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Abstract Female and male mate choice in relation to adult size were examined for the
solitary and gregarious parasitoids, Cotesia marginiventris (Cresson) and Cotesia
flavipes Cameron, respectively. In addition, male precopulatory behaviors were
observed for evidence of male competition or a large-male advantage in mate
acquisition. Male parasitoids are not known to offer female mates direct benefits, but
females that mate high quality males may obtain indirect benefits, such as offspring
that are more successful in obtaining mates. Female choice experiments for C.
marginiventris found that large males approached females first more frequently than
small males, and that females mated large males significantly more often than small
males. Male choice experiments for C. marginiventris did not demonstrate a male
preference for female size. In contrast, female choice experiments with C. flavipes
found that females mated equally with large or small males, while male choice
experiments showed that males attempted copulation and mated more frequently with
smaller females. Male competition was not observed in the gregarious species C.
flavipes, but competition in this gregarious parasitoid could be moderated by dispersal.

Keywords Courtship behavior . female choice . indirect benefit . male competition .

Braconidae . male choice

Introduction

Mate choice in insects can occur from female or male choice of mating partners, or
as an outcome of male competition. Females are predicted to be the selective sex
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when choosing mates because they typically need to mate only once to fertilize their
eggs (Thornhill and Alcock 1983; Davies 1991; O’Neil 2001). Thus, males may
have evolved to increase their attractiveness. For example, males may provide direct
benefits to mates, such as territory or nutrients that increase female fertility or
longevity, or indirect benefits, such as superior genetic quality of offspring or more
attractive sons (Jones et al. 1998). Male competition may also occur prior to mating,
and is predicted to occur where resources such as females are concentrated
(Thornhill and Alcock 1983; Davies 1991).

In the case of parasitoids, mate choice can also be influenced by the spatial
location of hosts in the field (Thornhill and Alcock 1983; Davies 1991; Godfray
1994, Godfray and Cook 1997). Solitary parasitoids that attack dispersed hosts have
males which must search for mates, and these males may compete to acquire females
(Godfray 1994). Parasitoid males are not known to offer females direct benefits or
resources, such as spermatophores or nuptial gifts, to entice females to mate
(Godfray 1994). However, solitary female parasitoids could choose mates to receive
indirect benefits, such as larger offspring or more attractive sons, as in other insects
(Capone 1995; Greenfield 2002). In gregarious and quasigregarious parasitoids,
emerging adults may mate locally with siblings; female choice may be unlikely as
there is little to gain genetically. In contrast, males from gregarious clutches may
compete directly for female mates, which are concentrated at the emergence site, to
increase their mating success (Hardy 1994; Godfray and Cook 1997). Choosiness for
mates may be greater for parasitoids, either solitary or gregarious, that exhibit
complementary sex determination in order to prevent inbreeding and production of
diploid males (Ode et al. 1995; de Boer et al. 2007).

Few studies have examined female or male mate choice in parasitoids (Godfray
and Cook 1997; Quicke 1997; Gu and Dorn 2003; Martel et al. 2008). Females of
the gregarious species Bracon hebetor Say (Braconidae) mated more frequently with
non-siblings than with siblings (Ode et al. 1995). In contrast, females of the
gregarious parasitoid Cotesia glomerata (L.) showed no mating preference for sibs
or non-sibs (Gu and Dorn 2003). In both solitary and gregarious parasitoids, a large-
male advantage in mate acquisition has been documented (Eggleton 1990; Lampson
et al. 1996; Abe et al. 2005), as have competitive mating tactics such as mate
stealing (Field and Keller 1993b). Other studies found no large-male precedence or
advantage in mating (Crankshaw and Mathews 1981; Suzuki and Hiehata 1985;
Antolin and Strand 1992; Cheng et al. 2003). Additional laboratory and field inves-
tigations may provide insight to mate choice processes (Godfray and Cook 1997).

This study examined mate choice in two parasitoids with contrasting mating
systems, the solitary parasitoid, Cotesia marginiventris (Cresson), and the gregarious
parasitoid, Cotesia flavipes Cameron. The first parasitoid, C. marginiventris, is an
endoparasitoid of first and second instar larvae of Noctuidae (Lepidoptera) (Boling
and Pitre 1970; Tillman 2001). Its hosts, such as Spodoptera frugiperda (J. E.
Smith), do not occur in aggregations, so adult parasitoids must disperse upon
emergence to locate mates. Male development time is 1 day shorter than that of
females, and males are attracted to a female pheromone (Joyce, unpublished data).
Offspring sex ratios vary from 60–70% males (Kunnalaca and Mueller 1979;
Ramírez-Romero et al. 2007) to 40% males (Novoa and Luna 1996). The second
species, C. flavipes, is a gregarious parasitoid that attacks stem boring larvae of
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Pyralidae (Lepidoptera), and exhibits considerable local mating within a brood
(Bernal, unpublished data). Broods of ∼40 individuals emerge from a single larval
host and have a female-biased sex ratio, with typically four or five females per male
(Wiedenmann et al. 1992; Kimani and Overholt 1995; Potting et al. 1997). Males
mate with multiple females, but females typically mate only once, and reject males
after mating (Arakaki and Ganaha 1986). Courting males of both C. flavipes and C.
marginiventris fan their wings when in close range of females (Sivinski and Webb
1989; Kimani and Overholt 1995), producing a low amplitude sound and substrate
vibrations (Joyce et al. 2008; Joyce, personal observation). Females of both species
signal acceptance of male copulation attempts by remaining stationary and allowing
the male to mount and copulate. In contrast, females reject males by jumping away
and producing a buzzing sound with their wings. Individuals of both species are
small (≤3 mm body length), and have no notable color patterns or markings that
might provide visual cues to potential mates.

Specifically, the goal of this study was to test whether mate choice for large or
small mates occurred in C. marginiventris and C. flavipes. Mate choice was
examined at the courtship level to determine if mate size influenced mating success.
Male precopulatory behaviors were also examined for evidence of direct male
competition or a large-male advantage in mate acquisition. Female choice could
occur in either the solitary or the gregarious parasitoid species, but was expected to
be less likely in the gregarious parasitoid due to genetic relatedness of siblings.
Males of both species were not expected to be selective with respect to female mate
size. Male competition was expected to be more likely in the gregarious parasitoid,
C. flavipes, than in the solitary parasitoid, C. marginiventris, while a large-male
advantage was expected in both species.

Materials and Methods

Insects

C. marginiventris were reared on S. frugiperda (J. E. Smith) (Lepidoptera:
Noctuidae). Adult S. frugiperda were maintained in 2.4 L plastic containers with a
20% sucrose solution, lined with paper towels which served as an oviposition
substrate, at 27±2°C, 60±5% relative humidity (RH), and a 15:10 (L:D)
photoperiod. Paper towel strips (4×6 cm) with eggs were placed inside 1 L glass
jars, and emerging larvae fed on a corn earworm diet (Bio-Serv, Inc, Frenchtown,
NJ, USA). To parasitize larvae, one adult male and female C. marginiventris (0–48 h
old) were placed in a 24 mL glass vial with 20 S. frugiperda second instar larvae and
larval diet for 48 h. Parasitized larvae were then transferred to 10 mL plastic cups
with artificial diet, and incubated for approximately 7 days until parasitoid cocoons
appeared. Individual cocoons were then placed singly in 1 mL (1/4 dram) glass vials
and closed with cotton, so that emerging adults were virgin for experiments. All C.
marginiventris used in trials were stored overnight at 15°C before mating trials were
conducted.

C. flavipes was reared on Diatraea saccharalis (F.) (Lepidoptera: Pyralidae) in a
manner similar to S. frugiperda. Adult moths were held in 2.4 L plastic containers
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with wax paper as an oviposition substrate. Wax paper strips (4×6 cm) with eggs
were placed in 1 L glass mason jars with diet for emerging larvae (Martinez et al.
1988). To parasitize larvae, single mated female C. flavipes (0–48 h old) were placed
in 10 mL plastic cups with two larvae (third–sixth instar) and artificial diet.
Approximately 1 week later, parasitoid cocoons were collected and isolated
individually in glass vials as described above.

Plants

Trials involving C. marginiventris were conducted on a leaf of a young maize plant
(Zea mays L.) in an arena. Previous work showed that a low proportion (<30%) of
this species mated in glass vials or plastic Petri dishes, and that using a plant as a
mating substrate substantially increased the proportion mated (Joyce et al. 2008).
Maize plants were grown from Pioneer® seed 34A55 (Johnston, IA, USA), planted
in Miracle Grow® (Marysville, OH, USA) potting soil in plastic pots (13 cm
diameter×12 cm height) in a greenhouse with natural light ∼15:10 (L:D), 30±5°C,
and 50–90% RH. Plants used for experiments were 30–40 cm tall and had five
leaves.

Selecting Large and Small Parasitoids

Each trial used newly emerged virgin adult male and female parasitoids. A binocular
microscope fitted with a lens micrometer was used to grossly estimate parasitoid
body length, and wasps were grouped into small or large size classes. The difference
between large or small parasitoids was visually apparent to the unaided eye, and was
later found to represent a ∼10% size difference. The right hind tibia length (RHTL)
was measured in mm for each parasitoid after each experiment, and was used as a
proxy for adult size in all experiments. Parasitoid individuals from these large and
small size classes were used in the mate choice trials described below.

Experiment 1: Mate Choice by C. marginiventris Females

Each trial was conducted in the laboratory between 08:00 and 10:00 h, at 25±2°C,
45–60% RH. The arena for each trial consisted of a 160 mL plastic vial (4.8 cm
diameter×8.4 cm length) covering one leaf of a maize plant, which remained
attached to the plant. The vial arena was placed around the leaf, but not touching it,
and was supported by attaching the vial to the stem of the plant. All C.
marginiventris used in these studies were younger than 48 h old. Each parasitoid,
arena, leaf, and plant were used only once. Two males, one large and one small, were
released in the arena, followed immediately by a female.

Male precopulatory behaviors were recorded to determine if there was direct
male–male competition or a large-male advantage. The frequency and the latency
(time elapsed from the start of the experiment to the first display of a behavior) in
seconds of the following male precopulatory behaviors were recorded for the large
and small male in each trial: (1) first wing fanning, (2) first approach to a female,
and (3) first attempted copulation. These were the only male precopulatory behaviors
observed. The copulation latency (time elapsed from the start of the experiment until
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copulation began), copulation duration, and whether the large or small male mated
first with the female were recorded. After mating was complete (or 15 min if no
mating occurred), each insect was collected into separate vials. A total of 43 trials
were conducted, with females mating in 29 trials. Following each trial, adults were
killed by freezing, and the RHTL was measured for both males and the females.

Experiment 2: Mate Choice by C. marginiventris Males

Vial arenas and maize plants, as described above, were used in these trials. For each
trial, a large and a small female were placed in the arena enclosing a maize leaf,
followed immediately by a male. The following precopulatory behaviors were
recorded for males as they first displayed each behavior to a large or small female:
(1) first wing fanning, (2) first approach to a female, and (3) first attempted
copulation. In male choice experiments, display of these male precopulatory
behaviors toward females was used as a measure of male preference for large or
small females. Copulation latency, copulation duration, and whether the male mated
the large or small female were recorded. After mating, or at the end of the trial
(15 min), each insect was collected into a separate vial for later measurement of its
RHTL. A total of 26 trials were conducted, and males mated in 19 trials. The RHTL
was measured for all parasitoids.

Experiments 3 and 4: Mate Choice by C. flavipes Females and Males

The trials with C. flavipes were conducted as described for C. marginiventris, with
the exception that trials were conducted in 24 mL glass vials (2.3 cm diameter×9 cm
length). Each parasitoid and arena were used only once. All C. flavipes used in these
trials were younger than 24 h old. In the female choice experiment, consisting of a
large and small male and one female, the first display of each of the male
precopulatory behaviors (described above for C. marginiventris) by large and small
males toward the female was recorded. In the male choice experiment, male
precopulatory behaviors were displayed to a large or small female, but data were not
collected for wing fanning. In both experiments, the copulation latency and duration
were recorded, as well as the mating frequency with large or small mating partners.
In the female choice experiment (Experiment 3), the female mated in 27 of the 36
trials. In the male choice experiment (Experiment 4), the male mated in 20 of the 25
trials. The RHTL was measured in all parasitoids.

Statistical Analyses

Experiment 1: Mate Choice by C. marginiventris Females

Data from all trials in which mating did not occur were excluded from analyses. The
frequency of each male precopulatory behavior for large and small males was
compared using Chi-square tests, while the latency to each large or small male
behavior was compared using Mann–Whitney U tests. Chi-square tests compared the
success of the first attempted copulations by large or small males, as well as the
mating frequencies of large or small males. Fisher’s exact tests were applied for
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frequencies smaller than 5. The RHTL was compared between large and small males
using t-tests. In addition, paired t-tests compared the mean RHTL difference of the
copulating male and female pair (=mated male RHTL−female RHTL) to the
difference in RHTL of the noncopulating male and female (=unmated male RHTL−
female RHTL). All t-tests were two tailed. Mean copulation durations, as well as
mean copulation latencies, were compared between large and small males using
Mann–Whitney U tests. Large-sample Mann–Whitney U tests were used for
categories with more than ten observations, with corrections for tied data, and
results were reported as Z-scores (Siegel and Castellan 1988).

Experiment 2: Mate Choice by C. marginiventris Males

Statistical analyses were similar to those described (above) for mate choice by C.
marginiventris females, but tests were applied to male behaviors toward a large or
small female. The frequency of each male precopulatory behavior toward a large or
small female was compared using Chi-square tests, as were frequencies of
acceptance or rejection of male copulation attempts to large or small females. The
RHTL was compared between the large and small females using t-tests, as was the
RHTL difference of the male and copulating female and the RHTL difference of
the male and noncopulating female. Mean copulation durations, as well as mean
copulation latencies, were compared between males that mated with large or small
females

Experiments 3 and 4: Mate Choice by C. flavipes Females and Males

All analyses were similar to those described above for mate choice by C.
marginiventris females and males, with one difference. In the C. flavipes male
choice experiment, only one male mated with a large female, so copulation duration
and latency could not be compared between large and small females.

Comparisons were also conducted of mean copulation durations and copulation
latencies between the female choice and male choice experiments, within each
species, using Mann–Whitney U tests. If male guarding or interference occurred in
the female choice experiment, then longer copulation latencies or durations would be
expected than in the male choice experiment.

All statistical analyses were conducted using Statistix (2000) or SAS (1996). All
comparisons were two-tailed where applicable.

Results

Mate Choice by C. marginiventris Females

Large and small males were equally likely to first exhibit wing fanning towards a
female (Table 1). Large males were more frequently first to approach females, but
they attempted copulation as frequently as small males (Table 1). The mean latencies
for these three behaviors were not significantly different between large and small
males (Table 1). Female acceptance of male copulation attempts depended on male
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size. On the first attempted copulation, females more frequently accepted large males
as mates (Fig. 1a).

Significantly more C. marginiventris females mated with large males than with
small males (Fig. 2a). The RHTL of mated males was significantly larger than
unmated males (Fig. 2b). The mean RHTL difference between the mated males and
females was significantly different than for the unmated males and females (Fig. 2c),
with a larger size difference between unmated males and females. Mean copulation
durations were similar in large and small males (25.8±1.1 vs. 25.0±2.1 s; large
sample Mann–Whitney U, Z=0.29, N1=19, N2=3, P=0.77), as were the copulation
latencies (large males, 352.2±55.6; small males, 368.0±127.7 s; Z=0.84, N1=24,
N2=5, P=0.80).

Mate Choice by C. marginiventris Males

Males fanned their wings with equal frequency towards large or small females, and
approached and attempted copulation with large or small females with similar

Table 1 The Frequency and Latency (in Seconds) to the First Display of Male Precopulatory Behaviors
in the Female and Male Choice Experiments for C. marginiventris and C. flavipes

Male precopulatory behaviors

First wing fan First approach First attempted copulation

First display Latency (s) First display Latency (s) First display Latency (s)
Frequency Mean±SE Frequency Mean±SE Frequency Mean±SE

C. marginiventris
Female choice
Large male 13 40.2±12.2 17 48.4±15.1 15 192.9±41.3
Small male 10 55.9±21.2 8 58.6±22.1 13 129.9±26.5

χ2=0.78,
P=0.38

Z=0.62,
P=0.53

χ2=6.83,
P=0.01

Z=0.38,
P=0.70

χ2=0.29,
P=0.59

Z=0.68,
P=0.50

Male choice
Large female 11 56.6±17.9 11 59.6±17.2 9 126.9 ±30.0
Small female 7 47.7±23.1 8 44.1±20.3 10 101.4±22.3

χ2=1.78,
P=0.18

Z=0.27,
P=0.79

χ2=0.95,
P=0.33

Z=0.91,
P=0.36

χ2=0.11,
P=0.75

Z=0.57,
P=0.57

C. flavipes
Female choice
Large male 7 32.0±15.7 10 18.7 ±2.2 14 37.8±7.5
Small male 17 10.0±2.5 12 36.0±11.1 10 63.8±19.6

χ2=8.33,
P=0.004

Z=2.048,
P=0.04

χ2=0.36,
P=0.55

Z=0.50,
P=0.62

χ2=8.28,
P=0.25

Z=0.53,
P=0.60

Male choice
Large female n/a n/a 8 21.1±5.0 5 47.8±12.2
Small female n/a n/a 12 16.4±2.7 15 52.0±18.1

χ2=1.60,
P=0.21

Z=0.50,
P=0.62

χ2=8.10,
P=0.004

Z=0.87,
P =0.38

In the female choice experiments, large or small males displayed toward a female. In the male choice
experiments, the single male displayed toward a large or small female. First display frequencies within
each experiment were compared using a Chi-square test. The latency to the first display of each behavior
was compared within an experiment using a Large Sample Mann–Whitney U test.
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frequencies (Table 1). The latency of these three behaviors toward large and small
females did not differ significantly (Table 1). Lastly, there was no significant
difference in acceptance or rejection frequencies by large or small females for the
first copulation attempt by males (Fig. 1b).

Male mating frequencies with large or small females were not significantly
different (Fig. 3a). Mated and unmated females had RHTLs that were not
significantly different (Fig. 3b). The mean RHTL difference between males and
the mated female was not significantly different than the RHTL difference between
males and the unmated females (Fig. 3c). Copulation duration did not differ between
males mating with large (23.5±1.9) or small females (21.7±1.3 s; Z=1.02, N1=6,
N2=11, P=0.30).

The mean copulation duration was significantly longer by several seconds in the
female choice experiment, when two males were present, compared to the male
choice experiment, which had only one male present (female choice, 25.7±1.0; male
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in the four mate choice experiments. In C. marginiventris, a large male attempted copulations were
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choice, 22.4±1.1 s; large sample Mann–Whitney U test, Z=2.08, N1=22, N2=17,
P=0.04). In contrast, the copulation latency was similar between both experiments
(female choice, 354.9±50.1; male choice, 322.7±51.1 s; Z=0.08, N1=29, N2=19,
P=0.93).
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Mate Choice by C. flavipes Females

Small males were more likely than large males to first exhibit wing fanning behavior
toward females, though the frequencies of first approaches and first attempted
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copulations did not differ between large and small males (Table 1). Similarly, while
the latency to wing fanning was significantly shorter for small males than large
males, the mean latency to the first approach or attempted copulation did not differ
significantly between large or small males (Table 1). Females accepted more
attempted copulations than expected for both large and small males (Fig. 1c). Most
attempted copulations resulted in mating, and few (<5%) females rejected mates
(Fig. 1c).

Females mated with large or small males with equal frequency (Fig. 4a). The size
of RHTLs of mated or unmated males (Fig. 4b), and the mean RHTL differences
between mated and unmated pairs were not significantly different (Fig. 4c). The
mean copulation times of large (20.2±3.1) and small males (18.8±2.4 s) were not
significantly different (Z=0.49, N1=15, N2=8, P=0.63), nor were the copulation
latencies (large males, 128.0±58.4; small males, 69.2±20.4 s; large sample Mann–
Whitney U, Z=0.21, N1=15, N2=9, P=0.84).

Mate Choice by C. flavipes Males

Males first approached large or small females with similar frequencies, but more
frequently attempted copulation first with small females (Table 1). The latencies of
precopulatory behaviors towards large or small females did not differ significantly
(Table 1). First attempted copulations were accepted more frequently by small
females than by large females (Fig. 1d).

Males mated significantly more frequently with small females than with large
females (Fig. 5a), and mated females were significantly smaller than unmated
females (Fig. 5b). The mean difference in RHTLs between mated females and males
was larger than the mean RHTL difference between unmated females and males
(Fig. 5c).

The mean copulation times in the female and male choice experiments of C.
flavipes were not significantly different (female choice, 19.8±2.8; male choice,
17.1±1.0 s; large sample Mann–Whitney U, Z=1.10, N1=24, N2=20, P=0.27), nor
were the copulation latencies (female choice, 116.3±34.4; male choice, 99.6±23.4 s;
large sample Mann–Whitney U, Z=0.01, N1=27, N2=20, P=0.99).

Discussion

Male precopulatory behaviors in the C. marginiventris female choice experiment
suggested a competitive advantage for large males, because large males approached
females first more frequently than small males (Table 1). A large-male advantage has
been demonstrated for solitary parasitoids other than C. marginiventris. Eggleton
(1990) found that large males of the solitary Lytarmes maculipennis (Kamath and
Gupta) (Ichneumonidae) mated more frequently than small males. Thus, once C.
marginiventris males are in the vicinity of females, large males may have a
competitive advantage over small males that may enhance their reproductive
success.

Female choice for larger male mates may occur by active female choice, or it may
result from passive choice, where females mate with the winner of a male competition
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Fig. 4 Mate choice for large or
small males by C. flavipes
females. a Females mated with
large or small males with similar
frequency (Chi-square test:
# 2
1 ¼ 0:41, P=0.41). b Mated

and unmated males were similar
in size (t-test: t48=1.02,
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significantly different compared
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(Parri et al. 1998; Blanchenhorn et al. 2000). It can be difficult to separate male
competitive ability from female choice. Large males of C. marginiventris approached
females first more frequently than small males, suggesting that females mate with
the larger male by passive female choice. C. marginiventris females mated more
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frequently with large males compared to small males (Fig. 2a–c), but larger males
may be physically stronger so more able to copulate with females than smaller
males. However, females more frequently rejected copulation attempts by small
males, and accepted copulation attempts by larger males (Fig. 1a), suggesting that
females actively choose to copulate with large males.

C. marginiventris males are not known to offer females any direct benefits, such
as parental care of offspring, or nutritional resources that would increase female
survival or longevity (Godfray 1994). It is possible that female C. marginiventris,
which presumably mate only once, mate with large male mates to receive indirect
benefits, such as larger offspring that could live longer, disperse farther, or produce
offspring with a greater competitive ability to acquire mates. Female size preferences
for mates have been documented where there is no apparent direct benefit of mate
choice. For example, females of the green stink bug Acrosternum hilare (Say)
(Pentatomidae) chose larger males as mating partners (Capone 1995), though there is
no apparent advantage of mating with larger males. Male and female parasitoid size
may be heritable (Ellers et al. 2001), though it can be influenced by factors such as
host size (Charnov et al. 1981; Joyce et al. 2002; Cheng et al. 2003), including in C.
marginiventris (Ramírez-Romero et al. 2007). Larger females are known to disperse
farther and search larger areas for hosts (Ellers et al. 1998), and such size-related
advantages may extend to males. Mating success for males can be limited by their
ability to find females (van den Assem et al. 1989). Larger male parasitoids typically
live longer than smaller males, and may have higher fitness than small males (van
den Assem et al. 1989; Kazmer and Luck 1995; Bernal et al. 2001; Sagarra et al.
2001). Thus, females mating with larger males could receive an indirect benefit such
as male offspring with greater competitive ability.

Females of the gregarious parasitoid, C. flavipes, mated equally with large or
small males in the female choice experiment (Fig. 4a–b). C. flavipes produces
broods that typically consist of 80% females, i.e. ∼1♂:4♀♀ (Wiedenmann et al.
1992). Thus, males could be a limited resource, which could preclude females from
being selective about mate size. On average males were larger than females in this
experiment (Fig. 4c), which may explain in part why nearly all attempted
copulations by males resulted in matings (Fig. 1c). C. flavipes is a partially local
mating species (Bernal, unpublished data), and females may be less selective for
mates if they are mating with brothers having similar genetic backgrounds (Hardy
1994). In addition, complementary sex determination does not occur in C. flavipes
(Niyibigira et al. 2004), so mating among brothers and sisters would not lead to
diploid males and reduced reproductive success (Godfray 1994; Ode et al. 1995; de
Boer et al. 2007).

Other mate choice studies of gregarious parasitoids have examined mate choice
for siblings or nonsiblings, and the level of male competition. Females of C.
glomerata (L.) (Braconidae), a gregarious parasitoid with a female-biased sex ratio,
showed no mating preference between siblings and non-siblings, although the trend
was to mate with non-siblings (Gu and Dorn 2003). In C. glomerata, 30% of males
and 50% of females dispersed before mating, and some male fighting for females
was observed in natal patches where there were large numbers of males. Another
study of C. glomerata found that male size did not influence mating success
(Tagawa 2002). Ode et al. (1995) found that females of the gregarious parasitoid
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B. hebetor Say (Braconidae) were more likely to mate with non-siblings than
siblings, possibly because inbreeding produces diploid males with reduced viability.
Melittobia australica Girault (Eulophidae), a gregarious species, has brachypterous
males that mate at the emergence site. Males of this species are equally combative
with siblings and non-siblings, suggesting no chemical recognition of siblings (Abe
et al. 2005). In contrast, several other studies of gregarious parasitoids did not
suggest a large-male precedence or advantage in mating (Suzuki and Hiehata 1985;
Cheng et al. 2003). For gregarious parasitoids such as C. flavipes, chemical cues and
recognition of siblings may be more important than size in relation to mate choice.

A conspicuous aspect of male courtship in Cotesia species is their wing fanning
behavior (Sivinski and Webb 1989; Field and Keller 1993a; Kimani and Overholt
1995; Joyce et al. 2008), which produces low amplitude sound and substrate
vibrations detected by females. In a study by van den Assem and Putters (1980),
older male parasitoids prevented from wing fanning were less successful in mating
than young males prevented from wing fanning. However, replay of courtship
sounds and vibrations improved mating success for the older males, indicating that
courtship sounds/vibrations convey information about male quality (van den Assem
and Putters 1980). In other arthropods, such as the wolf spider Hygrolycosa
rubrofasciata (Ohlert), males drum their abdomens on leaves to attract females.
Females choose males that drum loudest, which correlated with male viability rather
than male size (Kotiaho et al. 1996; Mappes et al. 1996). Future studies might
investigate whether larger male C. marginiventris or C. flavipes produce louder
courtship vibrations than smaller males, indicating male quality or good genes
(Greenfield 2002), and whether they induce receptivity in females more quickly than
smaller males.

In conclusion, mate choice in the solitary parasitoid C. marginiventris may occur
by either passive or active female choice, although in this study it was difficult to
separate the two. Mate choice may be more likely for solitary, outbreeding
parasitoids such as C. marginiventris than for gregarious, inbreeding parasitoids
such as C. flavipes, which mate siblings sharing genetic backgrounds. In partially
local mating species such as C. flavipes, competition for mates at the emergence site
may be moderated by dispersal and outbreeding.

Acknowledgments We thank Pat Gillogly of Texas A&M University, Soledad Alvarez of Texas A&M,
Weslaco, Texas, and W. J. Lewis at USDA, ARS, Tifton, GA, USA for insect rearing and material. Robert
Wharton and Jane Packard of Texas A&M University, and Paul Ode of North Dakota State University,
read and provided suggestions on an earlier draft of the manuscript.

References

Abe J, Kamimura Y, Shimada M (2005) Individual sex ratios and offspring emergence patterns in a
parasitoid wasp, Melittobia australica (Eulophidae), with superparasitism and lethal combat among
sons. Behav Ecol Sociobio 57:366–373

Antolin MF, Strand MR (1992) Mating system of Bracon hebetor (Hymenoptera: Braconidae). Ecol
Entomol 17:1–7

Arakaki N, Ganaha Y (1986) Emergence pattern and mating behavior of Apanteles flavipes (Cameron)
(Hymenoptera: Braconidae). Appl Entomol Zool 21:382–388

26 J Insect Behav (2009) 22:12–28



Bernal JS, Gillogly PO, Griset J (2001) Family planning in a stem borer parasitoid: sex ratio, brood size,
and size-fitness relationships in Parallorhogas pyralophagus (Hymenoptera: Braconidae), and
implications for biological control. Bull Entomol Res 91:255–264

Blanckenhorn WU, Mühlhäuser C, Morf C, Reusch T, Reuter M (2000) Female choice, female reluctance
to mate and sexual selection on body size in the dung fly Sepsis cynipsea. Ethology 106:577–593

Boling JC, Pitre HN (1970) Life history of Apanteles marginiventris with descriptions of immature stages.
J Kansas Entomol Soc 43:465–470

Capone TA (1995) Mutual preference for large mates in green stink bugs, Acrosternum hilare (Hemiptera:
Pentatomidae). Anim Behav 49:1335–1344

Charnov EL, Los-den Hartogh RL, Jones WT, van den Assem J (1981) Sex ratio evolution in a variable
environment. Nature 289:27–33

Cheng LI, Howard RW, Campbell JF, Charlton RE, Nechols JR, Ramaswamy S (2003) Behavioral
interaction between males of Cephalonomia tarsalis (Ashmead) (Hymenoptera: Bethylidae)
competing for females. J Insect Behav 16:625–645

Crankshaw OS, Mathews RW (1981) Sexual behavior among parasitic Megarhyssa wasps (Hymenoptera:
Ichneumonidae). Behav Ecol Sociobio 9:1–7

Davies NB (1991) Mating systems. In: Krebs JR, Davies NB (eds) Behavioural ecology, an evolutionary
approach. 3rd edn. Blackwell Scientific, Oxford, pp 263–294

De Boer JG, Ode PJ, Vet LEM, Whitfield JB, Heimpel GE (2007) Diploid males sire triploid daughters
and sons in the parasitoid wasp Cotesia vestalis. Heredity 99:288–294

Eggleton P (1990) Male reproductive behaviour of the parasitoid wasp Lytarmes maculipennis
(Hymenoptera: Ichneumonidae). Ecol Entomol 15:357–360

Ellers J, van Alphen JJM, Sevenster JG (1998) A field study of size-fitness relationships in the parasitoid
Asobara tabida. J Anim Ecol 67:318–324

Ellers J, Bax M, van Alphen JJM (2001) Seasonal changes in female size and its relation to reproduction
in the parasitoid Asobara tabida. Oikos 92:309–314

Field SA, Keller MA (1993a) Courtship and intersexual signaling in the parasitic wasp Cotesia rubecula
(Hymenoptera: Braconidae). J Insect Behav 6:737–750

Field SA, Keller MA (1993b) Alternative mating tactics and female mimicry as post-copulatory mate-
guarding behaviour in the parasitic wasp Cotesia rubecula. Anim Behav 46:1183–1189

Godfray HCJ (1994) Parasitoids: behavioral and evolutionary ecology. Princeton University Press, New
Jersey

Godfray HCJ, Cook JM (1997) Mating systems of parasitoid wasps. In: Choe JC, Crespi BJ (eds) The
evolution of mating systems in insects and arachnids. Cambridge Press, Cambridge, pp 211–225

Greenfield MD (2002) Signalers and receivers: mechanisms and evolution of arthropod communication.
Oxford, New York

Gu H, Dorn S (2003) Mating system and sex allocation in the gregarious parasitoid Cotesia glomerata.
Anim Behav 66:259–264

Hardy ICW (1994) Sex ratio and mating structure in the parasitoid Hymenoptera. Oikos 69:3–20
Jones TM, Quinnell RJ, Balmford A (1998) Fisherian flies: benefits of female choice in a lekking sandfly.

Proc R Soc Lond B 265:1651–1657
Joyce AL, Millar JG, Paine TD, Hanks LM (2002) The effect of host size on the sex ratio of Syngaster

lepidus, a parasitoid of Eucalyptus longhorned borers (Phoracantha spp.). Biol Control 24:207–213
Joyce AL, Hunt RE, Bernal JS, Vinson SB (2008) Substrate influences mating success and transmission of

courtship vibrations for the parasitoid Cotesia marginiventris. Entomol Exp Appl 127:39–47
Kazmer DJ, Luck RF (1995) Field tests of the size-fitness hypothesis in the egg parasitoid Trichogramma

pretiosum. Ecology 76:412–425
Kimani SW, Overholt WA (1995) Biosystematics of the Cotesia flavipes complex (Hymenoptera:

Braconidae): interspecific hybridization, sex pheromone and mating behaviour studies. Bull Entomol
Res 85:379–386

Kotiaho J, Alatalo RV, Mappes J, Parri S (1996) Sexual selection in a wolf spider: male drumming activity,
body size, and viability. Evolution 50:1977–1981

Kunnalaca S, Mueller AJ (1979) A laboratory study of Apanteles marginiventris, a parasite of green
cloverworm. Environ Entomol 8:365–368

Lampson LJ, Morse JG, Luck RF (1996) Host selection, sex allocation, and host feeding by Metaphycus
helvolus (Hymenoptera: Encyrtidae) on Saissetia oleae (Homoptera: Coccidae) and its effect on
parasitoid size, sex and quality. Environ Entomol 25:283–294

Mappes J, Alatalo RV, Kotiaho J, Parri S (1996) Viability costs of condition-dependent sexual male
display in a drumming wolf spider. Proc Royal Soc London B 263:785–789

J Insect Behav (2009) 22:12–28 27



Martel V, Damiens D, Boivin G (2008) Male mate choice in Trichogramma turkestanica. J Ins Behav
21:63–71

Martinez AJ, Bard J, Holler TA (1988) Mass rearing sugarcane borer and Mexican rice borer for
production of parasites Allorhogas pyralophagus and Rhaconotus roslinensis. USDA-APHIS-PPQ,
APHIS. 83-1

Niyibigira EI, Overholt WA, Stouthamer R (2004) Cotesia flavipes Cameron (Hymenoptera: Braconidae)
does not exhibit complementary sex determination. (ii)—Evidence from laboratory experiments. Appl
Entomol Zool 39:717–725

Novoa MC, Luna MG (1996) Parasitism, survivorship, sex ratio, and developmental time of Cotesia
marginiventris (Cresson) (Hymenoptera: Braconidae), parasitizing Rachiplusia ni (Guennée)
(Lepidoptera: Noctuidae) larvae in soybean crops in Argentina. Acta Entomol Chilena 20:23–28

Ode PJ, Antolin MF, Strand MR (1995) Brood-mate avoidance in the parasitic wasp Bracon hebetor Say.
Anim Behav 49:1239–1248

O’Neil KM (2001) Solitary wasps: behavior and natural history. Cornell Press, Ithaca
Parri S, Alatalo RV, Mappes J (1998) Do female leaf beetles Galerucella nymphaeae choose their mates

and does it matter? Oecologia 114:127–132
Potting RPJ, Overholt WA, Danson FO, Takasu K (1997) Foraging behavior and life history of the

stemborer parasitoid Cotesia flavipes (Hymenoptera: Braconidae). J Insect Behav 10:13–29
Quicke DLJ (1997) Parasitic wasps. Chapman and Hall, London
Ramirez-Romero R, Bernal JS, Chaufaux J, Kaiser L (2007) Impact assessment of Bt-maize on a moth

parasitoid, Cotesia marginiventris (Hymenoptera: Braconidae), via host exposure to purified Cry1Ab
protein or Bt-plants. Crop Protection 26:953–962

Sagarra LA, Vincent C, Stewart RK (2001) Body size as an indicator of parasitoid quality in male and
female Anagyrus kamali (Hymenoptera: Encyrtidae). Bull Entomol Res 91:363–367

SAS Institute (1996) SAS user’s guide for statistics. Sas Institute, Cary
Siegel S, Castellan NJ (1988) Nonparametric statistics for the behavioral sciences, 2nd edn. McGraw Hill,

New York
Sivinski J, Webb JC (1989) Acoustic signals produced during courtship in Diachasmimorpha (=Biosteres)

longicaudata (Hymenoptera: Braconidae) and other Braconidae. Ann Entomol Soc Am 82:116–120
Statistix (2000) Statistix 7 user’s manual. Analytical Software, Tallahassee
Suzuki Y, Hiehata K (1985) Mating system and sex ratios in the egg parasitoids, Trichogramma

dendrolimi and T. papilionis (Hymenoptera: Trichogramma). Anim Behav 33:1223–1227
Tagawa J (2002) Male insemination capability in the parasitoid wasp, Cotesia glomerata L.

(Hymenoptera: Braconidae). Netherlands J Zool 52:1–10
Thornhill R, Alcock J (1983) The evolution of insect mating systems. Harvard University Press,

Cambridge
Tillman P (2001) Factors affecting parasitization of Spodoptera exigua (Lepidoptera: Noctuidae) and sex

ratio of the parasitoid Cotesia marginiventris (Hymenoptera: Braconidae). J Entomol Sci 36:188–198
Van den Assem J, Putters FA (1980) Patterns of sound produced by courting chalcidoid males and its

biological significance. Entomol Exp Appl 27:293–302
Van den Assem J, van Iersel JJA, Los-Den Hartogh RL (1989) Is being large more important for female

than for male parasitic wasps? Behaviour 108:160–195
Wiedenmann RN, Smith JW, Darnell PO (1992) Laboratory rearing and biology of the parasite Cotesia

flavipes (Hymenoptera: Braconidae) using Diatraea saccharalis (Lepidoptera: Pyralidae) as a host.
Environ Entomol 21:1160–1167

28 J Insect Behav (2009) 22:12–28


	Influence of Adult Size on Mate Choice in the Solitary and Gregarious Parasitoids, Cotesia marginiventris and Cotesia flavipes
	Abstract
	Introduction
	Materials and Methods
	Insects
	Plants
	Selecting Large and Small Parasitoids
	Experiment 1: Mate Choice by C. marginiventris Females
	Experiment 2: Mate Choice by C. marginiventris Males
	Experiments 3 and 4: Mate Choice by C. flavipes Females and Males

	Statistical Analyses
	Experiment 1: Mate Choice by C. marginiventris Females
	Experiment 2: Mate Choice by C. marginiventris Males
	Experiments 3 and 4: Mate Choice by C. flavipes Females and Males


	Results
	Mate Choice by C. marginiventris Females
	Mate Choice by C. marginiventris Males
	Mate Choice by C. flavipes Females
	Mate Choice by C. flavipes Males

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


