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Consequence of emergence pattern on inbreeding risk in the aphid parasitoid
Aphidius matricariae (Hymenoptera: Braconidae)
Delphine Bourdais and Thierry Hance

Earth and Life Institute, Biodiversity Research Centre, Université catholique de Louvain, Louvain-la-Neuve, Belgium

ABSTRACT
In insect parasitoids, mating strategy depends on mate availability and is influenced by the spatial
and temporal emergence patterns of adults. For quasi-gregarious species, simultaneous emer-
gence favors local mating and reduces search costs for partners while increasing the risk of
inbreeding, particularly when only one female parasitizes the initial host patch. Consequently,
in inbreeding sensitive species, mating on the place of adult emergence (patch mating) between
siblings should be counter selected. In practice, the timing of male and female emergence and of
their dispersal influences mate availability and can limit on patch mating. To test the role of these
two factors, we analyzed the daily distribution of emergence and patch residence time of a cohort
in the aphid parasitoid Aphidius matricariae (Hymenoptera: Braconidae). We observed that adult
emergence is concentrated on the morning with males emerging on average before females with
some overlaps. A more precise evaluation of emergence pattern within a brood suggests that
brothers and sisters rarely emerge at the same time and rapid dispersal of males and females
favors off-patch mating. The relationships between timing of emergence including differences
between sex and consequences on inbreeding probability in these species are thus discussed.
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Introduction

In insect parasitoids, numerous life history traits are
host-constrained (Hance et al. 2007). For instance,
mating depends on the spatial distribution of the
host and the way female distributes eggs inside the
host population (Boulton et al. 2015; Godfray 1994;
Wajnberg 2006). Females of solitary species usually
lay a single egg in each solitary host and newly
emerged adults must disperse from their natal
patch to find a mate (Godfray and Cook 1997). In
such species, competition for mates is ubiquitous for
all individuals throughout the whole population.
Conversely, in solitary parasitoids that develop in
a quasi-gregarious fashion (when females lay
a single egg per host and hosts are clumped) and
gregarious parasitoids (when females lay several eggs
in each solitary host), emerging together on the natal
patch facilitates the finding of a partner and saves
time. Thus, adults may mate totally or partially on
their natal patch (Boulton et al. 2015; Hamilton
1967; Le Ralec et al. 2010; Wajnberg 2006).
However, it increases the competition between

brothers to mate with their sisters (Local Mate
Competition, LMC, Hamilton; 1967; Werren 1980)
and the probability for inbreeding (Beck 1991;
Doyon and Boivin 2005), situation already described
by Hamilton in 1967 as extreme biofacies. So, for
species presenting a risk of inbreeding depression,
selection should lead to the avoidance of mating on
the emergence patch. Partners may mate with non-
related individuals if they are able to distinguish
them. Otherwise, we can expect a rapid dispersal of
the emergence zone. The study of emergence pat-
terns and the time spent by male and females on the
place of emergence may thus provide interesting
insights on the mating structure in this case.

Insects display a large number of behavioral,
developmental and physiological events controlled
by endogenous clock-like processes (Giebultowicz
1999; Nunes and Saunders 1999; Saunders et al.
2002). Daily behaviors such as locomotor activity,
flight, mating, oviposition, egg hatching, pupation,
and pupal emergence are governed by circadian
oscillators (Giebultowicz 1999; Pittendrigh 1967;
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Sakai and Ishida 2001) while photoperiodic clocks
mostly governed seasonal phenomena such as dia-
pause or larval growth (Saunders 2009; Tauber and
Kyriacou 2005). Concerning pupal ecdysis and
emergence, the circadian system elicits the time of
release of the eclosion hormone through a neural
pathway (Steel and Davey 2013). Data on daily
rhythm of parasitoids adult emergence show that
they mostly emerge during the first hours of
the day (Corrigan et al. 1995; Fanitou et al. 1998;
Fauvergue et al. 1999; Hirose et al. 1988; Mazzi et al.
2011; Van Lenteren et al. 1992). Protandry is fre-
quently observed (Wedell 1992; Pompanon et al.
1995; Morbey and Ydenberg 2001; Greeff 2002;
Doyon and Boivin 2005, 2006).

Protandry allows the male to maximize mating
opportunities and minimizes the female reproduc-
tive period (Doyon and Boivin 2006; Pompanon
et al. 1995; Zonneveld and Metz 1991). Under this
hypothesis, females should be receptive just after
emergence and sib mating should not have deleter-
ious effects. This is typically the case in the gregar-
ious/quasi-gregarious Trichogramma egg parasitoids
wheremales emerge before females andwait for their
emergence on the cluster of host eggs to mate before
dispersal (Doyon and Boivin 2006). However, for
species with single-locus complementary sex deter-
mination (sl-CSD) as Aphidius species (Salin et al.
2004), mating with related individuals will increase
homozygosity through generations, leading to the
production of sterile diploid males (Cook and
Crozier 1995; Heimpel and de Boer 2008; Salin
et al. 2004; Zaviezo et al. 2018). In consequence,
when no mechanism of sib-mating avoidance exists
(Wiklund and Fagerstrom 1977), protandry asso-
ciated with male rapid dispersal just after emergence
and before mating should reduce on-site mating and
the risk of inbreeding depression. Despite the impor-
tance of these aspects in quasi-gregarious and gre-
garious species, the emergence patterns of both sexes
and their postemergence dispersal is rarely consid-
ered (Doyon and Boivin 2006; He and Wang 2008).
While Aphidius species are widely used in biological
control and mass-reared (Hance et al. 2017), very
little quantitative information is available on their
emergence rhythm.

Our aim was thus to analyze adult emergence
pattern in the quasi-gregarious aphid parasitoid
Aphidius matricariae (Hymenoptera, Braconidae)

to determine the probability of mating and sib
mating on the natal patch. Aphidius species are
characterized by patchily distributed hosts,
a female-biased sex-ratio and protandrous males
(Battaglia et al. 2002; Brodeur and Rosenheim
2000; Giri et al. 1982; Hagvar and Hofsang 1991;
He and Wang 2008; He et al. 2004; Le Ralec et al.
2010; Mackauer and Stary 1967). In Aphidius rho-
palosiphi inbreeding produces a strongly biased
sex-ratio towards males, probably linked to the
production of diploid non-viable males (Salin
et al. 2004). Moreover, A. matricariae individuals
do not seem to avoid sib mating by any direct
behavioral decisions (Bourdais and Hance 2009).
Our hypothesis is that sib mating is avoided by
differences in emergence pattern between males
and females combined with a rapid dispersal
from the natal patch before mating.

We first analyzed the daily pattern of emergence
of both sexes under laboratory conditions. We
then explored the consequences of light onset on
emergence rhythm using various photoperiodic
regimes. Using female broods, we recorded if
brothers and sisters could emerge during the
same time intervals, favoring their mating on the
natal patch. Finally, mating and timing of dispersal
of males and females from their natal patch were
quantified.

Material and methods

Biological material and experimental conditions

Aphidius matricariae (Hymenoptera: Braconidae) is
a solitary parasitoid wasp attacking a wide range of
aphid species (Hance et al. 2017). A. matricariae and
aphid strains were provided by Viridaxis S.A. In our
laboratory, A. matricariaewas reared on peach potato
aphids Myzus persicae (Hemiptera: Aphididae), on
turnip plants (Brassica rapa L. subsp. rapa). Aphid
and parasitoid cultures were maintained in separate
rooms under identical standardized conditions
(Temperature: 20 ± 2C°, Relative humidity: 70 ± 5%
and Photoperiod: LD16:8).

To minimize bias, experimental groups were
constituted on the basis of females randomly
sampled from rearing. Individuals were also ran-
domly distributed among experimental conditions.
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Preliminary tests were realized to evaluate the
development time of our strain under laboratory
conditions. The larval development needs 10 days
before mummy formation, which represents the
beginning of the pupal stage of the parasitoid.
Adults begin to emerge 13 days after egg-laying
(Zamani et al. 2007). To obtain time-standardized
individuals, we let one young (<24 h) mated
female parasitize 100 size-standardized aphids (2
days old) during 2 h in a Petri dish (Ø = 9 cm) and
this was repeated with 25 different females. After
10 days of development, every parasitoid pupa
(i.e., mummy) was individually kept in 1.5 ml
microcentrifuge tube.

Temporal distribution of adult emergence

To understand the temporal distribution of adult
emergence of a cohort (group of individuals of the
same age), the standardized mummies were main-
tained under controlled conditions of light (light
from 7:00 to 23:00). As in the preliminary experi-
ment, we observed that emergence began after 13
days of development, we checked the mummies for
the emergence of adult parasitoids every 30 min
from 7:00 to 23:00 from 13 days post-oviposition
until the last day of emergence and recorded the
sex of emerging individuals. With this method, the
chronological pattern of emergence of both sexes
was determined with very good precision (30 min)
for each consecutive day, which allowed to test for
protandry.

The development time of males and females of
the whole population was compared using
Student’s t-tests after checking for normality and
homogeneity of variances. The emergence pattern
(number of minutes needed from to onset of day-
light to emergence ± 30 min) between males and
females from day to day was compared using
a one-way ANOVA with day of emergence as
a fixed parameter followed by Tukey post-hoc
tests. The numbers of males and females that
emerged per day were compared to an expected
distribution using X2 test.

Influence of the onset

To determine the influence of the onset of daylight
on adult emergence, two generations of parasitoids

and aphids were reared under a photoperiodic regi-
men of 12 h of light and 12 h of dark (light from 9:00
to 21:00). Then, standardized mummies obtained in
the new light conditions (light from 9:00 to 21:00)
were randomly allocated to three groups. Thirteen
days after oviposition (time for first emergence) each
group was placed in three different photoperiodic
regimens (25 reps per condition): (1) control photo-
period with light from 9:00 to 21:00, (2) advanced
lighting (light from 8:00 to 20:00) and (3) delayed
lighting (from 10:00 to 22:00). From day 13 to day 15
post-oviposition, male and female emergences were
checked every 30 min during the entire photophase.

The average time of emergence of males and
females from day to day was compared using a one-
way ANOVA with a day of emergence as a fixed
parameter followed by Tukey post-hoc tests. In order
to compare the emergence pattern between sex, the
cumulative numbers of emerged parasitoids accord-
ing to time were best fitted to a sigmoidal curve
(GraphPad Prism, Copeland 2000) using the formula
Y = M* Xb/(K’ + Xb). In this formula, Y represents
the value of the cumulative number of insects at day
‘X’, K’ is related to the inflexion point (it is equal to
the inflexion point when b = 1), M is the maximum
number of insects (plateau value) and b is the curve
slope.

Influence of the timing of emergence on sib
mating opportunities

To determine if overlaps for male and female
emergence may lead to sib-mating, we analyzed
the pattern of emergence of offspring as if their
mothers have parasitized the same aphid patch.
Nineteen females (mated, <24 h old) were indivi-
dually allowed to parasitize a patch of 100 size-
standardized aphids during 2 h in a Petri dish (Ø =
9 cm). After 10 days of development, each para-
sitoid pupa (i.e., mummy) from each female was
individually kept in a 1.5 ml microcentrifuge tube
until emergence. Adult emergences were observed
during the photophase from 9:00to 21:00, and the
maternal origin of each individual was recorded.

Two categories of individualswere then defined: (1)
individuals who emerged without any individual of
the opposite sex having emerged within 30 min and
across the entire population (called “emergence with-
out a partner”) and (2) individuals who emerged
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during the same period of at least 30 min in conjunc-
tion with other individuals of both the same sex and
the opposite sex (emergence under “on-patch mate
competition”). These under “on patch mate competi-
tion” individuals have been divided in three categories
of potential competition: obligatory inbreeding (only
males and females of the samemother emerged in the
same 30-min period of time), outbreeding (no
brother-sister emerged in the same 30-min period of
time) or possible inbreeding (if at least one brother-
sister pair emerged together in the same 30-min per-
iod of time). Using these categories, we compared the
number of the brothers and sisters that emerged alone
or under mate competition within the same female
brood (n = 19) using X2 tests.

Residence time before dispersal on the natal
patch

To determine the time during which males and
females stay on the natal patch and thus the prob-
ability they mate before dispersal, we observed their
behavior after emergence from standardized mum-
mies. Groups of 40 mummies (n = 5) were placed in
a Petri dish (Ø45 mm) itself placed inside a larger
one (Ø90 mm). Dispersal was effective when the
parasitoid left the central zone by flying or walking.
Mummies and emergence of individuals were
observed from 7:00 to 15:00. For each sexed indivi-
dual, we noted the time of emergence, the time of
dispersal from the patch and whether it dispersed as
virgin vs mated (leaving the patch) or not.

The numbers of individuals that dispersed virgin
vs. mated were compared using X2 tests. As disper-
sal time followed a normal distribution for males
and females, we used two ways ANOVA to test the
effect of sex and patch of emergence on the mean
dispersal time of individuals. T-tests were used to
compare dispersal time between mated and
unmated individuals. The estimation of mating
probabilities on the patch was calculated as the
number of males and females that were present in
the same time then at least one unmated individual
of the opposite sex reported to the total number of
individuals that emerge. Sex differences in mating
probabilities were compared using X2 tests.

Results

Temporal distribution of adult emergence

We did not observe any emergence during the
dark phase (no adult present at the onset of light-
ing). Three days were needed for the emergence of
all individuals of the cohort to reach a total of 330
adults (127 males and 203 females). The develop-
ment time from oviposition to emergence was
significantly shorter for males (313,95 ± 1,2 h)
than for females (321,38 ± 0.82 h) with a mean
difference of 7,43 h (t-test, t = 5.658, df = 328, p <
0.0001). Within a day, males and females began to
emerge some minutes after the lighting onset
(Figure 1). Despite a peak of emergence that
occurred soon after onset (especially in males),
there was an overlap in the emergence of both
sexes during the photophase (Figure 1).

Males and females exhibited different patterns of
emergence (Figure 1, Table 1). There were 70.9% of
all observed males that emerged on day 13. Of these,
68.3% emerged during the first 4 h of illumination of
that day. On day 14, 28.3% of males emerged in their
turn, 80.1% in the first 4 h. This indicates that the
peak of emergence of the males arrives soon after the
onset (Table 1), (Figure 1).

The emergence pattern of females was more
complex as it presented a peak during the morning
of day 14 only while emergence in day 13 was
concentrated on the afternoon (Figure 1). The
same proportion of females emerged on day 13
and 14 (X2 = 0.74, df = 1, p = 0.389; Table 1).
The mean time of emergence after the lighting
onset differed in males (207.6 min ± 18.62, n =
127) and females (338.30 min ± 17.45, n = 203) (t
= 4.923, df = 328, p < 0.0001). However, for males,
emergence pattern did not differ significantly from
one day to another while females tended to emerge
earlier over the three days (Table 1).

Influence of the lighting onset

The emergence pattern of adult parasitoids under
the three different photoperiodic regimes is
described in Figure 2. A total of 451 adults (235
males and 216 females) emerged. Within each
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photoperiodic regime, the peak of emergence of
males preceded the female one (see peak values,
Table 2). The rate of emergence did not differ
between males and females (see b parameter,
Table 2). When lighting onset is advanced or
delayed of 1 h, the time required to reach the
peak of emergence is not different for males
(peak parameter comparison, F = 28.42, p > 0.05)

and for females (peak parameter comparison, F =
12.62, p > 0.05) indicating that the start of illumi-
nation is the main signal that these species uses for
the emergence. Within each day, males emerged in
average 1 h30 before females for all photoperiodic
regimes tested. This difference was always signifi-
cant for the first day of emergence but not neces-
sarily for the other days (Table 3).

Figure 1. Distribution of adult males (dark lines, n = 127) and females (pointed lines, n = 203) emergence in A. matricariae under the
standard photoperiodic regime (light-dark photoperiod of 16:8, from 7:00 to 23:00). Emergence was distributed over 3 days and
graph represents the number of males and females newly emerged during each 30-min period of time.

Table 1. Pattern of adult emergence of A. matricariae males and females: distribution of emergence between days and mean time of
adult emergence (number of minutes after light onset) within a day. Different letters indicate a significant difference between days
for the same sex.

% Adult emergence Times of emergence (min) ± SE

Number of days after oviposition 13 14 15 13 14 15
Males (n = 127) 70.9 a 28.3 b 0.78 c 223.8 ± 21.7 a 166.7 ± 37.1 a 120 a

chi2 = 57.01, df = 2, p < 0.0001 ANOVA: F = 1.125, df 2–124; p = 0.3279

Females (n = 203) 52.21 a 43.84 a 3.94 b 493.9 ± 20.0 a 175.6 ± 18.1b 86.25 ± 26.b

chi2 = 58.30, df = 2, p < 0.0001 ANOVA: F = 76.86, df = 2–200, p < 0.0001
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Figure 2. Distribution of males (dark lines) and females (dotted lines) adult A. matricariae emergences over 30-min period of time in
under the three photoperiodic regimes: (1) control photoperiod with light from 9:00 to 21:00, (2) advanced lighting (light from 8:00
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Influence of the timing of emergence on sib
mating opportunities

The pattern of emergence for all offspring of the
19 females tested was similar to the previous
experience and distributed over 3 days, from day
13 to 15 after oviposition. First emergence of male
offspring occurred 45 min after the lighting onset
and lasted to 174 min, while for females it began
after 83 min and lasted to 352 min. No difference
between mothers appeared in progeny emergence
either for their male or female offspring (one-way
ANOVA for males: f = 1.079, df = 18,194, p =
0.3763, for females f = 1.30, df = 18,184, p =
0.1918).

If we consider that the offspring of the 19 females
represent a standardized field population, fewer
males than females emerged in the absence of any
partner (Figure 3a). None of the males or females
that emerged in this population had to obligatory
mate with a sib (Figure 3a). Inbreeding was possible
for only 20% of males and 18% of females whereas
71.74% of males and 63.05% of females had no
possibilities to mate with a sibling (Figure 3a). If we
suppose that an aphid colony was parasitized by only

one female within a brief time interval, around 80%
of her sons and daughters will emerge without any
mating opportunities on the patch (Figure 3b, n = 19
aphid colonies), sib-mating on the natal patch was
only possible in around 20% of the cases (Figure 3b).

Residence time before dispersal on the natal
patch

We observed the post-emergence behavior of a total
of 25 females and 63 males that had emerged from
five different patches. The sex ratio of the patches did
not differ significantly (X2 = 6.924, df = 4, p = 0.139)
with a mean proportion of males of 73.99%.

Females stayed longer on the natal patch (1664
± 153 s) than males (876 ± 60 s) before dispersing
(ANOVA II: patch effect: p = 0.81, df = 4, f = 0.39,
sex effect: p = 0.0011, df = 1, f = 11.49, interaction
p = 0.66, df = 4, f = 0.60). Mated females did not
disperse more rapidly than unmated ones (t-test,
p = 0.13, t = 1.576, df = 19). However, unmated
males dispersed 793 ± 87 s after emergence (n =
58), more rapidly than mated ones (1710 ± 146 s,
n = 5) (t-test, p = 0.0036, t = 3.02, df = 61).

Table 2. Patterns of emergence of males and females Aphidius matricariae under the three photoperiodic regimens. « Top » value
represents the total mean number of emerged individuals ± SE, « peak » represents the time needed in hours (h) after onset ± SE to
obtain the peak of emergence, and « b » is the curve slope (rate of emergence). The experimental data were fitted to a sigmoid
curve by the method of the least squares ordinary fit. The parameters were compared two by two between males and females with
F tests; the values of p are indicated.
☼ 8–20 Day 1 Day 2 Day 3

♀ ♂ ♀ ♂ ♀ ♂
Best-fit values Top (nb) 21.84 ± 0.19 42.65 ± 0.81 46.09 ± 082 40.24 ± 0.22 7.86 ± 0.07 4.97 ± 0.03

Peak (h) 4.63 ± 0.07 1.50 ± 0.21 2.36 ± 018 0.69 ± 0.03 1.16 ± 0.05 0.38 ± 0.07
b 0.35 ± 0.02 0.25 ± 0.03 0.22 ± 002 1.41 ± 0.12 1.21 ± 0.12 5.07 ± 2.27

Comparisons Top P < 0.001 P < 0.001 P < 0.001
(F test, p value) Peak P < 0.001 P < 0.001 P < 0.001

b NS P < 0.001 P < 0.001
☼ 9–21 (Control) d1 d2 d3

♀ ♂ ♀ ♂ ♀ ♂
Best-fit values Top (nb) 42.29 ± 0.60 63.80 ± 0.71 20.37 ± 0.41 24.03 ± 0.43 7.02 ± 0.03 2.00 ± 0.

Peak (h) 3.72 ± 0.13 1.34 ± 0.12 1.83 ± 0.19 0.65 ± 0.15 0.84 ± 0.02 0.26 ± 0
b 0.27 ± 0.02 0.28 ± 0.03 0.36 ± 0.06 0.61 ± 0.14 1.57 ± 0.11 60.43 ± 0.3

Comparisons Top P < 0.001 P < 0.001 P < 0.001
(F test, p value) Peak P < 0.001 P < 0.001 P < 0.001

b Ns Ns P < 0.001
☼ 10–22 d1 d2 d3

♀ ♂ ♀ ♂ ♀ ♂
Best-fit values Top (nb) 26.04 ± 0.36 24.85 ± 0.33 35.53 ± 0.61 24.45 ± 0.95 6.01 ± 0.01 7.91 ± 0.05

Peak (h) 3.05 ± 0.13 2.00 ± 0.13 1.91 ± 0.17 1.15 ± 0.47 1.35 ± 0.01 0.43 ± 0.03
b 0.26 ± 0.02 0.27 ± 0.02 0.27 ± 0.03 0.15 ± 0.004 2.15 ± 0.06 3.13 ± 0.96

Comparisons Top P < 0.05 P < 0.001 P < 0.001
(F test, p value) Peak P < 0.001 Ns P < 0.001

b Ns P < 0.05 ns
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Concerning mating opportunities, we found
that 43.85% of males and 85.7% of females were
present on the natal patch with at least one indi-
vidual of the opposite sex, making mating possible
more often for females than males (X2 = 11.63, df
= 1, p = 0.0006). From these individuals, more
males left the patch still virgin than females did
(X2 = 4.108, df = 1, p = 0.0427). We observed that
32% of females (n = 8) and 11% of males (n = 7)
dispersed mated from their natal patch.

Discussion

In the present study, we analyzed emergence rhythm
of the aphid parasitoid Aphidius matricariae to
determine the risk of inbreeding. Our results showed
that the combination of partial protandry, emer-
gence distribution within a brood and post-
emergence dispersal reduce considerably the risk of
sib mating on the natal patch, even if these species
does not avoid sib mating under laboratory condi-
tions (Bourdais andHance 2009). Moreover, lighting
onset trigger emergence and favors synchronization.

Emergence rhythm has frequently been mon-
itored in insect species (Møller 2004; Wedell
1992; Zijlstra et al. 2002; Zonneveld 1996;)
including parasitic wasps (Doyon and Boivin
2005, 2006; Hirose et al. 1988; Le Ralec et al.
2010; Pompanon et al. 1995; Tentelier et al.
2006) showing a high frequency of protandry.
We observed that emergence of A. matricariae
presents similarities with other parasitoids:

synchronization due to an exogenous signal
(light), protandry, and peak in the few hours
following the lighting onset (Doyon and Boivin
2005; Sakai and Ishida 2001; Zaslavski et al.
1999). Males emergence begin with light onset
without any sign of activity at the darkness-
light transition, in contrast with Drosophila
melanogaster (Helfrich-Föster 2001) but similar
to most parasitoid species (Doyon and Boivin
2005; Karpova 2006; Wiklund and Fagerstrom
1977; Zaslavski et al. 1999). Moreover, when
light onset was advanced or delayed by 1 h,
both sexes wait for light to emerge, suggesting
that lighting onset is the cue for emergence in
these species, probably mediated by photore-
ceptor and eclosion hormone activation. No
significant differences appeared between the
three regimens, even if a delayed or an advance
of lighting seems to reduce the time for the
peak of emergence. However, the proportion of
females that emerged on day 2 was lower in
the control than in the case of advanced or
delayed lighting onset.

This kind of daily distribution of emergence
restricted to certain parts of the photophase cycle
was already mentioned in Trichogramma semifuma-
tum (Rounbehler and Ellington 1973), T. minutum
(Corrigan et al. 1995), T. embryophagum (Karpova
2006; Reznik et al. 2008), Nasonia vitripennis males
(Bertossa et al. 2010) and Aphidius ervi (He et al.
2004). Emergence during the first hours after the
onset coincides with more favorable conditions, as

Table 3. Meantime emergence ± SE (min) of A. matricariae in relation to light onset under the same light/dark duration (LD12:12).
Differences between sexes within a day were tested using Student’s t-test. The mean differences between days within sex were
tested with ANOVA followed by Tukey multiple comparison tests (different letters in each column indicate significant differences
between days at p < 0.05 within a photoperiodic regime).
Photoperiodic regimen Females Males Comparisons between sexes

7:00–19:00 Day 1 271 ± 29min (n = 22) a 145 ± 22min (n = 43) a t = 3.287, df = 63, p = 0.0017
Day 2 185 ± 24min (n = 46) b 74 ± 15min (n = 41) ac t = 3.792, df = 85, p = 0.0003
Day 3 112.5 ± 33.4min (n = 8) ab 42 ± 12min (n = 5) bc t = 1.603, df = 11, p = 0.1371

Anova, f = 4.209 df = 2,86
p = 0.018

Anova f = 4.03 df = 2,73
P = 0.0217

8:00 −20:00 Day 1 307 ± 31.6min (n = 42) a 169.2 ± 24.3min (n = 64) a t = 3.51, df = 104, p = 0.0007
Day 2 172.5 ± 35.5min (n = 20) b 100.8 ± 26.7min (n = 25) a t = 1.64, df = 43, p = 0,1078
Day 3 64.3 ± 10min (n = 7) b 30 ± 0min (n = 2) a t = 1.686, df = 7, p = 0.1356

Anova f = 7.745, df = 2,66
P = 0.0012

Anova, f = 1.747, df = 2,88
P = 0.18

9:00–21:00 Day 1 236.8 ± 31min (n = 29) a 150 ± 28.4min (n = 27) a t = 2.081, df = 54, p = 0.0422
Day 2 165 ± 25.7min (n = 36) a 90 ± 27.3min (n = 20) a t = 1.86, df = 54, p = 0.0676
Day 3 95 ± 9.2min (n = 6) a 52.5 ± 14.7min (n = 8) a t = 2.24, df = 12, p = 0.0441

Anova, f = 2.99, df = 2,68
P = 0.0564

Anova, f = 2.31, df = 2,52
P = 0.1092
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morning temperatures are usually milder and
humidity higher than during the mid-day, reducing
water loss risk through the cuticle of newly emerged
individuals (Lankinen 1986) and allowing insects to
spread their wings (Skopik and Pittendrigh 1967).
The emergence at the beginning of the daylight
period had been suggested to favor reproductive
behavior and activity in parasitoids (Karpova 2006;
Karpova and Reznik 2002; Pompanon et al. 1995).

In this experiment, we did not test the impor-
tance of the dark phase duration. However, in the

first experiment where mummies underwent
LD16:08 condition, females significantly emerged
more rapidly on day 2 (175,6 ± 18,1 min after
onset) than on first day (493,9 ± 20,0 min after
onset). This difference is probably due to the
spread over in maturation of individuals. Indeed,
in most cases, hatching is gated by the endogenous
circadian system to a restricted period of the day
(Myers 2003) and individuals that reach maturity
outside that time window will emerge during the
next appropriate period, usually 24 h later. As both

Figure 3. Inbreeding risk of the offspring: (a) considering the time of emergence of offspring from the 19 female tested lines, (b)
data for each mother brood and mean percentage of emergence. 1) Emergence with no partner corresponds to the percentage of
males (dark bars) and females (grey bars) that emerged during a time when no individual of the other sex has emerged, 2)
Obligatory inbreeding corresponds to an emergence at the same time of partners from the same mother (only inbreeding is
possible), 3) Percentage of individuals that emerged in the same time than partners coming only from an unrelated mother, 4)
percentage of individuals that emerged in the same time than both related and unrelated partners (possible inbreeding). Fisher
exact tests were done to compare males and females, * indicates a significant difference at p < 0.05.
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sexes do not emerge during the night, individuals
that are near to emerge in the afternoon perhaps
wait for the appropriate signal the next morning
(Bertossa et al. 2010; Myers 2003). Indeed, under
LD12:12 conditions, most females emerged quite
early during the morning (Figure 2). So, a shorter
dark phase seems to postpone the emergence pat-
tern during day 1. The same trend was observed
for males but as the number of individuals that
emerged on day 2 and 3 was quite low and the
time for the peak was shorter than for females, no
significant differences could be underlined. Future
experiments should thus investigate the influence
of the duration of the dark phase on the timing of
emergence.

If insect developmental rates and emergence
rhythms tend to be similar for most individuals
under the same conditions (Beck 1991; Saunders
et al. 2002), development time plasticity can still
arise (Doyon and Boivin 2005; Shaffer 1983). In
our case, brood emergence was spread during
three consecutive days even if they were all laid
in 2 h and reared in the same conditions. This
plasticity could be linked to a genetic polymorph-
ism for that trait probably favored by sib mating
avoidance.

Aphidius matricariaemales usually emerge before
females, but with overlaps reducing the protandrous
status of the species. In Trichogramma evanescens,
males emerge before females in an actual protan-
drous pattern (Doyon and Boivin 2006) with little
overlaps. More or less synchronized temporal pat-
terns of emergence have been observed for some
parasitoid species, mostly Trichogramma species
(Reznik et al. 2008). Trichogramma species are short-
lived species (Boivin and Lagacé 1999) for which
dispersal capacities are quite low (Smith 1996) and
that mate mostly between relatives on the emergence
patch (Martel and Boivin 2004; Martel et al. 2010). In
that case, the timing of emergence favors a rapid
mating before dispersal, as mating between sibs
does not have detrimental consequences (Doyon
and Boivin 2006).

A. matricariae behave more like A. ervi (He
et al. 2004) and as the gregarious larval parasitoid,
Cotesia glomerata, of the small white butterfly
Pieris rapae (Mazzi et al. 2011). In these three
species, male and female’s emergence overlaps
much more than in Trichogramma even if on

average, males emerge before females. He et al.
(2004) unfortunately did not discuss their results
in terms of mating strategies but Mazzi et al.
(2011) interpreted the emergence pattern of
Cotesia glomerata regarding the mating opportu-
nities within a patch and the inbreeding costs. It
appears that Cotesia glomerata does not suffer so
much from inbreeding (Elias et al. 2010) because
inbred males are still able to mate and to produce
offspring contrary to many species with single-
locus complementary sex determination (Heimpel
and de Boer 2008). It is thus the post-emergence
behavior of males that determine whether the sig-
nificant difference in the timing of emergence of
the two sexes limits the occurrence of sib mating
(Mazzi et al. 2011). In A. matricariae, considering
different females broods, brothers and sisters do
not emerge together in 80% of cases. This pattern
of emergence decreases the probability of mating
with a sib on the natal patch and could have been
selected to increase outbreeding. No behavioral
mechanism of sib mating avoidance had been
found in these species (Bourdais and Hance
2009) even if mating with a sib could have deleter-
ious effects on hymenopteran species with com-
plementary sex determination (Heimpel and de
Boer 2008), including closely related species
(Salin et al. 2004). Our observations about the
post-emergence behavior tend to favor this
hypothesis because males disperse more rapidly
than females and often disperse still virgin.
However, rapid male dispersion also reduces
local competition with other males.
Complementary experiments had shown that
A. matricariae females need 30 min of the pre-
mating period while males do not need any time
after emergence before mating (DB unpublished
data). This could explain why few females disperse
mated from the patch and why most of the males
do not wait for females.

Conclusions

These results give new insights about the relation-
ship with plasticity in development time, protan-
dry, local mate competition, and inbreeding risks.
Particular strategies to avoid inbreeding were
selected: (1) When a female lays eggs in an aphid
colony even in a short time, offspring emerges
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during three consecutive days, diluting the prob-
abilities of kin mating on the natal patch. (2)
Brothers and sisters seldom emerge at the same
time and thus have little chances to mate. (3) Male
and female’s maximum of emergence differs
within a population reducing emergence overlap,
making outbreeding more probable than inbreed-
ing. (4) Finally, the tendency of males and females
to disperse out of the patch before mating
increases their probability to mate with non-kin
than with a sib. Aphidius matricariae thus presents
a low partial and asymmetric mate competition
resulting in a low risk of sib-mating. Emergence
at the same time as conspecifics and/or sib could
be possible only in cases of a high population
density of aphids coupled with a high rate of
parasitism. This is notably the case for industrial
rearing of parasitoids for mass release biological
control and inbreeding may occur frequently
under these conditions. However, mating systems
of aphid parasitoids remain still poorly understand
and future studies would benefit by considering
how aphid patches are distributed in the environ-
ments and how parasitized aphid behave in their
colony after being attacked by parasitoid females.
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