutter bee management in Western Canada. Publication
#1495/E. pp. 1-53: Agriculture Canada, Ottawa, Canada.

Richards, K. W. 1993. Non-Apis bees as crop pollinators. Revue Suisse de Zoologie, 100, 807-
822.

Richards, K. W. 1994. Ovarian development in the alfalfa leafcutter bee, Megachile rotundata.

Journal of Apicultural Research, 33, 199-203.

25



537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

Richards, K. W. 1996. Effect of environment and equipment on productivity of alfalfa leafcutter
bees (Hymenoptera: Megachilidae) in southern Alberta, Canada. Canadian Entomologist, 128,
47-56.

Rowe, L., Arnqvist, G., Sih, A. & Krupa, J. J. 1994. Sexual conflict and the evolutionary
ecology of mating patterns: Water striders as a model system. Trends in Ecology and Evolution,
9, 289-293.

Sakurai, G. & Kasuya, E. 2008. The costs of harassment in the adzuki bean beetle. Animal
Behaviour, 75, 1367-1373.

Schlupp, 1., McKnab, R. & Ryan, M. J. 2001. Sexual harassment as a cost for molly females:
Bigger males cost less. Behaviour, 138, 277-286.

Smith, C. C. 2007. Independent effects of male and female density on sexual harassment, female
fitness, and male competition for mates in the western mosquitofish Gambusia affinis.
Behavioral Ecology and Sociobiology, 61, 1349-1358.

Stephen, W. P. 1981. The design and function of field domiciles and incubators for leafcutting
bee management (Megachile rotundata (Fabricius)). In: Station Bulletin 654, pp. 1-13. Corvallis:
Agricultural Experiment Station, Oregon State University.

Stephen, W. P. & Undurraga, J. M. 1976. X-radiography an analytical tool in population
studies of the leafcutter bee, Megachile pacifica. Journal of Apicultural Research, 15, 81-88.
Stone, G. N. 1995. Female foraging responses to sexual harassment in the solitary bee
Anthophora plumipes. Animal Behaviour, 50, 405-412.

Stone, G. N., Loder, P. M. J. & Blackburn, T. M. 1995. Foraging and courtship behavior in
males of the solitary bee Anthophora plumipes (Hymenoptera: Anthophoridae): Thermal

physiology and the roles of body size. Ecological Entomology, 20, 169-183.

26



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

Tepedino, V. J. & Torchio, P. F. 1982. Phenotypic variability in nesting success among Osmia
lignaria propinqua females in a glasshouse environment (Hymenoptera: Megachilidae). pp. 453-
462.

Thornhill, R. 1980. Rape in Panorpa scorpionflies and a general rape hypothesis. Animal
Behaviour, 28, 52-59.

Thornhill, R. & Alcock, J. 1983. The Evolution of Insect Mating Systems. Cambridge,
Massachusetts: Harvard University Press.

Weatherhead, P. J. & Robertson, R. J. 1979. Offspring quality and the polygyny threshold:
"The sexy son hypothesis". The American Naturalist, 113, 201-208.

Wedell, N. & Tregenza, T. 1999. Successful fathers sire successful sons. Evolution, 53, 620-
625.

Willmer, P. G. & Stone, G. N. 2004. Behavioral, ecological, and physiological determinants of
the activity patterns of bees. Advances in the Study of Behavior, 34, 347-466.

Wittmann, D. & Blochtein, B. 1995. Why males of leafcutter bees hold the females antennae

with their front legs during mating. Apidologie, 26, 181-195.

27



577  TABLES

578  Table 1. The types and numbers of each cage treatment

Bee density Number of
Sex ratio (total number  trials with these
(males:females) bees) treatments
0.5:1 12 2
3:1 8 2
3:1 12 2
3:1 16 1
4:1 10 1
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Table 2. Quadratic model for the effect of sex ratio on offspring production (GLM: R’ =0.481,

N = 34). For this GLM analysis, our model uses wald test statistics to test the significance of the

coefficient and control for possible cage effects.

95% Wald
Confidence
Interval Hypothesis Test
Std. Wald Chi-

Parameter B Error Lower  Upper Square. df Sig.
Intercept 1.963 0.062 1.841 2.086 988.885 1 <0.0001
sex ratio -1.183 0.121  -1.419 -0.946 95.951 1 <0.0001
sex ratio” 0.215 0.023 0.170 0.260 88.253 1 <0.0001

Scale 0.153

Dependent Variable: Offspring production rate

29



585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

FIGURE LEGENDS

Figure 1. The outside (left) and inside (right) of the outdoor cages, including the artificial nest

block.

Figure 2. X-Radiographs of nest straws were used to count the number of offspring produced
based on the length of nest that was built each day. Cells with live prepupe can be distinguished
from cells that just contain provision and will not produce a live offspring (either because the

female never laid an egg in that cell or the offspring died).

Figure 3. Effect of sex ratio (males: females) on the mean harassment rate (Quadratic regression:

F,5="7.336, R’ = 0.746, p = 0.0326). Harassment rate was highest at intermediate sex ratios.

Figure 4. Harassment rate reduced the offspring production rate per female (GLM: B+SE = -

0.351+0.042, R” = 0.442, p < 0.0001).

Figure 5. Effect of sex ratio (males: females) on the offspring production rate per female.
Offspring production rates were lowest at intermediate sex ratios (GLM of sex ratio and its

second order term: R’ = 0.481, N = 34; Table 2).
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