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Abstract. I hypothesized that sibling cannibalism is one of maternal investment in that a female controls sibling cannibalism. To test
the hypothesis, I conducted a laboratory experiment and field observations to investigate sibling cannibalism in relation to cluster
size and cluster site in the ladybird beetle, Harmonia axyridis Pallas. In the laboratory experiment, cluster size significantly affected
the number of cannibalized eggs per cluster (R? = 0.516), while cluster size was significantly affected by the oviposition interval.
Furthermore, there was a marginally significant positive relationship between cluster size and the percentage of sibling cannibalism
per cluster. In the field, cluster size and the direct distance from a cluster site to an aphid colony (an indicator of intensity of non-
sibling cannibalism) significantly affected the number of cannibalized eggs per cluster (R* = 0.472). Furthermore, there was a sig-
nificant positive relationship between the direct distance from a cluster to the nearest aphid colony and cluster size. However, there
was not a significant relationship between the distance and the percentage of sibling cannibalism. These results may be caused by the
weakness of the female’s power to control sibling cannibalism. Thus, a female H. axyridis controls cluster size through the intensity

of non-sibling cannibalism, which may be one of oviposition strategies in this species.

INTRODUCTION

Some of the most important elements in insect repro-
ductive tactics relate to how many eggs are laid in a
patch, how egg and cluster sizes are determined, and how
patch quality is evaluated (e.g., Parker & Courtney, 1984;
Godfray, 1987). Many aphidophagous coccinellids lay
their eggs in clusters when aphid densities are high
(Hodek & Honek, 1996). Sibling cannibalism is often
observed among larvae resulting from egg clusters of
aphidophagous ladybird beetles; cannibals consume
never-hatched eggs as well as fertile eggs that have
delayed hatching (Osawa, 1989; Stevens, 1992; Hodek &
Honek, 1996. Sibling cannibalism can be influenced by
parental manipulation (Alexander, 1974; Polis, 1981),
suggesting that it results from a kind of maternal invest-
ment in the offspring. Accordingly, the selection of suit-
able cluster sites and the manipulation of sibling canni-
balism may be important components of the reproductive
tactics of aphidophagous ladybird beetles.

Field and laboratory experiments indicate that ladybird
beetles tend to lay eggs where there are sufficient num-
bers of aphids to ensure the survival of first-instar beetle
larvae (Dixon, 1959; Wratten, 1973; Honek, 1978; Mills,
1982). Cues used to find a cluster site include the pres-
ence of aphids (Evans & Dixon, 1986), conspecific lar-
vae (Hemptinne et al., 1992), and pheromones (Doumbia
et al., 1998). Furthermore, the timing of oviposition is
also critical to guarantee sufficient food for the offspring;
females often lay eggs well before aphid densities peak
(Hemptinne et al., 1992; Osawa, 2000). Beyond these fac-
tors, however, how females determine the suitability of
oviposition sites and what factors affect sibling canni-

balism are not well documented, especially under field
conditions.

The adaptive significance of sibling cannibalism at the
population level is mainly considered to be its self-
regulatory effect on populations (Fox, 1975; Polis, 1980,
1981). Density is usually a key factor in the population
dynamics of cannibalism (Dong & Polis, 1992). In a
natural population of Harmonia axyridis Pallas, sibling
cannibalism occurred in more than 90% of all clusters
(Osawa, 1989), and approximately 30% of eggs were
killed by sibling cannibalism (Osawa, 1993).
Interestingly, sibling cannibalism in this species is
density-independent, suggesting that sibling cannibalism
in H. axyridis is not a self-regulatory mechanism, but a
“hedged bet” in the population (Osawa, 1993).

In one study of H. axyridis, 35% of all eggs were canni-
balized, of which 70% were never-hatched eggs, and 30%
were fertile eggs with delayed hatching (Osawa, 1993). In
social insects, never-hatched eggs are considered to play
an adaptively significant role as nurse or trophic eggs,
because they do not develop and therefore have no repro-
ductive value (Polis, 1981). In earlier laboratory experi-
ments with coccinellids, the existence of embryos has
been used as the criterion to determine the fertility of
eggs (Brown, 1972; Osawa, 1992). However, the mecha-
nisms involved in the production of never-hatched eggs
are not yet fully understood: it is not clear whether the
eggs are infertile or die during early development.
Recently, it has been suggested that one important factor
resulting in fertile but never-hatched eggs may be the
presence of male-killing microorganisms (e.g., Hurst &
Majerus, 1993). However, it is still not clear whether all
the never-hatched eggs are caused by “male-killers”.
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When a cannibal eats fertile eggs that have delayed
hatching, the adaptive significance of sibling cannibalism
may be explained by kin selection (Hamilton, 1964a,
1964b): Sibling cannibalism is adaptive for the cannibal
and the cannibalized in periods of low aphid densities
(Osawa, 1992). Sibling cannibalism is not maladaptive
for the mother: She attains almost equal fitness regardless
of the intensity of sibling cannibalism (Osawa, 1992). In
ladybird beetles, newly hatched larvae cannot easily cap-
ture aphids (Dixon, 1959; Kawai, 1978). A H. axyridis
female lays an egg cluster apart from an aphid colony,
with the result that food shortage for a newly hatched
larva is severe (Osawa, 1989). In case of sibling cannibal-
ism, therefore never-hatched eggs and eggs with delayed
hatching play important roles as part of maternal invest-
ment, regardless of their fertility. The factors affecting the
selection of cluster sites and the occurrence of sibling
cannibalism within a cluster need to be investigated,
because the site selection determines the access of off-
spring to aphids and may, therefore be related to the inci-
dence of sibling cannibalism.

In this study, I hypothesized that sibling cannibalism is
part of maternal investment and is female-controlled. To
test this hypothesis, I examined factors affecting sibling
cannibalism, cluster size, and cluster site selection,
through a combination of a laboratory experiment and
field observations.

MATERIALS AND METHODS

A laboratory experiment

The ladybird beetle Harmonia axyridis Pallas has a wide dis-
tribution throughout northeast Asia (Sasaji, 1971) and is one of
the most common aphidophagous coccinellids in Japan. The
laboratory experiment was conducted for 17 days, from 24 April
to 13 May, 1990. Fifteen H. axyridis adults (10 females and 5
males) were collected at the Botanical Garden of Kyoto Univer-
sity (35°02'N 135°47'W) and were used in the following analy-
sis. To evaluate potential effects of mating on the oviposition
ability of females, they were categorized into two types: females
with males (n = 5) and females without males (n = 5). I then
compared the oviposition ability of the two types of females.
The 10 females (5 with males, 5 without) were held individually
in plastic Petri dishes (7 cm wide, 2 cm high). They were reared
individually with a surplus of aphids, Aphis spiraecola Patch (c.
500 individuals), and a shoot of Spiraea thunbergii (Rosaceae),
which was changed daily. The following laboratory conditions
were maintained: 25°C, 16L : 8D, ca. 70% relative humidity. [
checked the Petri dishes daily, counted all eggs that were laid,
and recorded the number of eggs per cluster and the female
code. After removing the beetles, each egg cluster was kept
individually in a Petri dish labelled with the female code and the
oviposition date. Eggs were held under the same laboratory con-
ditions and checked daily. Twenty-four hours after the eggs
hatched, I recorded the number of larvae. Thereafter, missing
eggs were regarded as cannibalized eggs. Oviposition interval
(the number of days since the previous oviposition) was also
calculated for each cluster. In total, 104 egg clusters were
obtained and used for the analysis.

Field experiments

To examine factors affecting the oviposition of H. axyridis
females, I conducted a field experiment at the Botanical Garden
of Kyoto University. In 1987 and 1988, all clusters found on
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three Prunus persica trees (2—4 m in height) that were colonized
by two species of aphids (Myzus varians Davidson and Hyalop-
terus pruni Geoffroy) were marked and individually identified
with numbered red vinyl tape. I determined the cluster code and
recorded the date, cluster size, and the ecological conditions for
the cluster sites (i.e. location of the cluster on or below the sur-
face of a leaf or other location; the occurrence of aphid colonies
on the same shoot (+/-); the occurrence of aphid colonies on the
same twig (+/-); the occurrence of clusters of H. axyridis on the
same shoot (+/~); and the “direct” and “route” distances from a
cluster site to the nearest aphid colony). Any or all of these fac-
tors may be important for females to determine a suitable cluster
site from the viewpoint of the intensity of egg predation and
food availability for the offspring. I wrote the cluster code and
the date of the first finding of the cluster on the vinyl tape.
When I found an egg cluster, I measured the straight-line dis-
tance from the cluster site to several aphid colonies near the
cluster site; I determined the shortest distance from the cluster
site to the nearest aphid colony (i.e., the “direct” distance). [
also measured the distance required for a newly hatched larva to
travel from a cluster site to the nearest aphid colony via a leaf,
shoot, or twig (i.e., the “route” distance). H. axyridis females
lay eggs slightly away from aphid colonies, which may reduce
the intensity of non-sibling cannibalism (Osawa, 1989). How-
ever, the selection of distant oviposition sites may cause severe
food shortages for the offspring, because newly hatched larvae
are relatively immobile and cannot easily capture aphids
(Dixon, 1959; Kawai, 1978). The females often migrate from
the oviposition site by flight after they lay eggs, whereas the
newly-hatched larvae stay for about one day at a cluster site in a
group and they leave from there in all directions by crawling
along leaves, shoots, and twigs, subsequently reaching an aphid
colony. Therefore, the direct distance from a cluster site to the
nearest aphid colony may be an indicator of maternal invest-
ment that is reflected in the intensity of non-sibling cannibalism
(i.e. the greater the distance, the lower levels of non-sibling can-
nibalism) and, route distance an indicator of maternal invest-
ment that is reflected in the food availability for the offspring
(i.e. the greater the distance, the less readily available the prey),
although there is a positive correlation between these two meas-
ures. In the field, non-siblings (mainly younger larvae) usually
cannibalize only unhatched eggs; they do not eat newly hatched
larvae that stay at a cluster site. Therefore, non-sibling canni-
balism occurs first, and thereafter additionally sibling canni-
balism supervenes. A part of the cluster was cannibalized when
one non-sibling larva cannibalized a cluster, while all the eggs
in the cluster were cannibalized when two or more non-sibling
larvae cannibalized a cluster. When non-sibling cannibalism
occurred, the non-sibling cannibal was much larger than the sib-
ling larvae or the instars of the non-sibling cannibal were usu-
ally different from that of the sibling larva. Furthermore, the
condition of the cannibalized egg in sibling cannibalism was
different from that in non-sibling cannibalism: A part of the egg
was usually left in non-sibling cannibalism, whereas the entire
egg was eaten in sibling cannibalism. Accordingly, the occur-
rence of sibling and non-sibling cannibalism can be distin-
guished even in the field. I checked marked clusters for the
occurrence of non-sibling cannibalism and the date of hatching
on a daily basis. I recorded the number of hatchlings per cluster
when the eggs hatched. In total, 151 clusters were recorded over
the two years. To detect the effect of sibling cannibalism on a
cluster, 50 clusters that had been damaged by non-sibling canni-
balism were eliminated, and the remaining 101 clusters were
used in the following analysis. The combined field data from
1987 and 1988 were used for the analysis of the field experi-
ment.
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Fig. 1. The comparison of cluster size, the number of canni-
balized eggs per cluster, and the percentage of sibling canni-
balism per cluster between short (= 1 day) and long (> 2 days)
oviposition interval. An asterisks (*) indicates significance of
the P <0 .05 level, n.s. indicates non-significance. Vertical lines
indicate + 1 x standard errors.

Data analysis

To compare characteristics of egg clusters between a female
with and without a male, 7-test was performed. From the pre-
liminary analysis of the laboratory data, the identity of female
(= female code) was not a significant factor affecting the
number of cannibalized eggs per cluster, and cluster size
(One-way ANOVA: Fo 0, =1.511, p=0.1554, Fo 04 = 1254, p =
0.2723, respectively). Accordingly, I performed a two-way
ANOVA after stepwise removal of non-significant terms to ana-
lyze the number of cannibalized eggs per cluster and cluster size
in the laboratory data. Female code was a significant factor
affecting the percentage of sibling cannibalism per cluster
(One-way ANOVA: Fy o, = 3.085, p = 0.0028), suggesting that
the clusters laid by one female could not be treated as inde-

pendent units. Accordingly, I used a two-level nested ANOVA
to analyze the relationship between the percentage of sibling
cannibalism and cluster size. To analyze the effect of oviposi-
tion interval on cluster size, the number of cannibalized eggs per
cluster, and the percentage sibling cannibalism per cluster, the
oviposition interval was divided into two categories: short (= 1
day) and long (> 2 days). Thereafter, the comparison was made
using Tukey-Kramer HSD test. A four-way ANOVA was used
to analyze the field data because different females may lay each
cluster, judging from their short stays at cach habitat (Osawa,
2000). The percentage data of sibling cannibalism were arcsine
transformed before linear regression analysis because the
original percentage data in my experiment fall below 30% and
over 70% (Sokal & Rohlf, 1980). For all of these statistical
analyses, I used JMP Discovery Software (SAS, 2000).

RESULTS

A laboratory experiment

There were no significant differences in cluster size,
cluster egg total, number of eggs cannibalized per cluster,
percentage sibling cannibalism per cluster, and oviposi-
tion interval between a female with and without a male
(Table 1). Among the factors that might have affected
how many eggs were cannibalized per cluster, the effect
of cluster size was significant when I eliminated other
factors (i.c., oviposition interval, interaction between
cluster size and oviposition interval, and interaction
between oviposition interval and mating) from the model
(p < 0.0001; F3 100= 35.606, R? = 0.516 and p < 0.0001,
for the model; Table 2). The occurrence of mating and the
interaction between cluster size and the occurrence of
mating were not significant factors affecting the number
of cannibalized eggs per cluster (p = 0.1256, p = 0.0993,
respectively; Table 2). The oviposition interval signifi-
cantly affected the cluster size (p = 0.0014; Table 3),
whereas the effect of the interaction with the occurrence
of mating was not significant (p = 0.1775; Table 3). Fur-
thermore, the effect of occurrence of mating on the
cluster size was only marginally significant (p = 0.0639;
Table 3). There was also a marginally significant relation-
ship between cluster size and the percentage of sibling
cannibalism per cluster (p = 0.0525; Fig g« = 2.619, R*=
0.372 and p = 0.0014 for the model; Table 4). Cluster size
and the number of cannibalized eggs per cluster in long
oviposition period were significantly larger than those in
short one (p < 0.05 and p < 0.05, respectively: Fig. 1).
However, no significant difference was observed in the
percentage sibling cannibalism per cluster between short
and long oviposition intervals (p > 0.05: Fig. 1).

TasLe 1. Comparison between females with males and females without males in the laboratory experiment.

a female with a male

a female without a male

(mean + S.E.) (mean = S.E.) P
Cluster size 25.103 £ 1.660 22.522 +1.865 0.3036
Cluster egg total 291.200 £ 35.470 207.200 £ 35.470 0.1326
No. of eggs cannibalized per cluster 11.724 £1.210 8.457 £1.359 0.0754
% sibling cannnibalism per cluster 42.077 £2.625 37.198 £2.948 0.2193
Oviposition interval 1.466 +0.151 1.844 £0.172 0.1013

*1-test
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Fig. 2. The relationship between cluster size and the per-
centage of sibling cannibalism per cluster in the field experi-
ment. The percentages were arcsine transformed.

Field experiments

Cluster size and the direct distance from a cluster site to
the nearest aphid colony were significant factors affecting
the number of cannibalized eggs per cluster when other
factors (i.e., cluster site, the occurrence of aphid colonies
on the same shoot, and the occurrence of aphid colonies
on the same twig) were ecliminated (p < 0.0001,
p = 0.0082, respectively; Fi 6= 21.476, R*=0.472, and p
< 0.0001 for the model; Table 5). The effect of the route
distance from a cluster site to the nearest aphid colony
and the occurrence of clusters on the same shoot were not
significant (p = 0.0803, p = 0.1712, respectively; Table
5). Moreover, there was a weak but significant relation-
ship between the percentage of sibling cannibalism per
cluster and cluster size (F-test: Fi o= 10.765, R*= 0.098,
and p = 0.0014; Fig. 2). There was also a weak but sig-
nificant relationship between cluster size and the direct
distance from a cluster to the nearest aphid colony (F-test:
Fi e9=7.284, R? = 0.069, and p = 0.0082; Fig. 3). How-
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Fig. 4. The relationship between the direct distance (cm) from
a cluster site to the nearest aphid colony and the percentage of
sibling cannibalism per cluster in the field experiment. The per-
centages were arcsine transformed.
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Fig. 3. The relationship between the direct distance (cm) from
a cluster site to the nearest aphid colony and cluster size in the
field experiment.

ever, there was no significant relationship between the
percentage of sibling cannibalism and the direct distance
from a cluster to the nearest aphid colony (F-test:
F199=0.884 and p = 0.349; Fig. 4).

DISCUSSION

The results of this study showed that cluster size was
clearly an important factor affecting both the number and
the percentage of eggs cannibalized per cluster.
Moreover, the field experiments indicated that there was a
weak but significant relationship between cluster size and
the direct distance from a cluster site to the nearest aphid
colony. In the case of sibling cannibalism, a cannibal cats
two types of eggs; infertile or fertile eggs dying at an
early developmental stage, i.e. never-hatched eggs, and
fertile eggs with delayed hatching. The existence of
never-hatched eggs is regarded as direct maternal invest-
ment (i.e. the mother can control production of these
directly) for the offspring, whereas that of fertile eggs
with delayed hatching as indirect and/or fortuitous
maternal investment (i.e. the mother does not control pro-
duction of these directly) for females. Kawai (1978)
reported sibling cannibalism in Harmonia axyridis was
directed to 56% mnever-hatching and 44% of delayed
hatching eggs, respectively. When a cannibal cats fertile
eggs with delayed hatching, the differentiation in

TaBLE 2. Two-way ANOVA of the number of cannibalised
eggs per cluster vs. the occurrence of mating and cluster size in
the laboratory experiment.

Source df SS F-ratio P
Mating 1 103048 2385 0.1256
Cluster size | 3896663 90197  <0.0001
Is\i/[zae““gxdumr 1 119607 2769 0.0993
Residual 100 4.320.168

This is the remaining ANOVA model after stepwise removal of
nonsignificant terms (oviposition interval, cluster size X ovipo-
sition interval, and oviposition interval x mating) at the ovi-
posited shoot at the P < 0.1 level.



TaBLe 3. Two-way ANOVA of cluster size vs. the occur-
rence of mating and oviposition interval in the laboratory
experiment.

Source df SS F-ratio P
Mating 1 506.877 3.512 0.0639
Oviposition interval®* 1 1,569.302  10.872 0.0014
?ﬁfgf”vflxowposmn 1 266177 1844 0.1775
Residual 100 14,434.113

*oviposition interval was divided into two categories: short (=
1 day) and long (= 2 days).

This is the remaining ANOVA model after stepwise removal of
nonsignificant terms at the P < 0.05 level.

hatching time of each egg in a cluster may be important in
determining the intensity of sibling cannibalism in a clus-
ter. The laboratory and field experiments in this study
showed that cluster size affected the percentage of sibling
cannibalism per cluster. Therefore, hatching asynchrony
in relation to cluster size may result in sibling canni-
balism of fertile eggs with delayed hatching within a clus-
ter. The percentage of sibling cannibalism per cluster
should increase with the route distance if a female con-
trols the proportion of never-hatched eggs per cluster with
respect to the food availability for the offspring. This
study showed that the route distance was not a significant
factor affecting the percentage of sibling cannibalism per
cluster. This suggests that females produce never-hatched
eggs regardless of the food environment of the offspring.
Whereas, the direct distance was a significant factor
affecting the percentage of sibling cannibalism per
cluster, suggesting that escape from non-sibling canni-
balism may be important in determining oviposition site
This study showed that cluster size increased with
direct distance and the percentage of sibling cannibalism
per cluster increased with cluster size. However, interest-
ingly, the percentage sibling cannibalism per cluster did
not increase with the direct distance. This difference was
caused by a significant but weak relationship between
cluster size and the direct distance (R* = 0.098), and

TaBLE 5. Four-way ANOVA of the number of cannibalized
eggs per cluster vs. cluster size, the direct and route distance
from a cluster site to the nearest aphid colony, and the occur-
rence of H. axyridis cluster on the same shoot in the field
experiment.

Source df SS F-ratio P
Cluster size 1 3,105.564 79.586 <0.001
The direct distance 1 284.169 7.282 0.0082
The route distance 1 121.892 3.124 0.0803

The occurrence of H.

o 1 74.156 1.9
axyridis

0.1712

Clusters in the same
shoot

Residual 96 3,746.075

This is the remaining ANOVA model after stepwise removal of
nonsignificant terms (cluster site, the occurrence of aphid colo-
nies on the same shoot, and the occurrence of aphid colonies on
the same twig) at the oviposition site at the P < 0.05 level.

1

Table 4. Two-level nested ANOVA of the percentage of sibling
cannibalism per cluster vs. cluster size (female code) in the
laboratory experiment.

Source df SS F-ratio P
Female code 9 10,039.153  3.606 0.0008
Cluster size (female 10 5,960.805  1.927 0.0525
code)

Residual 84 25,987.629

between the percentage of sibling cannibalism per cluster
and cluster size (R*= 0.069). I suggest, therefore, that the
female’s power for controlling sibling cannibalism may
be weak.

Dixon and Guo (1993) predicted that egg size is the
least variable reproductive trait and that cluster size is the
most variable. Cluster size in coccinellids is influenced by
the nutritional status of the female (e.g., Dixon & Guo,
1993). Furthermore, the average number of eggs laid in a
cluster by a species is approximately half the number of
ovarioles that a species has in its gonads when an indi-
vidual is well fed (Stewart et al., 1991). However, 1
observed variation in cluster size in the laboratory, where
food availability was constant. Furthermore, the per-
centage of sibling cannibalism of the same females also
fluctuated in this study. In addition, cluster size and the
number of cannibalized eggs per cluster in the long ovi-
position interval was significantly larger than those in the
short one in this study. These results suggest that, in addi-
tion to food availability, the physiological condition of a
female may affect cluster size.

The laboratory experiment showed that the occurrence
of mating did not affect the number of cannibalized eggs
per cluster. This may suggest that at least lack of sperm in
fertilization does not affect the number of infertile eggs in
a cluster, although a female without a male may have
mated in the field before its collection for the experiment
and the role of previous mating remains unknown.

By comparing several coccinellids species, Stewart et
al. (1991) concluded that egg size is probably constrained
by the minimum size at which first instar larvae can cap-
ture active prey and complete their development, before
prey becomes scarce. However, newly hatched larvae
cannot easily capture aphids (Dixon, 1959; Kawai, 1978)
and they eat conspecific eggs preferentially (Kawai,
1978). These results indicate that egg size is insufficient
for newly hatched larvae to become adults. Furthermore,
Osawa (1989) suggested that in H. axyridis, female ovi-
position away from aphid colonies evolved under the
pressure of intense predation near aphid colonies. The
behaviour of the mother may well have evolved to maxi-
mise survival of the offspring given an unfavourable
environment, with strong selection pressure for frequent
sibling cannibalism.

It is known that H. axyridis has a large reproductive
capacity (Soares et al., 2001). However, sibling canni-
balism in coccinellids may be maladaptive when the
mother lays eggs at a favorable oviposition site (i.e. a site
with food quality and quantity guaranteed for larval
development). In hoverflies, a mother assesses habitat
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quality using visual cues; a large proportion of winged
aphids indicated that a colony would be short-lived and
would consequently be an unsuitable oviposition site
(Chandler, 1968; Kan & Sasakawa, 1986). However,
similar cues have not been identified for coccinellids.
This study showed that cluster site, the occurrence of
aphid colonies on the same shoot, the occurrence of aphid
colonies on the same twig, the occurrence of egg clusters
of H. axyridis on the same shoot, and the route distance
from a cluster site to the nearest aphid colony were not
significant factors affecting the percentage of sibling can-
nibalism per cluster. Furthermore, non-sibling canni-
balism was more intense when egg clusters were close to
an aphid colony (Osawa, 1989), indicating that intense
non-sibling cannibalism can occur at suitable oviposition
site for the offspring. These results suggest the female’s
assessment of future food availability for their offspring
through sibling cannibalism controlling the ratio of never-
hatched eggs per cluster may be extraordinarily difficult.
Therefore, H. axyridis females control cluster size, mainly
in response to the intensity of non-sibling cannibalism,
and sibling cannibalism of eating fertile eggs with
delayed hatching may occur in relation to cluster size,
resulting in enhancement of the survival of the cannibal
offspring under conditions of unpredictable and patchily
distributed resources.
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