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larva, but facultative gregarious development is observed 
in several species (Nostvik, 1954; Mayhew & van Alphen, 
1999; Riddick, 2002; Mackauer & Chow, 2012, 2015). 
Survival in contests between conspecifi c larvae is deter-
mined by the age or developmental stage of the immature 
parasitoids, with the fi rst-hatched larva typically having an 
age advantage over younger competitors (Mackauer, 1990; 
van Baaren et al., 1999; Darrouzet et al., 2008; Harvey et 
al., 2013). Gregarious species, in contrast, do not fi ght for 
host possession but eliminate supernumerary larvae by 
scramble competition for limiting host resources (Gu et 
al., 2003; Brodeur & Boivin, 2004; Shuker et al., 2005; 
Dorn & Beckage, 2007). Thus, sequential oviposition by 
a second (i.e., superparasitizing) female will only result in 
offspring mortality if the available host resources are in-
suffi cient to sustain the development of all the immatures. 
Aggressive interactions causing mortality may also occur 
between older larvae in both solitary (Ito & Yamada, 2014) 

Females of the parasitoid wasp, Dendrocerus carpenteri (Hymenoptera: 
Megaspilidae), adjust offspring sex allocation when competing for hosts
MANFRED MACKAUER and ANDREW CHOW  *

Department of Biological Sciences, Simon Fraser University, 8888 University Drive, Burnaby, BC V5A 1S6, Canada; 
e-mail: mackauer@sfu.ca

Key words. Megaspilidae, Dendrocerus carpenteri, competition, hyperparasitoid, larval mortality, intensity of parasitism, 
offspring sex allocation, sex ratio, superparasitism

Abstract. Parasitoid females may adjust offspring sex allocation according to the number and quality of hosts available. Because 
in solitary species only one offspring survives per host, already parasitized hosts are of low quality and generally rejected. Su-
perparasitism (i.e., sequential oviposition by the same or different females) results in aggressive interactions and competition for 
nutritional resources among larvae. We examined variations in the offspring sex ratio of Dendrocerus carpenteri (Curtis) (Hyme-
noptera: Megaspilidae), a solitary ectoparasitoid developing as a hyperparasitoid on the prepupae and pupae of primary aphid 
parasitoids inside mummifi ed aphids. Mated females produced a female-biased sex ratio of 0.433 (proportion of sons) when 
caged singly and provided with 12 mummies for 2 h; they parasitized an average of four mummies/h and rarely superparasitized. 
Superparasitism increased when two females were caged together and provided with 12 mummies, from 1.18 to 1.24 and 1.38 
eggs/host parasitized in 1, 2 and 3 h, respectively. The offspring sex ratio became increasingly more female-biased with increase 
in superparasitism; however, sex ratio variations were not correlated with cohort size. One mated and one unmated female 
provided with 12 mummies and caged together for 1 h produced a mean cohort sex ratio of 0.645, which differed from the one 
predicted (0.717) by an algebraic model incorporating the assumptions that both females contribute equal numbers of offspring 
and that the mated female does not change her offspring-sex allocation strategy. The observed shift in the cohort sex ratio to an 
increased female-bias indicates that mated females of D. carpenteri change their behaviour when encountering parasitized mum-
mies or a conspecifi c competitor in the same patch. By depositing fertilized rather than unfertilized eggs, a female can increase 
the proportion of her daughters among parasitoids competing for a diminishing host supply.

* Current address: Texas A&M University-Kingsville, Citrus Center, 312 N. International Blvd, Weslaco, TX 78599, USA; e-mail: 
Andrew.Chow@tamuk.edu

INTRODUCTION

Superparasitism by parasitoid wasps occurs when the 
host is parasitized repeatedly by the same or different fe-
males, with one or several eggs being laid per oviposition 
bout. Superparasitism may result in offspring mortality 
and in the loss of search time and resources invested by 
the female in egg production and oviposition (van Alphen 
& Visser, 1990; Godfray, 1994; Dorn & Beckage, 2007). 
The modalities of larval interactions determining winners 
and losers in such contests depend on the lifestyle of the 
species involved, the number and specifi c identity of the 
superparasitizing female(s) and the sex and age of compet-
ing larvae, among other factors (Mackauer, 1990; Brodeur 
& Boivin, 2004; Harvey et al., 2013). Superparasitism has 
different consequences in solitary and gregarious parasi-
toids. Solitary species generally respond to superparasit-
ism by lethal combat between fi rst instars or by physi-
ological suppression resulting in the death of all but one 
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of both. Female larvae often do less well in suboptimal 
hosts than their male counterparts because of their greater 
and/or different nutritional requirements (Mackauer et al., 
1997; Otto & Mackauer, 1998; Ellers et al., 2001). There-
fore, host-quality models predict that mothers should de-
posit unfertilized eggs in low-quality and fertilized eggs 
in high-quality hosts (King, 1993; Godfray, 1994). Host 
quality is not absolute but relative, depending on the kinds 
of host available and the female’s physiological state (van 
den Assem, 1971; Cloutier et al., 1991; Mackauer et al., 
1996). Having encountered an already parasitized host, a 
female may place a higher value on the next host she fi nds, 
regardless of its quality, and deposit a fertilized egg (van 
den Assem, 1971; Cloutier et al., 1991) or superparasitize 
it if her offspring is likely to survive larval competition 
(Mackauer et al., 1992; Visser et al., 1990, 1992; Lebreton 
et al., 2009). Increased superparasitism can also be induced 
by pre-experiment experience, for example, when females 
are kept in groups (Visser et al., 1990).

This study examines the oviposition behaviour of Den-
drocerus carpenteri (Curtis) (Hymenoptera: Megaspili-
dae), a solitary ectoparasitoid developing as a hyperpar-
asitoid on the prepupae and pupae of various aphidiine 
(Hymenoptera: Braconidae: Aphidiinae) parasitoids inside 
mummifi ed aphids (Bocchino & Sullivan, 1981; Walker & 
Cameron, 1981; Chow & Mackauer, 1999a, b). Females 
probe the aphid mummy with their ovipositor and normally 
deposit a single egg either directly on the host or inside 
the mummy shell. Chow & Mackauer (1996) showed that 
mated females fertilized the fi rst egg when encountering a 
high-quality host but laid an unfertilized egg if the host was 
of low quality. The sex of the second egg laid in a sequence 
was generally opposite that of the fi rst; however, with each 
additional egg, females laid relatively more fertilized eggs 
if host quality was high and relatively more unfertilized 
eggs if host quality was low. Females rejected parasitized 
mummies, which were marked externally, but they readily 
superparasitized them after being deprived of hosts for a 
time. Newly hatched fi rst instars are aggressive and search 
for potential competitors within the mummy shell; any 
eggs and larvae encountered are attacked and killed. Oc-
casionally more than one larva survives competition in su-
perparasitized mummies, with up to three offspring devel-
oping in a single mummy (Mackauer & Chow, 2015). The 
larva feeds externally on the host which is envenomed by 
the female at oviposition; the venom causes developmen-
tal arrest in the primary parasitoid at the prepupal stage. 
Females are relatively long-lived but average daily fecun-
dity is low, ranging between six and 15 hosts parasitized 
(Walker & Cameron, 1981; Chow, 2000). 

Mated females of D. carpenteri provided with unpara-
sitized hosts normally produce a balanced or slightly 
female-biased offspring sex ratio (Chow & Mackauer, 
1996). However, Mackauer & Chow (2015) noted that the 
sex ratio becomes more female-biased under conditions 
resulting in competition for hosts and superparasitism. To 
assess the infl uence of superparasitism on the oviposition 
behaviour of D. carpenteri, we tested the hypothesis that 

and gregarious parasitoids (Tena et al., 2009, 2011). Both 
self- and conspecifi c superparasitism occur when several 
females of one species exploit a diminishing host supply.

Superparasitism can affect and potentially bias the off-
spring sex ratio at emergence (King, 1993; Godfray, 1994). 
Immature survival may be sex-specifi c if male and female 
larvae have different nutritional requirements or if one 
sex is a better competitor than the other (Ode et al., 1996; 
van Baaren et al., 1999; Sykes et al., 2007; Kapranas et 
al., 2011). In addition, a female may alter her offspring 
sex-allocation strategy if she encounters parasitized hosts 
(Werren, 1984; Shuker et al., 2005; Diaz-Fleischer et al., 
2015) or other females searching the same patch (Wylie, 
1979; Visser, 1995; Ito & Yamada, 2016). For example, 
van Baaren et al. (1999) reported that superparasitizing 
females of Anaphes victus Huber (Hymenoptera: Mymari-
dae), a solitary egg parasitoid, produced a more male-bi-
ased sex ratio than females attacking unparasitized eggs; 
however, the sex ratio at eclosion was unchanged because 
male larvae suffered proportionately higher mortality than 
their female counterparts. In contrast, in Eupelmus vuil-
leti (Crawford) (Hymenoptera: Eupelmidae), a solitary 
ectoparasitoid of bruchid larvae and pupae, the sex ratio 
became more female-biased with increasing self-super-
parasitism, possibly due to a proportionately higher male 
mortality (Darrouzet et al., 2003); but Darrouzet et al. 
(2008) were unable to confi rm sex-specifi c immature mor-
tality. Females of Echthrodelphax fairchildii Perkins (Hy-
menoptera: Dryinidae) normally deposit a single egg under 
the right or left wing bud of plant hopper nymphs (Ito & 
Yamada, 2014). Mated females allocate offspring sex ac-
cording to host size, depositing fertilized eggs on the larger 
fi fth-instar nymphs and unfertilized eggs on the smaller 
third- and fourth-instar nymphs; however, after encoun-
tering a conspecifi c, females increasingly laid fertilized 
eggs resulting in both self- and conspecifi c superparasitism 
(Ito & Yamada, 2016). Montoya et al. (2011) and Diaz-
Fleischer et al. (2015) observed an increasingly female-
biased sex ratio with higher levels of superparasitism in 
mass-reared Diachasmimorpha longicaudata (Ashmead) 
(Hymenoptera: Braconidae) attacking fruit fl y larvae, a re-
sult confi rmed by fi eld collections of infested mango fruits 
(Montoya et al., 2013). In contrast, in many gregarious 
parasitoids, superparasitizing females produce a relatively 
more male-biased sex ratio as predicted by models of local 
mate competition (Wylie, 1965; Suzuki & Iwasa, 1980; Su-
zuki et al., 1984; Godfray, 1994; West, 2009).  

Models of offspring and offspring sex allocation by para-
sitoid wasps assume that females modify their behaviour 
in accordance with changed environmental conditions if 
the gains in fi tness are greater than the costs of the change 
(West, 2009). Variations in the mean sex ratio produced 
by two or more (mated and unmated) females searching 
for hosts in the same patch can result from either a change 
in the proportion of offspring contributed by individual 
females without a change in offspring sex allocation, or 
a change in offspring sex allocation without a change in 
the contribution of individual females, or a combination 
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mated females caged singly and counterparts caged togeth-
er with a second mated or unmated female would deposit 
the same number of eggs and produce the same number of 
offspring per unit of search time and number of hosts avail-
able. Next, we estimated immature mortality among sin-
gly developing offspring by comparing the proportion of 
parasitized mummies as determined by dissection with the 
proportion of mummies from which adult wasps emerged. 
In addition, we assessed sex-specifi c immature mortality 
by comparing the distribution of offspring sexes emerging 
from gregarious mummies (i.e., facultative gregarious de-
velopment) with their binomial expectations. And last, we 
tested the hypothesis that mated females of D. carpenteri 
competing for hosts changed their offspring-sex allocation 
behaviour and selectively laid fertilized eggs. Because we 
could not determine the sex and parentage of eggs or lar-
vae, we compared the observed offspring sex ratio with 
the one predicted by an algebraic model if one female is 
unmated and constrained to produce only sons from un-
fertilized eggs while the second female is mated and can 
produce both daughters from fertilized eggs and sons from 
unfertilized eggs. 

MATERIALS AND METHODS
General methods

We established a colony of D. carpenteri with specimens eclos-
ing from pea-aphid mummies, Acyrthosiphon pisum (Harris) (He-
miptera: Aphidoidea: Aphididae), collected in alfalfa fi elds near 
Kamloops, British Columbia (50.40°N, 120.19°W); the mummies 
contained prepupae and pupae of the primary parasitoid Aphidius 
ervi Haliday (Hymenoptera: Braconidae: Aphidiinae). In the lab-
oratory, D. carpenteri was reared on the same host system, except 
that pea aphids were reared on potted broad beans, Vicia faba L. 
cv “Broad Windsor” (Leguminosae), rather than alfalfa. All in-
sect colonies were maintained in growth chambers at 20 ± 0.5°C, 
50–70% RH, and continuous light. To avoid possible bias due to 
variations in host quality, both pea aphids and A. ervi were stand-
ardized by age. Pea aphids were 48 ± 4 h old (i.e., second instar) 
at the time of parasitization by A. ervi, and A. ervi was 9 ± 0.5 d 
old (i.e., prepupa) at the time of hyperparasitization by D. carpen-
teri. Because the experiments required a large number of mum-
mies and parasitoids, 5–6 females of A. ervi were confi ned with 
100–200 aphids in a plastic petri dish. After 2 h, the aphids were 
transferred to bean plants and reared until parasitized individuals 
died and mummifi ed. When the primary parasitoids were 9 d old, 
8–10 D. carpenteri females were caged together with 200–300 
mummies in a screened plastic container. The females were re-
moved after 24 h, and the mummies stored at 20°C in a growth 
chamber. Eclosing D. carpenteri were collected every 24 h at the 
same time and kept as cohorts comprising about 15–20 males and 
females each; females from these cohorts were assumed to have 
mated. Virgin females were obtained from mummies placed sin-
gly in 20 × 8 mm clear gelatine capsules; single mummies were 
treated in the same manner as mummies kept in groups. All fe-
males of D. carpenteri used in experiments were 9–10 d old and, 
presumably, contained a large number (ca. 15–20) of mature eggs 
in the ovaries (Otto & Mackauer, 1998). To ensure that females 
would not dump eggs on the fi rst host encountered in a trial, we 
provided each female with three mummies, one at a time, imme-
diately prior to testing. Chow & Mackauer (1999b) reported that 
host-deprived females of D. carpenteri laid an average of 3.50, 
1.67 and 1.17 eggs, respectively, on the fi rst, second and third 

host encountered; however, they laid only one egg on any hosts 
encountered subsequently. Offspring emerging from these mum-
mies were used to verify the mating status of all females used in 
the experiments. Females, from cohorts with males, which failed 
to produce at least one daughter, were assumed not to have mated, 
and the results of trials including such females were excluded 
from the subsequent evaluation (see below).

We set up fi ve experiments consisting of replicated trials (Table 
1). Each trial included 12 hosts (i.e., mummies containing a pre-
pupa of A. ervi), which were arranged in a 3 × 4 square matrix and 
glued with honey to a piece of white cardboard placed in a 5 cm-
diameter petri dish. The experiments were designed to determine 
the infl uence of the mother’s mating status (mated vs. unmated) 
on offspring number and sex ratio when caged singly and when 
competing with a conspecifi c female searching the same patch 
under increasing superparasitism. First, we tested the hypothesis 
that mated and unmated females lay eggs at the same rate, i.e., 
mated and unmated females produce the same number of off-
spring under similar conditions. The number of hosts available 
was the same in experiments 1, 2 and 5, namely six mummies 
per female per 1 h of search time. Specifi cally, in experiment 1, 
mated females were caged singly for 2 h while in experiments 2 
and 5, two females were caged together for 1 h, one mated fe-
male with another mated and unmated female, respectively. Sec-
ond, we determined the infl uence of superparasitism on offspring 
number and offspring sex allocation when two mated females 
were caged together for increasing periods (experiments 2, 3 and 
4). And third, in experiment 5, we assessed the interactions be-
tween one mated and one unmated female caged together for 1 
h. Trials in each experiment were arbitrarily assigned to one of 
two subsets: Mummies in the fi rst subset were placed individually 
into gelatine capsules, coded for each trial and experiment, and 
reared until parasitoid emergence: experiment 1 (46 trials), 2 (30 
trials), 3 (30 trials), 4 (30 trials) and 5 (30 trials). Emerged para-
sitoids were counted by sex. All mummies in the second subset 
were dissected in order to estimate parasitism: experiment 1 (25 
trials), 2 (12 trials), 3 (11 trials) and 4 (11 trials). Superparasitism 
was measured as the mean intensity of parasitism, i.e., the mean 
number of eggs and larvae found in parasitized hosts, pooled be-
tween trials within experiments. We use the term cohort to refer 
to the total number of offspring produced in each trial, regardless 
of the number of females used; the cohort sex ratio is given as the 
proportion of sons among all offspring.
Offspring sex allocation

Because we could not distinguish between the offspring of two 
different females developing as a cohort, we assessed offspring 
sex allocation by comparing the proportion of sons among off-
spring produced by mated females caged singly with the pro-
portion of sons among offspring produced by one mated female 
caged together with another mated or virgin female. If both mated 
and unmated females deposit the same number of eggs per unit of 
search time and number of hosts available, any difference in the 
cohort sex ratio between a mated female and an unmated female 
competing for hosts and the sex ratio when females are not com-
peting signifi es a change in offspring sex allocation by the mated 
female. We used an algebraic model to explore the relationship 
between the number of eggs deposited per unit of search time by 
one mated female and one unmated female competing for hosts 
and the proportion of eggs fertilized by the mated female. 

Consider two females, A and B, simultaneously exploiting 
the same patch and competing for hosts for their offspring. Fe-
male A is unmated and constrained to lay only unfertilized eggs 
whereas female B has mated and can lay both unfertilized and 
fertilized eggs. The model incorporates the following assump-
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tions: (1) Females discriminate between parasitized and unpara-
sitized hosts but cannot distinguish self-parasitized hosts from 
those parasitized by a conspecifi c female. (2) In the absence of 
unparasitized hosts, already parasitized hosts will be attacked 
repeatedly by one or both females, which results in superpara-
sitism; the order of attack(s) by females A and B is random. (3) 
Singly-parasitized hosts are of equal quality for male and female 
offspring. (4) Both females contribute equally to the total number 
of offspring produced. And (5), developmental mortality among 
same-aged offspring is random with regard to sex and oviposition 
sequence.

Let nA and nB be the number of offspring produced by females 
A and B and r = nA / N and (1 – r) = nB / N be the proportion of 
the total number of offspring, N = nA + nB, contributed by each 
female, respectively. The sex ratio p is determined by the propor-
tion of unfertilized eggs among all eggs laid by each female. For 
the constrained female A, pA = 1. For the mated female B, pB can 
vary between 0 (i.e., all eggs fertilized) and 1 (i.e., all eggs unfer-
tilized). If immature mortality is random with regard to offspring 
sex (assumption 5), the cohort sex ratio is given by pN, which is 
the proportion of sons among all offspring:

pN =
(N· r ·pA)+(N ·(1−r)· pB)

N
= r+(1−r)·pB   (1)

If both females contribute equally to the total number of off-
spring (assumption 4), r = 0.5, equation (1) reduces to:

pN = ½ · (1 + pB )     (2)

Assumptions (1) and (2) are well supported by empirical evid-
ence for D. carpenteri (Chow & Mackauer, 1996) and other 
parasitoid Hymenoptera (Godfray, 1994). However, assumption 
(3) is made to simplify the analysis but does not hold in general 
(Mackauer & Lardner, 1995; Otto & Mackauer, 1998) while as-
sumptions (4) and (5) are lacking empirical support.

We tested assumption 4 that a female’s oviposition rate does 
not vary with her mating status and the presence of other females 
by comparing the number of eggs laid by singly-caged mated fe-
males (experiment 1) with the total number laid by two mated 
females caged together (experiment 2). In addition, we compared 
the number of offspring produced by one or two mated females 
(experiments 1 and 2) with the number of offspring produced by 
one mated and one virgin female caged together (experiment 5). 
In all three experiments, females were provided with the same 
number of hosts per 1 h of search time, i.e., six mummies.

We tested assumption 5 that immature mortality is random with 
regard to offspring sex by comparing the observed frequencies 
of “double” mummies yielding two males, one male plus one fe-
male, and two females with their binomial expectations. We used 
the mean sex ratio of singly parasitized hosts as an estimate of 

the probability that a second egg will not be fertilized, assuming 
that a superparasitizing female of D. carpenteri can discriminate 
between unparasitized and already parasitized hosts (Chow & 
Mackauer, 1999a) but has only incomplete information about the 
number and sex of any egg(s) already present. Therefore, a fe-
male’s decision of fertilizing an egg or not should be independent 
of the sex of previously deposited eggs but may vary with host 
quality and egg value. A signifi cant difference between the ob-
served and expected frequencies of offspring sexes within classes 
of “double” mummies indicates that the risk of immature mortal-
ity differs between offspring sexes or, alternatively, that fertiliza-
tion of a later-deposited egg in a sequence is not independent of 
the sex of the egg(s) already present.
Infl uence of superparasitism

In experiments 2, 3 and 4, the search time increased from 1 h 
to 3 h while the number of hosts available to two females exploit-
ing the same host patch was kept the same (Table 1). Because of 
developmental variation, any age advantage among the offspring 
of sequentially attacking females can be largely ignored for age 
differences of ≤ 3 h (Chow & Mackauer, 1999a). We compared 
the cohort sex ratios between the three experiments in order to 
test the hypothesis that the offspring sex allocation strategy of 
mated females does not vary with the intensity of parasitism; the 
sex ratio obtained in experiment 1 served as a control.
Data analysis

Because of the large number of trials involved, the experiments 
were done over several days with insects from the same source 
colonies and reared under the same conditions. The mean sex 
ratio is given as the proportion of sons among offspring pooled 
between trials within experiments. Experiments were analyzed 
separately. We compared the mean cohort sizes and the angular 
transformed cohort sex ratios using 1-way ANOVA. Because 
ANOVA indicated signifi cant heterogeneity among the means, 
we used the Tukey-Kramer procedure for unplanned comparisons 
(Sokal & Rohlf, 1995, p. 500) to determine the statistical sig-
nifi cance (P ≤ 0.05) of differences between the means. We cal-
culated the 95% confi dence intervals (CI) of proportions using 
the modifi ed Wald method (Agresti & Coull, 1998). We used the 
log-likelihood ratio (G) test with Williams’ correction to compare 
the distribution of offspring sexes over gregarious mummies with 
their binomial expectations (Sokal & Rohlf, 1995, p. 699). Prob-
abilities from independent tests of signifi cance were combined 
with Fisher’s method (Sokal & Rohlf, 1995, p. 794). We used a 
package in the Free Statistics Software program (Wessa, 2012) 
to calculate Kendall’s tau. The 95% CI of the mean intensity of 
parasitism was estimated by the bootstrap method in the Quan-
titative Parasitology 3.0 program (Rózsa et al., 2000). All prob-
abilities are 2-tailed.

Table 1. Intensity of parasitism and sex ratio among offspring of Dendrocerus carpenteri parasitizing pupae of Aphidius ervi inside mum-
mifi ed pea aphids, Acyrthosiphon pisum (see Materials and Methods for details).

Expt 
No.

No. females 
caged 1

No. hosts 
available 2

Sample 
size 3

Cohort size
Mean 6 ± SEM

Sex ratio 4 Intensity of parasitism 5

Mean 6 (95% CI) Mean (95% CI)
1 1 (2 h) 6 46    8.13 ± 0.34 a 0.433 a (0.384–0.484) 1.06 (1.02–1.09)
2 2 (1 h) 6 30    8.07 ± 0.46 a 0.430 a (0.369–0.493) 1.18 (1.10–1.27)
3 2 (2 h) 3 30  10.60 ± 0.33 b 0.374 a, b (0.323–0.429) 1.24 (1.16–1.32)
4 2 (3 h) 2 30  11.60 ± 0.25 b 0.328 b (0.280–0.379) 1.38 (1.27–1.50)
5 2 (1 h) 6 30    8.57 ± 0.45 a
1 All females were mated except those used in experiment 5, which latter included one mated and one unmated female; the time females 
were caged together is given in brackets. 2 All trials included 12 mummies; the number of hosts available is given as the number of mum-
mies per female per 1 h of search time. 3 Sample size is the number of replicated trials. 4 The mean sex ratio (pN) is given as the proportion 
of males among offspring pooled among trials. 5 The mean intensity of parasitism is measured as the mean number of parasitoid eggs 
and larvae per parasitized host as determined by dissection (see General Methods for sample sizes). 6 Means sharing the same letter(s) 
are not signifi cantly different (P > 0.05).
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RESULTS

Cohort size
The mean number of offspring produced by mated fe-

males caged singly for 2 h (experiment 1) did not sig-
nifi cantly differ from the number produced by one mated 
female caged for 1 h together with a second mated (experi-
ment 2) or virgin female (experiment 5) (1-way ANOVA: 
F2, 103 = 0.398; P = 0.67) (Table 1). The overall mean es-
timated from the pooled data was 8.24 offspring (SEM = 
0.23; n = 106) or 4.1 offspring/female/h of search time. 
Cohort size increased with search time in experiments 1–5 
(1-way ANOVA: F4, 161 = 17.902; P < 0.001) (Table 1).

Fig. 1 shows the distribution of parasitoid eggs among 
hosts by mated females. Singly caged females laid an aver-
age of 1.06 eggs on each host parasitized and rarely self-
superparasitized (experiment 1). In contrast, when two 
mated females competed for the same number of hosts per 
unit of search time, they laid an average of 1.18 eggs per 
host parasitized, of which 15.5% were superparasitized 

(experiment 2). The mean intensity of parasitism as well 
as the proportion of parasitized hosts increased with the 
length of the confi nement period, although between 14% 
and 19% of the available mummies were not parasitized 
(Table 1).
Immature mortality

Mated females of D. carpenteri caged singly for 2 h (ex-
periment 1) parasitized 60% of the available mummies (n 
= 300) as determined by mummy dissection. This result 
did not differ from the percentage of mummies parasitized 
(66.5%; n = 552) as determined by rearing (Fisher’s exact 
test: Pα(2) = 0.06). However, the percentage of dissected 
aphids that were superparasitized (5.6%; n = 180) (Fig. 1) 
was signifi cantly greater than the percentage of mummies 
from which more than one wasp emerged (1.9%; n = 367) 
(Fisher’s exact test: Pα(2) = 0.033), which suggests develop-
mental mortality among offspring sharing host resources. 
Because developmental mortality may be sex-specifi c, we 
compared the distribution of offspring sexes in gregarious 
mummies with their binomial expectations, using the mean 
sex ratio of singly developing offspring (p = 0.378; n = 
1233) as a control and pooling the data between experi-
ments 1–4 for a larger sample size. The four experiments 
yielded a total of 24 gregarious mummies, with two male 
offspring, one male plus one female offspring, and two 
female offspring emerging from 15, 3 and 6 mummies, 
respectively. Mummies yielding two male offspring ex-
ceeded their binomial expectations whereas the two other 
mummy classes were underrepresented (Gadj = 31.96; d.f. 
= 2; P < 0.001).
Sex ratio 

The offspring sex ratio produced by mated mothers (ex-
periments 1–4) was female-biased (Fisher’s test for com-
bining probabilities from separate tests of signifi cance, X2 
= 27.034; d.f. = 8; P < 0.001) (Table 1). The degree of 
bias was least among the offspring of singly-caged females 
provided with 12 mummies for 2 h (experiment 1), with a 
mean sex ratio of pN = 0.433. This ratio was not signifi cant-

Fig. 1. The distribution of parasitoid eggs among hosts by mated 
females of Dendrocerus carpenteri. Females were provided with 
12 mummies of Aphidius ervi for different periods. Abbreviations: 1 
F (2 h) = one female caged for 2 h; 2 F (1 h; 2 h; 3 h) = two females 
caged together for 1 h, 2 h and 3 h, respectively.

Fig. 2. The infl uence of variations in offspring number and offspring 
sex allocation on the observed sex ratio (pN = 0.645) among off-
spring produced by one mated and one unmated female of Den-
drocerus carpenteri caged together and provided with 12 mum-
mies of Aphidius ervi for 1 h. The line shows different combinations 
of the sex ratio of the mated female (pB) and her contribution to 
cohort size (1 – r) yielding a sex ratio of pN = 0.645, as predicted 
by equation 1. The asterisk indicates the expected cohort sex ratio 
(pN = 0.717) if both females contribute equally to the total number 
of offspring (1 – r = 0.5) and the mated female does not modify her 
offspring sex allocation (pB = 0.433) in the presence of a conspe-
cifi c competitor (see text for details).

Fig. 3. The offspring number and offspring sex ratio produced by 
mated females of Dendrocerus carpenteri (n = 46) provided with 
12 mummies of Aphidius ervi for 2 h. The diameter of the dots 
is weighted by the number of same-sized cohorts containing the 
same proportions of male and female offspring.
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ly different from the mean sex ratio of pN = 0.430 produced 
by two mated females caged together for 1 h (experiment 
2). The proportion of daughters among surviving offspring 
increased the longer two females competed for a constant 
host supply (1-way ANOVA: F3, 132 = 6.202; P < 0.001) 
(Table 1).

In experiment 5, one mated female caged together with 
one unmated female for 1 h produced a mean cohort sex 
ratio of pN = 0.645 (95% CI = 0.585–0.701; n = 257). If 
both females contribute equal numbers of offspring (as-
sumption 4) and mated females do not adjust their offspring 
sex allocation behaviour (pN = 0.433; experiment 1) in the 
presence of a potential competitor, equation 2 predicts a 
cohort sex ratio of pN = 0.5 · (1 + 0.433) = 0.717, which is 
indicated by the asterisk in Fig. 2. The difference between 
the observed cohort sex ratio and the one predicted could 
have been due to mated females either laying relatively 
more fertilized eggs (i.e., pB < 0.433) or contributing rela-
tively more offspring to the total (i.e., [1 – r] > 0.5) with-
out changing offspring sex allocation, or a combination 
of both. For example, for r = 0.5, a mated female would 
have to produce ca. 25% more daughters in the presence of 
an unmated competitor to yield a cohort sex ratio of pN = 
0.645 if immature mortality is random with regard to sex.

The cohort sex ratio produced by isolated mated females 
showed considerable variation (CV = 30.4%) in experi-
ment 1; however, the sex ratio was not correlated with co-
hort size (Kendall’s tau = –0.014; Pα(2) = 0.90; n = 46) (Fig. 
3). The results were similar when two mated females were 
caged together for 1 h (Kendall’s tau = –0.129; Pα(2) = 0.36; 
n = 30), 2 h (0.276; 0.06; 30) and 3 h (0.102; 0.50; 30).

DISCUSSION

We have shown that mated females of the solitary ec-
toparasitoid D. carpenteri produce more daughters when 
competing for hosts with conspecifi c females searching 
the same patch. The number of offspring produced per fe-
male did not vary between singly-caged mated females and 
two mated females or one mated and one unmated female 
caged together under the same host constraints. However, 
the distribution of eggs over available hosts was infl uenced 
by the number of females present in the patch. Single fe-
males laid relatively fewer eggs per host and rarely self-
superparasitized. In contrast, an increasing proportion of 
mummies was superparasitized with two and occasionally 
three eggs when two females were caged together (Table 
1; Fig. 1). Because females could revisit an already para-
sitized mummy and lay additional eggs, superparasitism 
may simply be the result of females randomly “dumping” 
eggs when confi ned with a diminishing host supply. Fe-
males of D. carpenteri can store an average of 15–20 eggs 
in their ovaries but are unable to resorb eggs (Le Ralec, 
1991); thus, any eggs not laid will decline in value when 
few suitable hosts are found. We cannot exclude that “egg 
dumping” contributed to increased superparasitism and, in 
fact, may account for the low level of self-superparasitism 
by isolated females observed in experiment 1; however, its 
overall importance was probably negligible. Alternatively, 

a female with a large supply of eggs may change her ovi-
position behaviour if she detects the presence of a conspe-
cifi c competitor in the same patch or encounters parasitized 
mummies. Females of D. carpenteri invest several min-
utes in examining mummies prior to oviposition (Chow & 
Mackauer, 1999b). This investment in time and effort will 
be lost if a mummy is rejected or, if accepted, offspring do 
not survive. However, a female can gain fi tness by deposit-
ing more than one egg per host if the probability of one of 
her own offspring surviving larval competition increases 
with clutch size (Visser et al., 1990, 1992; Mackauer et 
al., 1992). Moreover, Mackauer & Chow (2015) found that 
larvae of D. carpenteri are facultatively gregarious, with 
two and occasionally three offspring successfully develop-
ing on a superparasitized host.

The sex ratio of D. carpenteri shows a moderate female-
bias in natural populations (Höller, 1988; Mackauer & 
Lardner, 1995). In our experiments, singly-caged females 
produced slightly more daughters than sons, which agrees 
with the sex ratio observed in the fi eld. In contrast, the pro-
portion of daughters among the offspring produced by two 
mated females competing for hosts increased with the peri-
od of confi nement and superparasitism (Table 1). Sex ratio 
bias is commonly observed when several females compete 
for hosts (King, 1993; Godfray, 1994; West, 2009; Ito & 
Yamada, 2016). The proximate causes of such bias often 
differ or may not be altogether clear. For example, King 
& Seidl (1993) reported that females of Muscidifurax rap-
tor Girault & Sanders (Hymenoptera: Pteromalidae) pro-
duced relatively more sons in the presence of a conspe-
cifi c female than when alone although this change was not 
consistent. In the gregarious Bracon hebetor Say (Hyme-
noptera: Braconidae), Galloway & Grant (1989) observed 
a sex-ratio shift towards more female progeny on super-
parasitized hosts. In contrast, Antolin et al. (1995) showed 
that some females of B. hebetor are ovicidal and produce 
a balanced or a male-biased sex ratio by killing the mainly 
female eggs, which are laid fi rst when in competition with 
conspecifi cs.

Because we could not distinguish between the offspring 
of a fi rst- and a second-attacking (i.e., superparasitizing) 
female of D. carpenteri, we used an algebraic model to es-
timate the primary sex ratio at oviposition and any changes 
in the sex-allocation behaviour when two females compete 
for hosts, with one female being mated and the other un-
mated. Importantly, we did not control the encounter se-
quence of different females. Mated and unmated females 
were equally likely to encounter an unparasitized host and 
deposit an egg as well as to re-encounter and reject or, alter-
natively, accept and superparasitize an already parasitized 
host. Whereas both kinds of female can alter their offspring 
allocation in response to patch experience (van den Assem, 
1971; Charnov et al., 1981; Suzuki et al., 1984; Visser et 
al., 1990; Cloutier et al., 1991), only mated females can 
alter offspring sex allocation in response to parasitized 
and unparasitized hosts. For example, after encountering 
an already parasitized host or a conspecifi c competitor, a 
female may place a higher value on the next host she fi nds 
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and deposit a fertilized rather than an unfertilized egg re-
gardless of host quality and oviposition sequence (Chow & 
Mackauer, 1996).

Sex ratio bias can also be caused by asymmetric offspring 
mortality in superparasitized hosts if one sex is a superior 
competitor or requires relatively fewer host resources than 
the other. Male larvae are competitively superior to female 
larvae in Trichogramma chilonis Ishii and T. evanescens 
Westwood (Hymenoptera: Trichogrammatidae), two gre-
garious egg parasitoids (Suzuki et al., 1984; van Dijken 
& Waage, 1987). In contrast, immature mortality is less 
for female than male larvae in A. victus (van Baaren et 
al., 1999). In D. carpenteri, males require less time and 
fewer resources for development than females (Otto & 
Mackauer, 1998). Therefore, males will do relatively bet-
ter when resources are limiting in superparasitized hosts, 
which agrees with the greater than predicted proportion of 
gregarious mummies from which two males emerged in 
our experiments. But a hypothetical male advantage in im-
mature survival should cause the sex ratio at emergence to 
become relatively more male-biased, which is opposite the 
direction observed by us. 

Our experiments were not designed to identify the proxi-
mate causes of the increased female-bias in the cohort sex 
ratio; however, certain inferences are possible. First, we 
can exclude that the increased superparasitism was caused 
by the absence of suitable hosts because females super-
parasitized even when unparasitized mummies were avail-
able (Fig. 1). Second, we can exclude that superparasitism 
was infl uenced by pre-experiment experience. All mated 
females were kept in groups together with other males 
and females prior to their use; however, singly-caged fe-
males rarely self-superparasitized (Table 1). Third, we can 
exclude that mated females contributed relatively more 
offspring without a change in offspring sex allocation. Al-
though cohort size increased under competition, the fact 
that the cohort sex ratio was not correlated with cohort size 
argues against this explanation (Fig. 3). The fourth and most 
likely explanation is that mated females changed their off-
spring sex-allocation behaviour and fertilized more eggs at 
oviposition when detecting a conspecifi c competitor in the 
same patch. The presence of conspecifi c females search-
ing the same patch, or of already parasitized mummies, 
indicates to a female that the survival of her own offspring 
may be at risk if the host is superparasitized by a competi-
tor. Under both scenarios, any unparasitized mummy that 
a mated female can fi nd will increase in value and should 
be accepted for oviposition with a fertilized egg, regardless 
of its quality. In conclusion, a strategy of depositing more 
fertilized eggs, rather than alternating between fertilized 
and unfertilized eggs, allows a mated female of D. car-
penteri to increase the proportion of her daughters among 
parasitoids competing for a diminishing host supply. Even 
if unable to mate herself, a daughter surviving larval com-
petition can disperse and produce grandsons that can fi nd 
a mate in the following generation when more hosts may 
be available, whereas sons must fi nd a mate and have off-
spring in the current generation to gain fi tness. Studies of 

the population mating structure and patch-residence times 
of males and females of D. carpenteri are needed to test 
this hypothesis.
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