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The offspring sex ratios of parasitoid wasps often depend on the age of ovipositing females. Physiological constraints such as sperm
depletion and senescence are a likely cause. Also,maternal control in response to female agemay be an alternative explanation. Here
valvifer or abdominal tip movements were used to assess whether age-dependent sex ratio was due to physiological constraints or
maternal control with an ichneumonid wasp, Pimpla nipponica; the offspring sex ratio at the time of wasp emergence was compared
with the sex ratio predicted from abdominal tip movements. When the female was relatively young, there was little difference
between the sex ratios examined. However, as the age of the females increased, the realized offspring sex ratio at wasp emergence
was more male-biased than the sex ratio predicted at the time of oviposition. Thus, there was an inconsistency between the sex
ratios. Curiously, the predictions of continuous movements for male egg deposition were always perfect, regardless of maternal
age; fertilization control failure was detected when the females had decided to lay female eggs. Thus, physiological constraints are
a likely explanation for the inconsistency in relation to female age for P. nipponica.

1. Introduction

Arrhenotokous haplodiploid sex determination is common
in the order Hymenoptera [1, 2]. The sex determination
mechanism allows the females to intentionally control the
offspring sex ratio by controlling sperm access to eggs [2, 3].
Indeed, sex ratios of many hymenopteran parasitoids are
variable in response to a number of environmental factors,
such as host size (= quality) and mating structure; the sex
ratio variation can be understood only when we assume the
maternal control of sex ratio [2–5].

A number of studies have shown that female wasps
produce more male-biased sex ratio later in their life span
[3, 6–8] though there was some exception [9]. The increased
production of males, that is, unfertilized haploid eggs, may
result from sperm depletion or reduced sperm viability. Also,
control of sperm release from spermatheca may be weakened
with maternal aging. In any case, physiological constraints
are likely to be involved. Under some circumstances, how-
ever, maternal-age-dependent sex ratio can be an adaptive
response; for example, when female wasps throughout their
life have been given only large class of hosts, on which female

eggs are usually laid when both small and large hosts are
available, theymay start to allocatemale eggs in the later stage
of their life [3]. If this is the case, female wasps intentionally
modify the offspring sex ratio in response to their age or life
expectancy.

Distinction between maternal control and physiological
constraint is crucial to interpret the observed patterns of
maternal-age-related sex ratio. Very few studies have pro-
vided the empirical evidence whether age-dependent sex
ratio is due to maternal control or physiological constraint,
however. A difficulty lies in distinguishing whether sex ratio
patterns observed are caused by females’ decision or by
a physiological constraint such as sperm depletion. The
majority of previous studies have examined the offspring sex
ratio at the time of wasp emergence from the host, that is,
realized sex ratio [3–5]. In some studies, sex ratios at the
time of egg stage (primary sex ratio) were examined with
chromosome observations [10–12] or DNA markers [13, 14]
to compare with sex ratios at adult emergence (secondary sex
ratio); the comparison can clarify the presence or absence
of differential mortality between male and female offspring.
However, such comparison does not provide any insight into
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the inconsistency betweenmaternal decision and realized sex
ratio.

Although it is usually difficult to assess the maternal
decision to lay male or female eggs, predicting the decision
is possible at least for several species of parasitoid wasps
by observing female behavior during the oviposition. The
most powerfulmethod is the direct observation of abdominal
tip movements of the ovipositing female, which can reflect
fertilization action during the course of egg transfer from the
common oviduct to the ovipositor [15, 16]. The movements
are continuous when she oviposits a male egg while they are
interrupted once, an action during which sperm is probably
released from spamatheca for fertilization, when a female
egg is being laid. Thus, the abdominal tip movements during
oviposition reflect the “decision of females.”

The ichneumonid wasp Pimpla nipponica is a solitary
idiobiont endoparasitoid attacking a variety of lepidopteran
pupae [17–19] and is one of the species that show different
abdominal tip movements, which enable predicting the sex
of eggs that the female decides to lay [16]. Female P. nipponica
respond to hosts of different size by changing sex allocation
and allocate a higher proportion of female eggs in larger hosts
[10, 12].

Here, the abdominal tip movements of P. nipponica were
used to examine whether the offspring sex ratio at the time of
wasp emergence was consistent with the sex ratio determined
by maternal decisions. Particularly, the present study focused
on a change of the sex ratio inconsistency in relation to
the age of the ovipositing female. Based on the results, the
evidence is given for the presence of sex ratio constrained by
physiological causes.

2. Materials and Methods

2.1. Parasitoid and Host. A laboratory colony of P. nipponica
was established using adult parasitoids collected fromNagoya
City, Japan. Female P. nipponica were placed individually
in transparent plastic cups (10 cm in diameter, 4.5 cm in
height), together with tissue paper saturated with diluted
honey. The tissue paper was replaced twice a week thereafter.
The cups were kept at 20 ± 1∘C with a 16L:8D photoperiod.
The colony was maintained on pupae of a laboratory host,
Galleria mellonella. Host cocoons containing fresh pupae
were presented to the females in the plastic cups for par-
asitization. Parasitized hosts were removed from the cups
and were held at 25 ± 1∘C with a 16L:8D photoperiod,
until parasitoid emergence. Newly emerged parasitoids were
paired and placed in the plastic cups and were maintained as
mentioned above.

2.2. Sex Allocation Experiment. The sex of the offspring
that P. nipponica decided to produce upon oviposition was
predicted on the basis of the abdominal tip movements
during oviposition (i.e., primary sex ratio) whereas sex ratios
thatwere realizedwere examined at the time of offspringwasp
emergence (i.e., secondary sex ratio).Themovements may be
continuous, or be interrupted once, during egg deposition,

and the formermovements indicate deposition of unfertilized
eggs and the latter fertilized female eggs [16].

Newly emerged females were paired with a male in
transparent plastic cups and observed to confirm successful
mating. Care was taken to avoid sib-mating by using non-
sib males. After mating, males were removed from the cups.
Female P. nipponica for testing were reared at 20 ± 0.5∘C,
16L:8D, during the experimental period. Twenty-two females
in all were used for the experiment. Two host cocoons were
given to the females in the cups for 2 hours twice a week after
wasp emergence until death as a conditioning treatment.This
treatment was needed to keep the females reproductive; an
interruption of host provision for a relatively long period of
time, for example, 1 or 2weeks, can cause themhaving no eggs
ready for oviposition (Ueno, personal observations).

Data were collected by arbitrarily giving 1-2 hosts to test
females of 3–49 days old (the longevity of female P. nip-
ponica is normally 35–45 days in the laboratory condition).
Host cocoons containing a fresh pupa were offered singly
to test females, and oviposition in the hosts was directly
observed under a stereoscopic binocular microscope, record-
ing abdominal tip movement patterns. Each female was
allowed to attack a host only once to avoid superparasitism.
Then, parasitized hosts were collected and kept singly at 25 ±
1∘C, 16L:8D, until wasp emergence.When the offspring wasps
emerged, the sex was recorded. Hosts that did not produce
any wasp after 28–30 days since parasitization were discarded
because the offspringwasps normally emergedwithin 3weeks
since parasitization [19].

Data were analyzed with the aid of JMP version 9.0 (SAS
Institute, 2010). Fisher’s exact probability test was used to
evaluate the inconsistency of sex ratios. A logistic regression
analysis was applied to examine the presence of age-related
inconsistencies between predicted and realized sex ratios.
This analysis was made with the data set for interrupted
movements, in which production of male offspring was
assumed to imply fertilization failure. Production of male or
female offspring was a categorical dependent variable (binary
variables) whereas maternal age was used as a continuous
independent variable.

3. Results

In all, 196 hosts presented to test femaleswere parasitized.
In 7 cases, the abdominal tip movements during oviposition
were not recorded because the females did not oviposit an
egg soon after the insertion of the ovipositor and became
motionless with the ovipositor inserted in host. In 9 cases,
judgment was difficult to classify the abdominal movements
into continuous or interrupted because of the angle of vision
for the observer. The above cases were excluded from the
following analyses.

In all, continuous and interrupted movements were
recorded for 85 and 95 parasitized hosts, respectively. Of
these, 66 and 80 hosts, respectively, produced the off-
spring wasps. The results confirmed that the continuous and
interrupted abdominal movements were mostly linked to
the production of male and female offspring, respectively
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Table 1: Accuracy of abdominal tip movements for predicting the sex of offspring produced.

Movements 𝑁
% wasp

emergence

Number of
females
produced

Number of
males

emerged

Sex ratio
(% females)

Continuous 85 77.6 0 66 0
Interrupted 95 84.2 67 13 83.8

(Table 1). Maternal control was perfect when female P. nip-
ponica decided to lay male eggs (Table 1). By contrast, in 13
out of 80 cases (16.3%), males were produced despite the
interruptedmovement.The result suggested that the failure of
fertilization occurred even when the females tried to release
sperm and fertilize eggs to produce female offspring. When
all data were pooled regardless of female age, the percentage
of failure of fertilization control differed significantly between
the continuous and interrupted movements (Fisher’s exact
probability test; df = 1, 𝑃 = 0.0003). In addition, the failure
of fertilization control was more likely to take place in older
females (Figure 1). A logistic regression analysis revealed
that the likelihood of fertilization control failure significantly
increasedwith female agewhen the females tried to lay female
eggs (df = 1, 𝑥2 = 4.72, 𝑃 = 0.029). The results demonstrated
the presence of physiological constraints associated with
female age.

4. Discussion

The present study has confirmed that abdominal tip move-
ments are good predictors of the sex of depositing eggs.
The movements, however, are not always perfect indices;
male eggs were occasionally produced even when female
P. nipponica showed interrupted movements. This inconsis-
tency between the female’s decisions and the realized sex
of the offspring can be caused by physiological constraints.
Constrained sex ratio in parasitoids should occur when
females are unmated, sperm-depleted, senescent, or multiply
mated [20–23] or male counterparts are of low quality [24,
25]. Females may be sperm-depleted in the late stage of their
life when they have laidmany fertilized eggs. Spermdepletion
can also take place when femalesmate with low-qualitymales
(e.g., small males) or multiply mated males [23, 25].

In the present study, evidence has shown that constrained
sex ratio occurs for senescent P. nipponica; with increasing
the age, the females were more likely to lay unfertilized
male eggs despite their decisions to fertilize depositing eggs.
This appears to be due to sperm depletion or physiological
constraints associated with senescence. It also implies that an
ovipositing female did not have a mechanism for assessing
her physiological state.

In several parasitoids, the behavior of unmated females
differs from that of mated females, suggesting that females
can recognize their mating status [26, 27]. In P. nipponica,
however, unmated females behave as mated females; they
show interrupted movements though they have no sperm
in the spermatheca [16]. It is, hence, unlikely that female
P. nipponica can recognize the number of sperms in the
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Figure 1: A logistic regression line obtained for the relationship
between maternal age and likelihood of fertilization failure. The
points are placedmidway to assure their visibility, and the horizontal
placement of each point (= one oviposition event) is made with
respect to the horizontal axis (= female wasp age). The points above
or below the curve show data set in which test females produced
female or male offspring (see JMP User’s Guide).

spermatheca; the senescent females would not modify their
sex allocation in response to sperm depletion.

Curiously, senescence did not influence the consistency
between the continuous movements and the deposition of
unfertilized male eggs. This result indicates that sperm is
never wrongly released regardless of female age. I suggest that
the exit of sperm from spermatheca is normally closed, and
senescence affects only the control to open the exit for sperm
release to fertilize the eggs.

Parasitoid wasps have been shown to be excellent organ-
isms for testing sex ratio theory [1, 4, 12, 28]. However, sex
ratio theory generally assumes perfect maternal control over
the offspring sex allocation. In fact, constrained sex ratio
does occur in several parasitoid wasps, mostly due to unmat-
edness, and the presence of constrained unmated females
should lead to the production of a more female-biased sex
ratio by nonconstrained mated females than predicted [20–
22]. This means that constrained females influence the sex
allocation decision of other nonconstrained females.

Likewise, senescent P. nipponica females can be con-
strained fromperfectly controlling the offspring sex ratio, and
the consequence is the production of large males from large
hosts, which should normally produce female offspring. The
presence of constrained females may affect the overall sex
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ratio produced by nonconstrained females, and the lattermay
produce a more female-biased sex allocation to a given size
of hosts than predicted. However, in the field, females should
have a shorter life span than physiologically attainable span,
and females that are constrained due to senescence should be
rather rare. Given this, the impact of constrained femalesmay
not be large. In any case, the effect of constrained females on
the sex ratio produced by nonconstrained females would be
a future subject.
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