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ABSTRACT

Associated with the variability in aphid abundance, there is cannibalism and intra-guild
predation (I. G. P.) in aphidophagous ladybird guilds, which is thought to increase ladybird
larval survival when aphids are scarce. In this thesis, the factors that affect the survival of the
three species of ladybirds, Harmonia axyridis, Coccinella septempunctata brucki and Propylea
Jjaponica, were determined based on two years of field research and Iaboratory experiments.
In the field, survival of H. axyridis and C. s. brucki varied from year to year, and that of P,
japonica was always low. Laboratory experiments revealed that the larvae of H. axyridis were
“top predators™ in this ladybird guild, and their survival appeared to depend on the availability
of the other species as intra-guild prey. Although, C. s. brucki was present in both years of the
study, the likelihood of it being caten by H. axyridis larvae depended on when it oviposited
relative to the population dynamics of the aphid. In addition, although P, japonica larvae were
highly likely to be caten by H. axyridis larvae, the abundance of this prey varied from yeaI‘;to
year. These results suggest that prey availability is variable even for an intra-guild predator.

The above results led to the suggestion that variation in the speed of development of
larvae might facilitate their survival when food availability is both variable and uncertain. To
test this, life history traits associated with speed of development were determined in the
laboratory using the two spot ladybird, Adalia bipunctata. In general, the life history traits were
associated positively with speed of development. Fast-developing larvae consumed more prey
in a short period and were vulnerable to starvation when aphids were scarce than the
slow-de\}elqping larvae. It is suggested that this inherited variation in the speed of development

increases the chances of aphidophagous ladybird larvae surviving.



SECTION 1

GENERAL INTRODUCTION



All the predators and parasitoid that feed on aphids make up the aphidophagous guild (Sakuratani,
1977, Arakaki, 1992; Winder e al., 1994; Dixon, 1998). Ladybirds are very voracious and
abundant in terms of numbers of species and individuals, and are large; they are regarded as an
important component of aphidopﬁagous guilds.

A factor that directly affects their survival is food availability during their development.
Several authors reported that low prey availability adversely affects the survival of larvae
(Dimetry, 1976; Kawauchi, 1979). However, as the incidence of cannibalism and intra-guild
predation (1. G. P.) increases when the relative abundance of aphids is low (Kawai, 1978; Mills,
1982; Takahashi, 1987; Osawa, 1989, 1992; Agarwala & Dixon, 1991, 1992; Yasuda & Shinya,
1997), these predators are themselves are an important cause of mortality in ladybird populations
(Osawa 1989, 1992; Yasuda & Shinya, 1997).

As in some species of ladybirds, the first instar larvae develop relatively fast when fed
conspecific eggs they are thought to be a better food for ladybirds than aphids (Kawai, 1978;
‘Takahashi, 1987, Osawa, 1989, 1992; Agarwala & Dixon, 1991, 1992). In addition, the fourth
instar larvae can survive equally well on a diet of conspecifics or aphid prey (Yasuda & Onuma,
2000). Therefore, nutritionally there are no penalties associated with eating conspecifics. On the
other hand, eating the eggs and larvaé of other species of ladybirds can result in reduced survival,
as several species of ladybirds are known to be toxic to other ladybirds (e.g. Agarwala & Dixon,
1998). However, L. G. P. can be advantageous because it prolongs the duration of survival of
starving larvae (Hemptinne et al., 2000). Therefore, in the field, cannibalism and I. G. P. are
possibly important when aphids are scarce (Osawa, 1991; Yasuda & Shinya, 1997). |

Both eggs and young larvae are more vulnerable to cannibalism than older 1arvae;” the victim
is usually at a vulnerable stage in its development (Agarwala & Dixon, 1992; Dong & Polis,

1992; Stevens, 1992). In addition, generally the larger predator is likely to be the intra-guild



predator, and the smaller the extra-guild prey (Sengonca & Frings, 1985; Lucas ef al., 1998;
Phoofolo & Obrycki, 1998; Hindayana et al., 2001). That is, in general, cannibalism and [. G. P,
are more likely to occur when the potential predators and victims differ in size.

However, such predation may not occur for the following reason. Small species like Adalia
bipunctata contain more alkaloid per unit weighf than the large species, Coccinella
septempunctata (De Jong et al., 1991; Holloway et al., 1991). Several authors report that small
species appear to be well protected chemically against predation by larger species (Agarwala &
Dixon, 1992; Agarwala et al., 1998; Hemptinne et al., 2000). That is, although small species are
likely to be eaten by 1a:rgef species (Sengonca & Frings, 1985; Lucas et al., 1998; Phoofolo &
Obrycki, 1998; Hindayana et al., 2001), defensive chemicals reduce the incidence of I. G. P. of
small species by large species.

In addition, Winder (1990) suggests that the tendency of larvae to disperse when prey
‘availability is low may reduce the probability of their encountering con- and hetero-specific
larvae. Leaving rate depends on species (Schellhon & Andow, 2000). That is, although the
incidence of cannibalism and I. G. P. are likely to increase when prey availability is low (Kawai,
1978; Mills, 1982; Takahashi, 1987; Osawa, 1989, 1992; Agarwala & Dixon, 1991, 1992; Yasuda
& Shinya, 1997), emigration of larvae from plants may reduce the incidence of cannibalism and L.
G. P.. Consequently, the incidence of Cannibalism and I. G. P. are likely to vary between species.

However, the effects of chemical defense and emigration on the incidence of cannibalisln
and I. G. P. in the field are poorly understood. Therefore, in Section 2, survival of three species of
ladybirds in relation to prey abundance was monitored in the field. In addition, in Section 3, the
effect of chemical protection and leaving rate on the incidence of cannibalism and I. G. P. were
studied in a semi natural environment.

In addition, if the incidence of cannibalism and 1. G. P., which may increase the survival of



ladybirds when prey is scarce (Osawa, 1991; Yasuda & Shinya, 1997; Hemptinne et al., 2000),
varies between species, then the less cannibalistic or predatory species are more likely to be
affected by prey availability than the more cannibalistic or predatory species.

Body size and duration of development in ladybird are determined by prey availability. For
instance, the larvae of Propylea japonica tend to develop more slowly to the adult stage when
food availability is low (Kawauchi, 1979). In addition, the duration of development is also likely.
to be linked to body size and prey consumption. Ueno (1994) reported that the duration of
development varies between individuals fed equally well. In this study, the fast-developing larvae
of H. axyridis tend to develop into large adults and the slow-developing larvae into small adults.
I.Drey consumbtion is likely to vary between fast- and slow developing larvae. Rodriguez-Saona &
Miller (1995) selected Hippodamia convergens for fast development over several generations and
showed thatrthe fast-developing larvae consumed more aphids per unit time and developed into
larger adults than the more slowly developing individuals.

Dixon (2000) suggest that all the life history traits of predatory ladybirds, including both
aphidophagous and coccidophagous species, are associated positively with speed of development.
For instance, aphidophagous species develop faster and consume more prey than coccidophagous
species. Accordingly, if all life history traits of ladybirds are associated with speed of
development life history traits, such as food consumption, are likely to differ between fast- and
slow developing individuals. Therefore, in Sections 4 and 5, life history traits of fast- and
slow-developing were determined. In addition, if slow developing ipdividuals consume less prey,
they are less likely to be affected by low food availability. Therefore, the effect of different levels
of food availability on the performance of fast- and slyow-developing larvae were also determined
(Section 4). Finally, in Section 6, the effect of variations in the availability of prey, including con-

and hetero-specific ladybirds are discussed based on the results in Sections 2 and 3, and the



advantages of fast- and slow-development are discussed based on the results obtained in Sections

4 and 5.



SECTION 2

POPULATION DYNAMICS OF 3 LADYBIRDS IN THE FIELD



2-1 INTRODUCTION

The importance of various processes that structure communities and determine population sizés
have been discussed for several decades. Intra-guild predation is often reported in insect
populations, and prey abundance seems to be an important factor determinjng the frequency of
this predation, which is thought to be an important force structuring insect communities (Polis et
al., 1989; Dong & Polis, 1992). ‘

All the predators and parasitoids feeding on aphids make up the aphidophagous predator
guild (Sakuratani, 1977; Arakaki, 1992; Winder et al., 1994; Dixon, 1998). Ladybirds are very
voracious, and abundant in terms of numbers of species’ aﬁd individuals, and are large; they are
regarded as an important component of aphidophagous predator guilds.

Both cannibalism and 1. G. P. of eggs has been observed in aphidophagous ladybirds (Kawai,
1978; Mills, 1982; Takahashi, 1987; Osawa, 1989, 1992; Agarwala & Dixon, 1991, 1992).
Similarly, cannibalism and LGP of larvae occur both in the iaboratory and field, and, it is
suggestéd that prey density affects the incidence of cannibalism and I. G. P. (Takahashi, 1987,
Agarwala & Dixon, 1991, 1992; Yasuda & Shinya, 1997). Additionally, larval density affects the
incidence of eggs cannibalism (Mills, 1982). However, what happens in the field is still poorly
documented and less well understood.

There are few studies on the population dynamics of predatory ladybirds in the field (Osawa,
1993, Yasuda & Shinya, 1997). In these studies mortality of the larvae was relatively high’
compared to the other developmental stages; egg and pupa. Additionally, mortality of the latter
larval stages tend to be high when prey density is low (Yasuda & Shinya, 1997). Osawa (1993)
showed that the fourth instar larvae that prior to pupation moved furthest away from an éphid
colony were the most likely to survive being cannibalized or parasitized. Larvae commonly leave

a host plant when prey becomes scarce (Yasuda & Shinya, 1997). In fact, in some species of



ladybird, it is reported that 90% of the larvae leave a host plant prior to pupation (Lucas ef al.,
2000), and that the leaving rate depends on species (Schellhorn & Andow, 1999). Therefore, for a
better understanding of the population dynamics of ladybirds it is necessary to estimate larval
dispersal.

Recently it was reported that the species composition of ladybird guilds in the field has
changed over the last seventeen-years in United States (Elliott, 1990; Elliott et al., 1996). A
dominant introduced species, Harmonia axyridis, is currently invading ladybird guilds in North
America (Gordon & Vandenberg, 1991, Day et al, 1994, LaMana & Miller, 1996;
McCorquodale, 1998; Michael & Miller, 1996; Brown & Miller, 1998; Colunga-Garcia & Gage,
1998).. As the mechanism leading to the change in guild structure is unknown, there is a need to
study the interaction between the species of ladybirds in such guilds.

In this section, the mortality and the dispersal of three species of ladybirds are studied in
relation to aphid population dynamics over a period of two years in the field. The effect of these
mortalities on the temporal structure of a ladybird guild is discussed.

2-2 MATERIALS AND METHODS

(1) Study site

The field research was done on the Yamagata University farm (38° 43'N, 139° 49E), which is
mainly used for cultivating experimental plants. About fifty young trees of Hibiscus syridis were
planted in a line in 1990 and 1992. The cotton aphid, Aphis gossypii, occurs on these trees from
the middle of spring, and forms large aggregations on young shoots. Over wintered adults of
three species of aphidophagous ladybirds, Harmonia axyridis, Coccinella septempunctata brucki
and Propylea japonica, exploit the aphid in spring. Body sizes of the first two species of ladybird
are similar and about double that of the latter species. The ground around the trees was weeded-at

regular intervals in order to facilitate the finding of emigrating larvae.



(2) Population dynamies of ladybirds and aphid

Seasonal changes in the numbers of ladybirds in spring were monitored in 1995 and 1996. Ten
and twelve trees, 1.5-2.5 m in height, were sampled in 1995 and 1996, respectively, and the fates
of all developmental stages of the ladybird except for first instar larvae were monitored. The
branches of the trees adjacent to the sample trees were tied up against their trunks, which
prevented them from vtouching those of the sample trees. The trees were searched for eggs daily,
and the number of eggs in each cluster of eggs was noted. Each egg cluster was marked with an
elliptical plastic tag (4 cm length X3 cm width). The tag was numbered and attached to the
petiole of the leaf on which the eggs were laid. These clutches of eggs were observed daily, and
the nuﬁber that hatched and the fate of the rest was noted. The first instar larvae of H. axyridis
and C. s. brucki are difficult to distingnish, whereas thé later instar.;, are easily identified.
Therefore, the larvae were only assigned to a species from the second instar onwards. Pupae were
also marked with plastic tags, and observed daily until adult emergence. When ladybirds were
observed eating another ladybird the species of the prey and predator and their developmental
stage, which included first instar larvae, were also noted.

Aphid abundance was estimated by randomly selecting ten leaves on two randomly
selected twigs from each of the upper, middle and lower parts of each tree. This was done every
other day until all the aphids disappeared.

(3) Identification of ladybird eggs

The eggs of P. japonica differ in appearance from those of the other two species. However, eggs
of H axyridis and C. s. brucki are similar in size, colour, number in a cluster and morphology,
and this similarity makes species identification difficult. Therefore, a few eggs from each cluster
of eggs were taken back to the laboratory. The larvae that hatched from these eggs were reared on

an excess of cotton aphids and identified when they reached the second instar.



(4) Assessment of larval emigration .
Species and instar of emigrants and the ;cime, relative to the aphid peak in abundance, of larval
emigration were assessed. In 1995, larvae found on the ground around the 10 trees, on which the
ladybirds were being monitored, were collected and identified to species and developmental stage.
In 1996, six trees, adjacent to the twelve trees used for the population study of ladybirds, were
used to trap emigrating larvae. From before egg laying started these six trees were observed daily
and any egg clusters were removed so there was no recruitment of ladybird larvae via eggs on
these trees. In addition, all larvae found on the six trees were removed daily, and their species and
developmental stage noted.

2-3 RESULTS

Seasonal changes in the percentages, relative to the peak abundances, of ladybird eggs, and
larvae, and aphids present on the trees in 1995 and 1996 are given in Figure 2-1 and 2-2,
respectively. |

2-3-1 Life history (Eggs)

1) Seasonal changes in the number of eggs

In both years, the oviposition periods of the three species of ladybird began with the emergence
of aphids (Fig. 2-1, 2-2). The number of eggs laid by H. axyridis and C. s. brucki increased with
increase in aphid abundance until conspecific larvae of the second instar onwards developed.
Consequently the egg laying in H. axyridis and C. s. brucki peaked before the aphid peaked in
abundance, and their oviposition period ended at the time of the peak in the number of
conspecific larvae. In addition, the number of eggs of H. axyridis peaked when the aphid
abundance exceeded 60% of the peak in both years. However, the aphid abundance when egg
number of C. s. brucki peaked differed in the two years, it was 68% and 34% in 1995 and 1996,

respectively. The number of eggs laid by P. japonica in 1995 increased until conspecific larvae

10
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peaked in abundance, and their oviposition ended when the aphid became extinct (Fig. 2-1c). In
1996, eggs of P. japonica were found on only two days, just before and after the aphid peaked in
abundance (Fig. 2-2¢).

In 1995, the duration of the oviposition periods of H. axyridis (17 days) and C. s. brucki (16
days) were similar, and shorter than that of P. japonica, which was 20 days. In 1996, the duration
of the oviposition period was 18 andv 13 days in H. axyridis and C. s. brucki, respectively; and
was longer in H. axyridis and shorter in C s. brucki, than in 1995.

(2) Distribution of eggs
Numbers of eggs laid were compared in the two weeks prior to and the week following the peak
in aphid abundance (Fig. 2-3).

In 1995, a total of 1133, 1105 and 624 eggs were laid by H. axyridis, C. s. brucki and P.
Japonica, respectively. Two weeks prior to the peak in aphid abundance, the percentages of eggs
laid did not exceed 30% in all the species. In the week, prior to the beak, the percentages of eggs
laid increased significantly in all the species (P < 0.05). After the aphid peaked in abundance, the
percentages of eggs laid decreased signjﬁ;:antly to less than 20% in AH. axyridis G\I¥142) and C. s.
brucki (N=166) (P < 0.05), but increased signjﬁcaﬁﬂy to 49% (N=310) in P, japonica (P < 0.05).
Consequently, the percentages of eggs laid by H. axyridis and C. s. brucki tended to increase in
the weeks prior to the peak in aphid abundance and to decrease the following week. In contrast,
the percentages of eggs laid by P, japonica tended to increase over the same period.

In 1996, a total of 2167, 2308 and 37 eggs were laid by H. axyridis, C. s. brucki and P.
Japonica, respectively. Percentages of eégs laid by H. axyridis was significantly increased in the
week prior to the peak in aphid abundance (P < 0.05) and significantly decreased the following
week (P < 0.05). Although, in P. japonica there was no significant difference in the percentages

of eggs laid in the two weeks prior to and after the peak in aphid abundance (P > 0.05), the
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Figure 2-3. Percentages of eggs laid relative to the time of the peak in aphid abundance in 1995 and 1996. (N1 and N2 show
the number of eggs laid in total and in each period, respectively. Histograms topped by the same letter do not differ

significantly, P > 0.05: ¥ test.)
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percentages were significantly higher in the two weeks prior to the peak in aphid abundance (P <
0.05). Both A. axyridis and P, japonica, distributed their eggs in time in 1996 similarly to in 1995.
However, C. s. brucki distributed its egg in 1996 differently from in 1995. The percentage of eggs
laid mn the two weeks prior to the peak in aphid abundance was 75% (N=1699), which was over
double that in 1995 (30.2%), and decreased in the following two weeks (P < 0.05).

The pércentages of eggs laid were compared in the three species (Fig. 2-4). In both years, in
the two weeks prior to the peak in aphid abundance, the percentages of eggs laid was
significantly higher in C. s. brucki than in the other two species (P < 0.05). In the week prior to
the peak, the percentages of eggs laid was significantly higher in A. axyridis than in the other two
species (P < 0.05). After the aphid peaked in abundance, the percentages of eggs laid was
significantly higher in P. japonica than in the other two species (P < 0.05).

That is, in both years, the sequence of oviposiﬁén of the species was the same. However, in
1996, proportionally more of the eggs of C. s. brucki were laid early than in 1995, whereas that of
the other two species did not differ in the two years.

(3) Duration of egg stage

In 1995, the avefage temperatures two and one week prior to the peak in aphid abundance and in
the following week, were 16.8£06, 172+ 0.6 and 18.6 £0.5°C, respectively. These
temperatures do not differ significantly (P > 0.05, F=3.0: One-Way ANOVA) (Fig. 2-5). In the
period two weeks prior to the peak in aphid abundance, the average incubation period for clusters
of H. axyridis, C. s. brucki and P. japonica eggs, was 6.8+0.3, 6.8£0.2 and 6.4£0.5 days,
respectively. In the following two weeks, the average incubation period significantly shortened to
less than 5 days for all species (P < 0.05). Over the whole oviposition period, the average
incubation periods for H. axyridis and P. japonica eggs were 4.8+0.2 and 4.2+0.3 days, which

were significantly shorter than that for C. s. brucki (5.8£0.2days, P < 0.05) (Fig. 2-6).
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In 1996, as in 1995, the average temperature tended to increase with time, although there
was no significant difference between the average temperature in the three weeks (P > 0.05,
F=2.1: One-Way ANOVA) (Fig. 2-5). In addition, the incubation period tended to be shorter in
the latter oviposition period in all species. Over the whole oviposition period, the average
incubation periods for H. axyridis and C. s. brucki eggs were 4.2+0.2 and 4.53:0.2) days, which
were significantly longer than that for P. japonica (2.8+0.7days) (P < 0.05) (Fig. 2-6). In this
year, the average temperature over the oviposition periods was 18.8 % 0.4°C, which was
significantly higher than in 1995 (17.5+£04°C)}P < 0.05, U=130.5: Mann-Whitney test). In
addition, the average incubation period of egg clusters aléo tended to be short in 1996.
(4) Fate of eggs
During the research, 77 and 48 eggs (4%) in 1995, 163 (8%) and 119 eggs (5%) in 1996 of H.
axyridis and C. s. brucki, respectively, were removed in order to identify the species. Egg
mortality was categorized as: cannibalism by non sib-larvae or I. G. P., cannibalism by sib-larvae,
or disappearance or destruction. The percentage of eggs lost to each of these mortalities and the
percentage of eggs that hatched were compared in the three weeks and for the three species.
Cannibalism by non sib-larvaeor I. G. P
In 1995, the percentage of eggs eaten tended to be greater late in the oviposition period. It was
73%, 67% and 41% for H. axyridis, C. s. brucki and P. japonica, respectively, in the week prior
to the 7peak in aphid abundance (Fig. 2-7a). The percentages of H. axyridis and P. japonica eggs
eaten in 1996 also tended to be greatest in the week following the peak in aphid abundance, and
the trend is similar to that observed in 1995 (Fig. 2-7b). However, in 1996 C. s. brucki did not lay
any eggs after the peak in aphid abundance. Percentage of egg mortality attributable to egg
cannibalism by non sib-larvae or I. G. P. was compared in the three species (Fig. 2-12, p. 26). In

both years, the percentage of eggs lost in this way was significantly greater in H. axyridis and P.
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Figure 2-6. Average duration of egg stage of the three species of ladybird in (2)1995 and (b)1996. (Histograms with the same
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japonica than in C. s. brucki (P < 0.05) (Fig2-12, p. 26).

Cannibalism by sib-larvae

In both years, the percentages of eggs eaten by sib-lmae did not exceed 20% in each of the
species. It tended to decrease after the peak in aphid abundance in H. axyridis and C. s. brucki
(Fig. 2-8). In P. japonica, the percentage did not differ significantly in the three periods (P >
0.05). In both years, aithough the total percentage egg mortality due to cannibalism by sib-larvae
differed in the three species, the percentages were lower than for the other causes of egg mortality
(Fig. 2-12, p. 26).

Disappearance or destruction

In 1995, percentages of eggs that disappeared or were destroyed was 32.2%, 42.2% and 54.0%
for H. axyridis, C. s. br’ucki and P. japonica, respectively. In the two weeks prior to the peak in
aphid abundance, the percentages were higher than in the following two weeks (Fig. 2-9a). The
percentages of H. axyridis and C. s. brucki eggs that disappeared or were destroyed in 1996 also
tended to be greatest two weeks prior to the peak in aphid abundance, as was observed in 1995.
However, P. japonica did not lay any eggs in the two weeks prior to the peak in aphid abundance.
In both years, a greater percentage of C. s. brucki than of H. axyridis eggs disappeared or was
destroyed (P < 0.05) (Fig. 2-12, p. 26). |

Importance of the three causes of egg mortality

Percentages of eggs lost in each week to the three mortality factors were compared (Fig. 2-10).
Two weeks prior to the peak in aphid abundance, the percentages of eggs that disappeared or
were destroyed tended to be greater than the losses attributable to the other two mortalities. In the
week prior to the peak in aphid abundance, egg mortality generally was lower than in the other
two periods. In the week following the peak in aphid abundance, percentage egg cannibalism by

non-sib larvae or mortality due to intra-guild predation tended to be higher than that attributable
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to the other two causes of mortality.

Consequently, the percentages of eggs that hatched differed in the three weeks (Fig. 2-11).
In 1995, two weeks prior to the peak in aphid abundance it was 34%, 34% and 43% in H.
axyridis, C. s. brucki and P. japonica, respectively. In all species, the percentages that hatched
tended to decrease significantly in the week following the peak in aphid abundance to 20%, 4%
and 24% in H. @ridis, C. s. brucki and P. japonica, respectively (P < 0.05). In 1996, the
percentages of eggs that hatched was significantly greater in the week prior to the peak in aphid
abundance than in the oﬁler weeks (P < 0.05), and was similar in trend to that observed in 1995.
The percentage of C. 5. brucki eggs that hatched tended to be higher than of the other two species
in both years (Fig. 2-12, p. 26).
2-3-2 Life hisfory (Larvae)
(1) Seasonal changes in the percentage of larvae and aphids
In 1995, larvae of all the three species of ladybird occurred in early June (Fig.2-1, p. 10). In this
year, aphids peaked in abundance (N=197.4/60 leaves) on 7t ~of June. On that day, the
percentages of larvae present did not differ significantly between the three species (P > 0.05), i.e.,
approximately 20% of the larvae were present for all the ;pecies. Four days after the peak in
aphid abundance, 11" of June, the percentage of larvae of C. s. brucki peaked (N=46) whereas
aphid abundance decreased to 33% of the peak (N=66/60 leaves). The percentages of larvae of
the other two species peaked on the next day, 12" of June, when aphid abundance had decreased
to 21% of the peak (N=41/60 leaves). In all species, the percentage of larvae peaked after the
peak in aphid abundance, and there was only a difference of one day in the peaks in abundance of
the three species. That is, in this yéar, larvae of all three species occurred about the same time.
However, larvae decreased differently in the three species. Although no larvae of C. s. brucki or P

Jjaponica were present when the aphid became extinct, 59% (N=68) of the larvae of H. axyridis
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test.)
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Figure 2-12. Fate of the eggs of the three species of ladybird in (a)1995 and (b)1996. (*Eggs disappeared or destroyed. Bars
with the same letter do not differ significantly between species, P > 0.05: 1 test. #Eggs used to identify species were

excluded.)
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were still present (P < 0.05). That is, larvae of C. s brucki and P. japonica tended to disappear
more rapidly than those of H. axyridis.

In 1996, larvae of H. axyridis and C. s. brucki were present in early June, but no second
instar or older larvae of P. japonica developed (Fig. 2-2, p. 11). When the aphid peaked in
abundance (N=206.8/ 60leaves) on 11™ of June the percentages of larvae present were 26%
(N=40) and 94% (N=201) for H. axyridis and C. s. brucki, respectively (P < 0.001), but there
were no larvae of P japbnica. In addition, the percentage of C. s. brucki larvae present when the
aphid peaked in abundance was four times grater than in 1995 (P < 0.001), whereas the
percentage of H. axyridis larvae present at that time did not differ significantly in the two years
(P > 0.05). On 12" of June, the percentage of larvae of C. s. brucki peaked (N=213: 100%),
whereas the abundance of the aphid decreased to 62% of the peak (N=131.2/60 leaves) (Fig. 2-2,
p- 11). The percentage of larvae of H. amidis peaked (N=155: 100%) four days later, when the
abundance of the aphid had decreased to 16% of the peak (N=25.8/60 leaves). The difference in
the day on which the percentage of larvae peaked in these two species increased to four days
cdmp;ired to one day in 1995. That is, in this year, C. s. brucki larvae occurred predominantly
earlier than in 1995, although the occurrence in time of H. axyridis larvae did not differ in the
two years. Consequently, larvae of C. s. brucki occurred earlier than those of H. axyridis.

When the aphid became extinct on 21* of June there were no larvae of C. s. brucki present,
although 18% (N=26) of the larvae of H. axyridis were still present (P < 0.05). However, the
percentage of H. axyridis larvae present when the aphid became extinct was about one-third of
that observed in 1995 (59%, N=68) (P < 0.001, x test). That is, in this year, the decrease in C. s.
brucki larvae was similar to that observed in 1995, all larvae disappeared before the aphid
became extinct. In both years, although H. axyridis larvae were present when the aphid became

extinct, larvae decreased in abundance faster in 1996 than in 1995.

28



(2) Development of larvae

The developmental stage of ﬂ1e larvae present at the time of the peak in aphid abundance was
compared in the three species. In 1995, the percentages of each instar present did not differ
significantly in the three species (P > 0.05); the percentages of second instar larvae were not less
than 80% in all species (Fig. 2-13a). The éarliest larva to pupate was one of P. japonica, which
pupated a day befdre the aphids became extinct (Fig. 2-1, p. 10). However, this pupa was eaten
two days after pupation by a third-instar larva of H. axyridis. Five larvae of H. axyridis pupated
after the aphid became extinct. Subsequentiy, four became adult, and one was eaten by a
conspecific fourth-instar larva. No pupae of C. s. brucki were observed. That is, in this year,
although larvae of all three species developed simultaneously, only those of H. axyridis became
adults.

In 1996, the percentages of each instar present differed significantly in the two species (P <
0.05), with the percentage of second instar larvae greater in H. axyridis, aﬁd that of the third and
fourth instar larvae greater in C. s. brucki (Fig. 2-13b). In addition, the percentages of each instar
of C. s brucki differed significantly in two years (P < 0.05), more mature larvae developed in
1996 than in 1995. However, in H. axyridis, the percentages of each instar present did not differ
significantly between two years (P > 0.05), more young larvae were present in both years. Ten
larvae of C. s. brucki pupated before the aphid became extinct (Fig. 2-2, p. 11), of which eight
became adults and fwo were eaten by fourth-instar larvae of H. axyridis. Fourteen larvae of H.
axyridis pupated after the aphid became extinct, of which nine became adults and five were
cannibalized by fourth instar larvae. That is, in 1996, development of C. s. brucki larvae was
advanced compared to that in 1995, although that of H. axyridis larvae did not differ in the two
years. Consequently, in 1996, larvae of C. s. brucki developed earlier than those of H. axyridis,

and larvae of both species became adults.
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Figure 2-13. Instar composition of the larvae present when the aphid peaked in abundance in (a) 1995 and (b) 1996.
(N=Total number of larvae when aphid peaked in abundance. Species followed by the same letter in parenthesis do not differ
significantly in instar composition, P > 0.05: ¢ test. *** significant difference, P < 0.001 and NS no significant difference, P
> (.05 in two years: x2 test.)
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(3) Survival of larvae

Initially in 1995, there were 474, 547 and 226 larvae of H. axyridis, C. s. brucki and P, japonica,
respectively. In 1996, it was 1359, 1617 and 23 larvae of H. axyridis, C. s. brucki and P. japonica,
respectively. Survival of these larvae, when they peaked in abundance and when they became
adults were compared in the three species in both years.

In 1995, 24.5% (N=116), 8.4% (N=46) and 9.7% (N=22) of larvae of H. axyridis, C. s.
brucki and P Japonica, respectively, were present when they peaked in abundance (Fig. 2-14a).
Percentage survival of H. axyridis larvae was more than double that of the other two species (P < -
0.05). In 1996, the percentage of larvae present when they peaked in abundance was 11.4%
(N=155), 14.2% (N=213) and 0%, respectively, for H. axyridis, C. s. brucki and P. japonica.
Survival of C. 5. brucki was significantly greater than that of the other two species (P < 0.05). In
this year, the survival of H. axyridis larvae was lessv than half of that in 1995 (P < 0.001), while
the survival of C. s. brucki larvae improved by 1.7 times compared with 1995 (P < 0.001). The
survival of P. japonica larvae did not differ significantly in the two years (P > 0.05).

In 1995, the survival to ﬁe adult stage, expressed as the percentage of the hatchling larvae
that became adults, was 0.8% (N=4) for H. axyridis (N=474), and 0% in the other two species
(Fig. 2-14b). In 1996, the percentages were 0.7% (N=9) and 0.5% (N=8), respectively, for H.
a;ngidi; and C. s. brucki and 0% for P Jjaponica. In both years, the percentage survival to the
adult stage did not differ significantly in the three species (P > 0.05), and did not exceed 1%.
Howeyer, although the percentage survival of C. s. brucki inr 1996, 0.7%, was gréater than in
1995 (0.0%) (P < 0.05), it did not differ significantly in the other two species (P > 0.05).

(4) Emigration of larvae
Number emigrating

Emigration was expressed as the percentage of the larvae at the hatchling stage that emigratéd. In
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1995, 9.5% (N=45) of H. axyridis larvae emigrated, which was significantly greater than that for
the other two species (£ < 0.05) (Fig. 2-15a). In 1996, 21.3% (IN=289) of the C. s. brucki larvae
emigrated (Fig. 2-15b), which was significantly greater than for either of the other two species (P
< 0.05). In both years, no larvae of P japonica emigrated and emigration by this species was
significantly 1ower than for the other two speéies (P <0.05).
Time of emigration
In 1995, 45 and 27 larvae of H. axyridis and C. 5. brucki, respectively, emigrated. Distribution in
time of emigration in these species was compared relative to aphid abundance (Fig. 2-16a). The
number of emigrants of A. a:g)ridis'tend.ed to increase significantly with time (P < 0.05) with
87% (N=39) of the emigrants recorded after the aphid became extinct. In contrast, 93% (N=25)
of emigrant C. s. brucki were observed during the period from the peak in aphid abundance to
their extinction, and was significantly greater then than in other periods (P < 0.05).

| In 1996, 289 and 367 larvae, respectively, of H. axyridis and C. s. brucki emigrated (Fig.
2-16b). As in 1995, the number of emigrants of H. axyridis tended to be greatest after the aphid
became extinct (74%, N=213) (P < 0.05), and emigrants of C. s. brucki were mainly observed
during the period when the aphid peaked in abundance aﬁd of their extinction (P < 0.05) (79%:
N=291).

That is, in both yéars, larvae of C. s. brucki emigrated earlier than those of . axyridis.

Instar composiﬁon
Percentages of the different larval instars that emigrated in H. axyridis and C. s. brucki were
compared. In 1995, of the total (N=45) for H. axyridis, 2% (N=‘1), 33% (N=15) and 64% (N=29)
were second, third and fourth instar larvae, respectively. In the same year, for C. s. brucki, it was
26% (N=7), 41% (N=11) and 33% (N=9) for second, third and fourth instars, respectively (Fig.

2-17a). Percentages of the three instars differed significantly in these two species (P < 0.01), the
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percentages of fourth instar larvae tended to be higher in H. axyridis and that of second instar in
C. s. brucki.

In 1996, the percentages of each instar that emigrated in H. axyridis was 13% (N=37), 34%
(N=97) and 54% (N=155) for second, third and fourth instars, respectively (Fig. 2-17b). For C. s.
brucki, it was 11% (N=41), 35% (N=127) and 54% (N=199) for second, third and fourth instars,
respectively. In both species, the percentages emigrating tended to increase with instar, there was
no significant difference in percentages of three instars between these two species (P < 0.05).

Percentages of each instar that emigrated were compared in the two 7years. In H. axyridis, the
percentages of the three instars that emigrated did not differ significantly in the two years (P >
0.05). Instar composition of C. s. brucki larvae that emigrated differed significantly in the two
years (P < 0.05), percentage of the fourth instar increased and of the younger two instars
decreased in 1996.

(5) Aphid population dynamics

To determine whether the population dynamics of the aphid differed in the two years the
percentages of aphids present before and after they peaked in abundance were compared between
1995 and 1996 (Fig. 2-18ab). Percentages present before the peak in aphid abundance were
relatively higher in 1996 than in 1995 (Fig 2-18a). The number of aphids increased more rapidly
in 1996 than in 1995. In contrast, percentage present over the three days following the peak in
aphid abundance was significantly lower in 1966 than in 1995 (P < 0.001) (Fig. 2-18b). The
number of aphids decreased more rapidly in 1996 than in 1995.

2-3-3 Dominance

In both years, the percentages of the aphidophagous guild made up of each the three species was

compared throughout the developmental stages.
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(1) Guild structure in 1995

Egg stage

A total of 2862 ladybird eggs (100%) was recorded (Fig. 2-19a). Of these eggs, those of H.
axyridis and C. s. brucki made up 39.4% (N=:1133) and 38.5% (N=1105), respectively. That is,
they laid a similar numbers of eggs (P > 0.05). The percentage of P. japonica eggs was 22.1%
(N=634), less than that laid by the other two species.

Hatchling larval stage

The eggs gave rise to 1247 larvae (100%) (Fig. 2-19b). At this stage, the percentages of H.
axy};idis, C. s. brucki and P. japonica was 38.0% (N=474), 43.9% (N=547) and 18.1% (N=226),
respectively. The percentage composition made up of C. s. brucki had increased by 5.4%
compared to the egg stage, whereas that of H. axyridis and P. japonica had decreased by 1.4%
and 4.0%, respectively. Consequently, at this stage, the percentages of each species had éhanged
significantly from the egg stage (P < 0.001). |

At peak in larval abundance

‘When the number of larvae peaked in abundance, there was a total of 184 larvae (100%)
(Fig.2-19¢c). At this stage, the percentage of H. axyridis, C. s. brucki and P. japonica larvae was
63.0% (N=116), 25.0% (N=46) and 12.0% (N=22), respectively. The percentage of H. axyridis
increased by 25% compared to the hatchling larval stage, and that of C. s. brucki and P. japonica |
decreased by 18.9% and 6.1%, respectively. Consequently, percentages of each species at this
stage had changed significantly from fhat at the hatchling larval stage (P < 0.0001).

Adult stage

Four adults emerged; all of them were H. axyridis (Fig. 2-19d). Although percentages of each
species at this stage did not differ significantly from that at the peak in larval abundance (P >

0.05), no larvae of C. s. brucki or P. japonica became adult. The guild structure changed
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significantly during the course of the development of the ladybirds (P < 0.05), H. axyridis
dominated the guild, and the other two species became extinct.

Of emigrating larvae

A total of 72 larvae emigrated (Fig. 2-19¢). Of these, the percentage made up each species was
62% (N=45), 37.5% (N=27) and 0.0% (N=6) for H. axyridis, C. s. brucki and P. japonica,
respectively. The percentage of AH. axyridis increased by 23.1% compared to the eomposition at
the egg stage on the trees, and the percentages of C. s brucki and P. japonica decreased by 1.0%
and 22.1%, respectively. Consequently, the percentage of each species amongst the emigrating
larvae was significantly different from that at the egg stage on the trees (P < 0.0001); off the trees,
H. axyridis dominated and P. japonica was absent.

(2) Guild structure in 1996

Egg siage

In 1996, a total of 4512 eggs (100%) were laid (Fig. 2-20a). Of these eggs, those of H. axyridis
and C. s. brucki made up 48.0% (N=2136) and 51.2% (IN=2208), respectively; that is, they laid a
similar number of eggs. However, the percentage made up of P. japonica eggs was only 0.8%
(N=37).

Hatchling larval stage

The eggs gave rise to a total of 3001 larvae (100%) (Fig. 2-20b). Of these larvae, the percentages
that were H. axyridis, C. s. brucki and P. japonica was 47.1% (N=1359), 52.0% (N=1499) and
0.8% (N=25), respectively. The percentage of H. axyridis decreased by 2.7% compared to the egg
stage, and that of C. 5. brucki increased by 2.7%. The percentage of P. japonica did not differ
from that at the egg stage. Consequently, the percentages of each species at this stage had

changed significantly compared to that at the egg stage (P < 0.05).
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At peak in larval abundance

When the total number of larvae peaked, there were 368 larvae (100.0%) (Fig. 2-20c). Of these
larvae, those of H. axyridis and C. s. brucki made up 42.1% (N=155) and 57.9% (N=213),
respectively. No larvae of P japonica reached this stage. The percentage composition of H.
axyridis decreased by 3.2% compared to the previous stage, and thaf of C. s. brucki increased by
4.0%. However, the petcentage éomposition of each species did not differ significantly from that
at the hatchling larval stage (P > 0.05).

Adult stage

A total of 19 adults (100.0%) emerged (Fig. 2-20d). Of these adults, the percentages made up of
H. axyridis and C. s. brucki were 52.6% (N=10) and 47.4% (N=9), respectively. The percentage
composition at this stage did not differ significantly from that at the peak in larval abundance and
the eggs stage (P > 0.05). That is, the guild structure did not change significantly from egg to
adult.

Of emigrating larvae

A total of 656 larvae (100.0%) emigrated (Fig. 2-20e). Of these larvae, the percentage made up of
each species differed signiﬁcantly (P < 0.05), it was 44.1% (N=289), 55.9% (N=367) and 0.0%
(N=0), respectively, for H. axyridis, C. s. brucki and P. japonica. The percentage composition of
H. axyridis decreased by 3.9% compared to the egg stage on the tree, and that of C. s. brucki
increased by 4.7%. No P japonica larvae were observed emigrating. Consequently, the
percentage compésition of each species changed significantly from that at the egg stage on the
tree (P < 0.01); the guild structure was co-dominated by H. axyridis and C. s. brucki.

2-3-4 Cannibalism and intra-guild predation of larvae

The different stages eaten by larvae, and their frequency of occurrence in each species in the two

years are given in figure 2-21. Eggs were the most frequently observed conspecific prey for all
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species of larvae. In H. axyridis and P. japonica, most egg cannibalism was by young larvae,
especially the first instar. Egg cannibalism in C. s. brucki was observed only once, and involved a
third instar larva. Larval (3" instar) or pupal cannibalism were recorded only in H. axyridis,
where the cannibal was a fourth instar larva in both cases.

The intra- or extra-guild prey, other than aphids and conspecific prey, consumed by ladybird
larvae, and the frequency they were observed eating these prey items in the two years are given in
Figure 2-22. The number of such prey eaten by each of the ladybirds varied. A. ;zxyridis was the
most voracious, and was observed eating insects other than aphids on 28 occasions, made up of
eight species, including two extra-guild species. The highest frequency of predation was recorded
for the fourth instar larvae, but all instars indulged in intra-guild predation. Of the eight prey
specieé,‘ P japonica was most frequently eaten by H. axyridis, although very few were present in
1996. In C. s. brucki, intra-guild predation was observed twice, in the third instar. In P. japonica,
neither intra- or extra-guild predation were observed. N
2-4 DISCUSSION
(1) Mortality of eggs
As causes of mortality during the egg stage, both sibling cannibalism (e.g., Dixon, 1959; Kawat,
1982; Kawauchi, 1985; Osawa, 1989) and non-sibling cannibalism (e.g., Banks, 1955; Mills,
1982; Osawa, 1989) have been reported. In the present study, other than these causes of mortality,
eggs also disappeared or were destroyed. The incidence of these three causes of mortality varied
in time and between species. In the first part of the discussion, the factors that affect these causes
of mortality, and the consequences for guild structure during the egg stage, are cqnsidered.

Sib cannibalism
Sibling cannibalism is a consequence of asynchronized hatching and to Ppresence of infertile

eggs (Osawa, 1989). In general, the incidence of sib cannibalism was more marked early in
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oviposition, when temperature was relatively low. In some ladybirds, each cluster of eggs
contains both fast and slow developing individuals (Section 4). In addition, the incidence of sib
cannibalism is correlated with the delay between the hatching of the first and the last eggs in a
cluster (Kaddou, 1960). Therefore, it is suggested that at low temperature there are large
differences in duration of development of the eggs in a cluster, and as a consequence the
incidence of sib cannibalism is likely to be high.

The incidence of sib cannibalism differed between the three species of ladybirds, which also
differed in the size of the clusters of eggs they produced. However, there is no correlation
between the incidence of sib cannibalism and cluster size (Kaddou, 1960; Dixon & Guo, 1993).
The difference in the incidence of sib-cannibalism is likely to be due to the male-killer disease,
which is known to vary in incidence between populations both within and between species
(Majerus & Hurst, 1997).

In general, egg mortality due to sib cannibalism was relatively low compared to the other
two causes of mortality, and difference in incidence in sib cannibalism between species was small.
Therefore, the effect this kind of mortality has in changing guild structure during the egg stage is
likely to be less important than the other two causes of mortality.

Disappearance or destruction

Takahashi (1995) reported that C. s. brucki occasionally lays eggs on dried leaves and stones on
the ground, where it is relatively warm in early spring. In the present study, early in the
oviposition period when temperature was relatively low eggs were occasionally found inside
dried remains of flowers from the previous year. The remains of the flowers were located at the
tips of the branches, and therefore the inside of these flowers could be warmer due to the heating
effect of the sun. However, as the remains of the flowers are only weakly attached to branches

they are easily dislodged by wind. In addition, even eggs laid on leaves, are more likely to
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disappear or be destroyed if the duration of the egg stage is prolonged. In the present study, egg
mortality due to disappearance or destruction was higher in 1995, when temperature was
relatively low, than in 1996, when temperature was relatively high. As high winds increase this
cause of mortality, factors that increase the duration of incubation are also likely to increase the
frequency of this kind of mortality. In both years, the incidence of this form of egg mortality was
higher in C. 5. brucki than in H. axyridis and P. japonica. That is, C. s. brucki is more adversely
affected by this form of mortality than the other species. However, overall survival of C. s. brucki
eggs tended to be higher than that‘of the other two species. Therefore, this is unlikely to be an
important mortality factor determining guild structure during the egg stage.
Non-sib cannibalism or 1. G. P.
Non-sib egg cannibalism in C. s. brucki is rare if the larvae are provided with an abundance of
aphids (Takahashi, 1987), however, H. axyridis larvae prefer their own eggs to aphids (Kawai,
1978). In the present study, this form of cannibalism was frequently observed in H. axyridis and P.
Jjaponica, but rarely in C. s. brucki. Therefore, it appears that the larvae of both H. axyridis and P,
Jjaponica are more cannibalistic than those of C. s. brucki. The larvae of H. axyridis are
_ polyphagous (Hodek & Honek, 1988). In the present study, intra-and extra guild predation by
larvae of H. axyridis was frequently observed, but rarely for larvae of C. s. brucki and P. japonica.
That is, larvae of both C. s brucki and P. japonica appear to be less polyphagous than those of A
axyridis.

Agarwala & Dixon (1992) showed that the eggs of some species of ladybirds appear to be
more protécted chemically from predation than those of other species. The eggs of H. axyridis are
well protected from predation. The eggs of H. axyridis appear to be highly toxic for C. s. brucki
(Section 3). In addition, no larvae of P. japonica were observed eating eggs of H. axyridis in the

present study. Therefore, it is likely that the eggs of H. axyridis are chemically protected from
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predation by the larvae of both these species. That is, although H. axyridis laid most of its eggs
late on in the development of the aphid population mortality was mainly due to sib cannibalism,
or they disappeared or were destroyed, and non-sib cannibalism, than to I. G. P. by larvae of the
other two species. |

In C. s. brucki, when the oviposition period was relatively long (1995) a high incidence of
egg mortality due to non-sib cannibalism or I. G. P. were recorded. The presence of a density
dependent species-specific oviposition-deterring pheromone, produced by conspecific larvae,
causes ladybirds to cease laying eggs (Dixon 2000). In 1995, the abundance of C. s. brucki larvae
was relatively low. Therefore, it is assumed that the deterrent effect of the conspecific larvae was
weak, and resulted in oviposition ending later. In contrast, the abundance of C. s. brucki iarvae
was relatively high in 1996, and the assumed deterrent effect of conspecific larvae relatively
strong, which resulted in an early end to oviposition. Consequently, in this year, oviposition
ceased before the increase in H. axyrfdis larvae, and as a consequence there was a low incidence
of I. G. P. by H. axyridis larvae. As P. japonica is not regarded as a polyphagous species, and C. s.
brucki is regarded as less cannibalistic than H. axyridis, i.e. the eggs of C. s. brucki as well as
suffering from sib cannibalism, disappearance/destruction are also likely to suffer from I. G. P. by
larvae of H. axyridis. In general, as C. s. brucki tended to lay more of its eggs early in the
oviposition period than either of the other two species, the incidence of 1. G. P. it suffers is likely
to be low. Consequently, the decrease in abundance of this species during the egg stage was the
smallest of the three species in this ladybird guild.

The eggs of P. japonica were frequently eateﬁ by the larvae of H. axyridis and conspecific
larvae, but not by C. s. brucki. That is, the egg mortality in P. japonica in addition to that due to
sib cannibalism and disappearance/destruction is likely to be from both non-sib cannibalism and 1.

G. P. by larvae of H. axyridis. In addition, as their oviposition period continued after conspecific
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and H. axyridis larvae peaked in abundance, the incidence of egg predation in this species was
higher than in the other two species. Consequently, the decrease in abundance of this species
during the egg stage was the largest for the three species.

The incidence of non-sib egg cannibalism in the middle and later part of the oviposition
period is mainly due to the high density of conspecific larvae relative to that of aphids (Osawa,
1992), and the large size and mobility of the larvae at that time (Dixon, 2000). In the present
study, when the survival of H. axyridis larvae was low and aphids abundant (1996), egg mortality
due to non-sib cannibalism or L. G. P. was low for all species compared to 1995, when there was a
good survival of H. axyridis larvae and aphid abundance was low. Therefore, in all species, egg
mortality due to factors other than sib cannibalism, or disappearance/destruction was affected by
the relative abundance of H. axyridis larvae during the oviposition period. In addition, the
incidence of egg mortality due to non-sib cannibalism or 1. G. P. was inversely relatedkto species
survival. Therefore, this form of egg mortality is likely to be the most effective factor changing
the structure of this ladybird guild during the egg stage, and the relative abundance of H. axyridis
larvae is likely to be the key factor determining the incidence of this mortality.

(2) Factors determining the decrease in larval abundance

I. G. P. is often reported in insects, and prey abundance appears to be an important factor
determining its frequency, and is thought to be an important force structuring insect communities
(Polis et al, 1989; Dong & Polis, 1992). In the present study, the structure of a ladybird guild
changed markedly during the larval period, when all species occurred simultaneously (1995), but
less so when their occurrence is not well synchronized (1996). That is, the frequency of I. G. P.
differed in the two years. In this part of the discussion, the effect of cannibalism, I. G. P. and

emigration, on changes in guild structure are considered.
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Cannibalism and 1. G. P.

As all stages of ladybirds contain similar concentrations of alkaloids (Pasteels ez al., 1973), it can
be assumed that larvae of H. axyridis are also protected chemically form predation by larvae of C.
s. brucki and P. japonica. That is, as in the egg stage, it is suggested that the mortality of H.
axyridis larvae is more likely to be due to cannibalism than I. G. P, and that of larvae of C. s.
brucki and P. japonica to both cannibalism and I. G. P.. In general, the larger predator is likely to
be the intra-guild predator, and the smaller the extra-guild prey (Sengonca & Frings, 1985; Lucas
et al., 1998; Phoofolo & Obrycki, 1998; Hindayana et al., 2001). All stages of C. s. brucki are
similar in size to those of H. axyridis, and all stages of these two species are larger than those of P
Japonica. Therefore, in this ladybird guild, P. japonica larvae are more likely to be the intra-guild
prey of H. axyridis larvae than are C. s. brucki larvae. In addition, the morphology of H. axyridis
larvae differs from that of C. s. brucki; their spiny back and large anal disc enable them to defend
themselves against predators, and their large mandibles make it easier for them to catch
intra-guild prey. Therefore, although these two species of ladybirds are similar in size, C. s.
brucki larvae are an easier prey for H. axyridis than are conspecific larvae.

In 1995, although aphid abundance was relatively low, the percentage survival of H. axyridis
larvae was high. In this year, there was more P. japonica larvae than in 1996. In addition, as all
the species were developing simultaneously and each consisted of several stages of larvae, both
young and/or small C. s. brucki larvae were available as intra-guﬂd prey for the older and/or

| larger H. axyridis larvae. That is, in this year, although prey abundance was low for larvae of
both C. s. brucki and P. japonica, the abundance of intra-guild prey for the larvae of H. axyridis
was high. Conseqﬁently, the frequency of asymmetric I. G. P. of larvae of C. s. brucki and P,
Jjaponica by larvae of H. axyridis increased, and H. axyridis dominated the ladybird guild on the

trees in 1995.
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In contrast, in 1996, although aphid abundance was relatively high, the survival of H. axyridis
larvae was lower than in 1995. In this year, there were also initially no £ japonica larvae that
could be exploited as intra-guild prey by H. axyridis. In addition, the early occurrence of C. s.
brucki resulted in them being more advanced developmentally than the H. axyridis larvae.
Therefore, there were very few small larvae of C. s brucki that could be exploited as intra-guild
prey by H. axyridis larvae. That is, in this year, prey abundance including intra-guild prey for A.
axyridis larvae was low. In addition, as most C. 5. brucki larvae occurred earlier than those of H.
axyridis, they monopolized the aphids before the H. axyridis larvae increased in size and
abundance. Consequently, the survival and development of C. s brucki was improved, whereas
that of H. axyridis larvae was depressed, and both species were equaily dominant on the trees in
1996. However, only a small number of larvae completed their development on the trees in both
years. As a relatively large number of emigrants were observed in both years, it is necessary to
know the fate of these larvae, in order to better understand the changes in guild structure in
ladybirds.

Emigration

Emigration is dependent on prey abundance ( Yasuda & Shinya, 1997), and the leaving rate differs
between species (Schellhom & Andow, 1999). In the present study, C. s. brucki emigrated earlier
than H. axyridis, and emigration in both species occurred after the aphid declined in abundance.
In addition, in both species, young larvae emigrated earlier than older larvae. As there were no
trees or plants with high numbers of aphids at the study site at the time of emigration, survival of
emigrants is likely to be low. However, 20% of the larvae pupated after feeding for one day after
moulting to the fourth instar (Personal observation). Therefore, it is likely that some of the
emigrants completed their development, and the probability increased with the maturity of

emigrants. In some species of ladybird, it is reported that 90% of the larvae leave a host plant
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prior to pupation (Lucas et al., 2000), and the leaving rate differs between species (Schellhorn &
Andow, 2000). In addition, Osawa (1992) showed that the fourth instar larvae that prior to
pupation moved furthest away from an aphid colony, were the most likely to survive. That is, it is
suggested that emigration not only enables them to search for prey on another host plant, but also
enabled them to avoid cannibalism or I. G. P.. Therefore, the percentage of larvae that emigrate
-should be lower in species A that is eaten frequently by other species than in species B that is
eaten rarely. In the present study, when the ladybirds occurred simultaneously (1995) the
percentage of larvae of H. axyridis that emigrated waé higher than of C. s. brucki. In addition, the
emigrants of H. axyridis were more mature than those of C. s. brucki. Therefore, the likelihood of
the emigrants surviving was probably higher in H. axyridis than in C. s. brucki.

When C. s. brucki occurred and developed earlier than H. axyridis (1996), the percentage of
larvae of C. s. brucki that emigrated wés higher than of H. axyridis. In this year, more C. s. brucki
emigrated than H. axyridis. Therefore, although, the maturity of the emigrants was similér in both
species, more emigrants of C. s. brucki were likely to survive than H. axyridis. In both years, no
emigrants of P. japonica were observed; freciuency of the larvae of this species being eaten was
likely to be highest in this ladybird guild. Overall, the hypothesis that the species that are most
vulnerable should show the highest inéidence of emigration is not supported by the above,
especially in the case of P. japonica.

That is, when the frequency of I. G. P. by H. axyridis larvae appears to be high the structure
of the 1adybi;d guild changed markedly. Therefore I. G. P. by H. axyridis larvae is likely to be an
important force structuring this ladybird guild. However, in this section, although 1. G. P. and
emigration are assumed to be important factors causing the decrease in larval abundance, actual
losses due to these factors are poorly understood. Therefore, in Section 3, the effects of 1. G. P.

and emigration on larval survival are studied further.
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(3) Conclusion

In both the egg and larval stages, i.e., during the whole development, I. G. P. is erly to be an
important force structuring ladybird guilds, and the occurrence of larvae in time and the timing of
oviposition appear to be key factors in the survival of ladybirds. In this part of the discussion, the
occurrence of P. japonica and the timing of oviposition by C. s. brucki in the two years were
discussed.

In several species of ladybirds that have overlapping habitat preferences, the smaller species
appear to be better protected against predation by larger species (Agarwala & Dixon, 1992;
Aga_rWala et al., 1998; Hemptinne et al., 2000). If generally true then it may imply that the main
habitat of P. japonica is different from that of H. axyridis, as they were the most frequent
intra-guild prey of H. axyridis in the present study. In fact, several studies show that P, japonica
is abundant in field crops (e.g., Kawauchi, 1990). Aphids occur first on trees, and then on field
crops. Occurrence of aphids is strongly affected by temperature and precipitation (Moritsu, 1954,
Nozato & Abe, 1988), and increase in aphid density is positively affected by increase in
temperature (Powell & Parry, 1976). Therefore, it is suggested that aphid development in the
main habitat of P. japonica was delayed in 1995, when temperature was relatively low. This delay
in the development of their preferred aphid prey may have made the aphids on trees more
attractive to P. japonica, which is not its main habitat. Takahashi (1995) reported that high
temperatures induce oviposition in C. s. brucki even when aphid abundance is low. Therefore,
low temperatures early in the oviposition period (1995) may have delayed oviposition by C. s.
brucki\. Consequently, although, the occurrence and oviposition period of H. axyridis did not
differ in the two years, its survival was affected by the occurrence of P. japonica and the timing

of oviposition of C. s. brucki.
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SECTION 3

IS HARMONIA AXYRIDIS A TOP PREDATOR?



3-1 INTRODUCTION

Larvae of H. axyridis are polyphagous (Hodek & Honek, 1988). Several authors report that the
larvae of H. axyridis feed on and complete their development on other species of ladybird (e.g.
Cottrell and Yeargan, 1998; Phoofolo & Obrycki, 1998; Yasuda & Ohnuma, 2000). In the field,
larvae of H. axyridis appeared to be more polyphagous and voracious than those of the other two
species, C. s. brucki and P. japonica, and dominated the Iadybird guild in 1995 (Section 2).
Therefore, it is suggested that asymmetric . G. P. by H. axyridis may result in it dominating
ladybird guilds, ie., it is a top predator. In general, the incidence of cannibalism or I. G. P. by
larvae is affected by the relative abundance of larvae to prey (Takahashi, 1987; Agarwala &
Dixon, 1991, 1992; Yasuda & Shinya, 1997). However, the rates at which larvae leave plants
differs between species (Schellhorn & Andow, 1998). In addition, the tendency of larvae to
disperse when prey is scarce may further reduce the probability of encountering con- and
heterospecific larvae on a plant (Winder, 1990). That is, in the field, the tendency of C. s. brucki
larvae to emigrate early (Section 2) is likely to reduce the probability of it em;,ountering the “top
predator”, H. axyridis, and so decrease its mortality due to I G. P.. Therefore, for a better
understanding of the affect of I G. P. on the structure of ladybird guilds, it is necessary to
determine the relationship between larval emigration and survival.

Several studies show that H. axyridis occurs relatively late compared to C. s. brucki
(Takahashi; 1987; Yasuda & Shinya, 1997), with the oviposition peak of H. axyridis occurring
when aphid abundance is relatively high (Section 2). As hatchling larvae have limited powers of
dispersal, it is suggested that laying eggs when aphids are abundant is advantageous as it
improves the survival of the hatchling larvae. However, eggs and young larvae are vulnerable to
predation by larger predators (Sengonca & Frings, 1985; Lucas et al., 1997, 1998; Phoofolo &

Obrycki, 1998; Hindayana e? al., 2001), and any delay in oviposition is likely to result in a high
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incidence of egg or larval predation by the species of ladybirds that oviposit fitst, as they are
likely to be more advanced developmentally. Therefore, if H. axyridis is adapted to oviposition
late in the development of an aphid population, then, its eggs and larvae should be protected from
I. G. P. by species like, C. 5. brucki. In some species of ladybirds, species-specific alkaloids are
thought to protect them against intra-guild predators (e.g. Agarwala & Dixon, 1998). Therefore, it
is suggested that H. axyridis is also likely to be protected chemically against predation by C. s.
brucki.

In this section, the effect of the presence of other species on the incidence of L G. P. and
emigration is assessed by factorial experiments, using a combination of three species of ladybird;
H. axyridis, C. s brucki and P. japonica. In addition, thé toxicity of the two co-occurring species
of ladybird, H. axyridis and C. s. brucki to one another (Section 2), is also determined.

3-2 MATERIALS AND METHODS

(1) Ladybird larval survival in, and emigration from mixed species populations feeding on
aphids on trees

The effect of other species of ladybird on larval survival and emigration was studied in a
greenhouse. Young trees of Hibiscus syriacus, 70 cm in height, were planted singly in flowerpots
(20 cm in depth X 24 cm in diameter) and each fixed to a steel stake, 60 cm in length. To trap
larvae that dropped bfrom each tree a rectangular tray (10 cm in depth X 40 cm in width X 70 cm in
length) filled with water was placed under each flowerpot. To t[ép emigrating larvae the inside of
the rim of the flowerpots was sprayed with a sticky material.

Each tree was infested with cotton aphids, 4. gossypii on several occasions. This was done
by placing leaves infested with the aphid on the trees. The experiment was started when the
number of aphids on each tree reached seven hundred. There were two treatments: single and

mixed species, using a combination of species. Nine larvae of one of three species, H. axyridis, C.
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s. brucki and P. japonica, or three larvae each of the three species were placed on a tree in the
single and mixed species treatments, respectively. That is, the total number of larvae per tree was
the same in both treatments. The number of larvae on each tree and their developmental stages
were noted daily. The developmental stage of the larvae that emigrated or became trapped was
noted, and then they were removed. When a larva is eaten the anteripr parts of its body, such as
the head and prothorax are left. These larval remains were identified to species and
developmental stage. The number of aphids on the trees was also noted daily. Second instar
larvae that were kept singly and starved for less than 12 homs after mouilting, were used to
initiate all experiments. Single species populations of H, axyridis and P. japonica were replicated
4 times, all other populations were replicated 5 times. The experiments were continued until all
the larvae completed their development, were eaten or emigrated.
(2) Toxicity of eggs
Male and female pairs of field collectéd adults of two species of ladybird, H, axyridis and C. s.
brucki, were kept in 9 cm diameter Petri dishes, each containing a piece of corrugated filter paper.
These ladybirds were fed daily with an excess of pea aphids, Acyrthosiphon pisum (Harris). Any
eggs they laid were removed and placed in 9 cm diameter Petri dishes, and the larvae that hatched
from these eggs were transferred within 24 hours of hatching individually to 2.5 X 1.0 cm plastic
tubes. The base of each tube had previously been half filled with Plaster of Paris, which was
-moistened daily with water. To facilitate ventilation there was a hole in the lid of each tube
covered with muslin. The four treatments were; the larvae of both H, axyridis and C. s. brucki
were offered daily either five of their own or the other species eggs. Each day the number of eggs
eaten was noted, and the eggs and egg-remains from the previons day were removed and replaced.
In order to obtain ar more exact measurement of larval survival observations were made at

12-hour intervals, and continued until the larvae moulted to the second-instar or died. All
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experiments were conducted at 20 °C and a 16-hour photoperiod, and each treatment was
replicated twenty times.

3-3 RESULTS

3-3-1 Population dynamics of larvae

(1) Survival

The percentages of larvae present when the aphids became extinct and the experiments ended
were compared between the three species of ladybirds in the single and mixed species
populations (Fig. 3-1a).

In the single species populations, when the aphid became extinct the percentages of larvae
present were 89.9% (N=32), 20.0% (N=9) and 86.1% (N=31), for H. axyridis, C. s. brucki and P,
Japonica, respectively. The percentage for C. 5. brucki was less than one-fourth of that for the
other two species (P < 0.05), the number of C. s. brucki larvae tended to decrease more rapidly
than that of the other two species. At the end of the experiment, 27.8% (N=10) of P, japonica
larvae completed their development, whereas all larvae of the other two species disappeared (P <
0.05). That is, in the single species population, although the number of both larvae of H. axyridis
and P japonica tended to decrease relatively slowly compared to those of C. s. brucki, only P
Jjaponica larvae survived to maturity.

In the mixed species populations, all the larvae of H. axyridis were present when the aphid
became extinct, whereas the percentages of larvae of C. s. brucki and P, japonica present at this
time was 20.0% (N=3) and 40.0% (N=6), respectively (P < 0.05)(Fig.3-1a). The percentages of
larvae present at the end of the experiment did not differ significantly in the three species (P >
0.05)(Fig.3- la). However, 20.0% of H. axyridis larvae finally completed their development,
whereas no larvae of C. s. brucki ot P. japonica survived to maturity.

To determine the effect of the presence of other species on the survival of larvae, the
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percentages of larvae present were compared between the single and mixed species populations
(Fig.3-1b). The percentage of larvae of H. axyridis surviving at the end of the experiment differed
significantly (P < 0.05); their survival was improved by the presence of the other two species. In
contrast, the survival of larvae of P, japonica was decreased significantly in the mixed species
populations, their survival worsened when the other two species were present. Interestingly, the
percentage of C. 5. brucki larvae that survived was the same in both single and mixed species
populations (P > 70 .05), their survival was not improved or worsened by the presence of the other
two species, as none survived in either treatment.

(2) Factors that decreaséd survival

The percentages of larvae lost due to predation (Cannibalism or I. G. P.) and emigration, prior to
the extinction of the aphid, and at the end of the experiment were compared for the three species
of ladybirds in single and mixed species populations.

Cannibalismor L. G. P

In the single species populations, predation accounted for one death, or 2.8% mortality, of the
larvae of P. japonica prior to the extinction of aphids, but no deaths of larvae of the other two
species (Fig. 3-2a). The percentages of larvae lost due to predation at the end of the experiments
was 25% (N=9) and 13.9% (N=5) for H,\ quﬁdis and P. japonica, respectively; and was
significantly higher than that for C. s. brucki (P < 0.05). There was no cannibalism of larvae of C.
§. brucki in this experiment.

In the mixed species populations, there was predation and the percentage loss due to
predation differed in the three species. The percentages lost due to predation before the extinction
of the aphid was 26.7% (N=4) for P. japonica, which ‘is significantly greater than for the other
two species, where it was 0.0% (P <70.05) (Fig. 3-2a). The percentage of P. japonica larvae lost

by this stage was 23.9%, significantly greater than that recorded in the single species populations
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(P < 0.05), although the percentages for the other two species did not differ significantly in the
two types of populations (P > 0.05) (Fig.3-2b).

The percentage of larvae of P japonica lost due to predation prior to the end of the
experiment was 60.0% (N=9), which was significantly greater than for the other two species,
where it did not exceed 20% (Fig. 3-2a). In addition, the percentage for P, japonicc; increased
significantly by 23.3% compared to that in the single species popuiation (P < 0.05), whereas the
percentages for the other two species did not differ significantly in the two types of populations
(P > 0.05) (Fig. 3-2b). That is, in the mixed species populations, larvae of all the species were
subject to predation, but P. japonica larvae suffered the highest incidence of predation. Although
predation of larvae of H. axyridis and C. s. brucki only occurred after the aphid became extinct,
that of P. japonica larvae occurred throughout the experiment. -

Emigration

In tile single species populations, the percentage of larvae that emigrated prior to the extinction of
the aphid was 86.0% =36) for C. 5. brucki, which was signiﬁcantly greater than for the other
two species, where it was 20% (N=4) (P < 0.05) (Fig.3-3a). The percentages that emigrated prior
to the end of the experiment was 75.0% (N=27), 100.0% (N=45) and 80.8% (N=21), for H.
axyridis, C. s. brucki and P. japonica, respectively. The percentage for C. s. brucki was
significantly greater than that for the other two species (P < 0.05).

In the mixed species populations, the percentage of larvae that emigrated (pn'or to the
extinction of aphid was 80.0% (N=12) for C. s. brucki, which was significantly greater than that
for P. japonica (30.3%, N=5) (P < 0.05). No larvae of H. axyridis emigrated before the aphid
became extinct (P < 0.05). The percentages prior to the end of experiments were 60.0% (N=9),
93.3% (N=14) and 40.0% (N=0), respectively. A greater percentage of larvae of C. s. brucki

emigrated than of the other two species (P < 0.05). Overall, the percentage of larvae that
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emigrated did not differ in the two types of populations, for each of the three speci_es (P> 0.05).
Larvae of C. 5. brucki tended to emigrate earlier than those of the other two species in both single
and mixed species populations (Fig3-3b).

(3) Development

The percentages of larvae present at each developmental stage were compared in the single and
mixed species populations.

In the single species populations, the percentage‘of larvae present at the third instar was
100.0% (N=36), 97.8% (N=44) and 100.0% (N=36), respectively, for H. axyridis, C. s. brucki
and P. japonica; and did not differ significantly in three species (P < 0.05) (Eig.34a). The
percentage of P. japonica larvae present at the fourth instar was 97.2% (N=35), which was
significantly greater than in H. axyridis and C. s. brucki, where it was 41.7% (N=15) and 15.6%
(N=7), respectively (P < 0.05). Survival of C. 5. brucki was the lowest of the three species (P <
0.05). Ten larvae (27.8%) of P. japonica pupated, and all of these became adulté. None of the H.
axyridis or C. s. brucki larvae pupated, which is significantly less than for P. japonica (P < 0.05).

The proportions of larvae that developed to the next developmental stage in the mixed
species treatment is given in Figure 3-4b. The percentages of larvae present at the third instar in
H. axyridis, C. s. brucki and P japonica was 100% (N=15) and 80.0% (N=12), 93.3% (N=14),
respectively. The percentage of larvae present at the fomth instar in C. s. brucki was 20.0% (N=3),
which is significantly lower than for the other two species, where it was ove; 65% (P < 0.05).
Twenty percent of the larvae of H. axyridis pupated, whereas none of fourth-instar larvae of the
other two species survived to pupate, but because of the low numbers this difference is not
significantly different.

The percentages of larvae of H. axyridis that developed to the fourth instar, pupated and

became adults were significantly greater in the mixed species treatment than in the single species
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treatment (P < 0.05) (Fig.3-5a). The proportion of larvae of C. s. brucki that developed to the
third instar decreased sigﬁiﬁcanﬂy when the other two species were present (P < 0.05). However,
in the following stages, their survival did not differ significantly in the two types of populations
(P > 0.05). For P. japonica the proportion of larvae that developed to the fourth instar, pupated
and became adult decreased significantly when the other two species were present (P < 0.05);
none of the larvae survived beyond the fourth instar.
(4) Dominance
In both types of populations, the percentage of the aphidophagous gmld made up of each of the
three species, at each developmental stage, are given in Figure3-6. In both types of populations,
the percentage of larvae of each species that reached the second and third instar did not differ
significantly (P > 0.05). In the single species populations, there were a total of 56 larvae at the
fourth instar stage (100%) (Fig.3-6a). Of these, the percentage that consisted of P japonica was
62.9% (N=35), and was significantly greater than for the other two species, where it was less than
30% (P < 0.05). Ten adults emerged: all of them were P. japonica. That is, in the single species
populations, only P. japonica reached the adult stage.

In the mixed species populations, when larvae had reached the fourth instar there were a
total of 25 larvae (100%) (Fig.3-6b). Of these, the percentage made up of H. axyridis and P.
-japonica larvae was 48.0% (N=12) and 40% (N=10), respectively, which was significantly
greater than the 12% (N=3) (P < 0.05) made up of C. s. brucki larvae. That is, in both types of
populations, all C. s. brucki larvae disappeared by the fourth instar stage. Three adults emerged:
all of them were H. axyridis. That is, as only H axyridis reached the adult stage, the ladybird
guild was dominated by H. axyridis in the mixed species populations.
(5) Asymmetric predation

Cannibalism occurred in the single species populations of H. axyridis and P. japonica. The
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frequency of cannibalism and the age structure of the populations are given in Figure3-7. In total,
for both populations, 14 individuals were lost due to cannibalism. Of these, when the populations
consisted of a single developmental stage 3 individuals (21.0%) were eaten, whereas 11
individuals (79.0%) were eaten when the population consisted of two developmental stages.
Cannibalism occurred more frequently when there was more than one developmental stage (P <
0.01), cannibals were fourth-instar larvae and the victims were either third-instar larvae or
prepupae on every occasion.

In the mixed species populations, larval loss due to cannibalism or L. G. P. was recorded for
) all species. The frequency of these losses and the species structure of the populations are given in
Figure3-8. When the populations consisted of all three species, eight individuals (73.0%) were
eaten. The victims were either larvae of C. s. brucki or P. japonica; no larvae of H. axyridis were
eaten. Three individuals (27.0%) of H. axyridis were eaten by conspecific larvae after the other
two species became extinct. That is, cannibalism or I. G. P. tended to occur more frequently when
the population consisted of more than one species (P < 0.05). In addition, no larvae of C. s.
brucki or P. japonica ate larvae of H. axyridis.
3-3-2 Effects of egg canpibalism and predation on larval survival and development
The consequence of eating each other’s eggs differed between the two species (Table3-1). All of
the first instar larvae of C. s. brucki developed to the second instar after eating conspecific eggs,
but none survived after eating several eggs of H, axyridis. On the other hand, the survival of first
instar. larvae of H, axyridis was not significantly adversely affected by eating eggs of C.s. bruchki,
although three larvae died (P < 0.05). However, the duration of the first instar of H, axyridis was
extended significantly when fed eggs of C. s. brucki (P < 0.05). The total number of eggs eaten
was not significantly different between treatments (P > 0.05). Of the larvae fed the eggs of the

other species, three of H, axyridis and twenty of C. s. brucki died and of the larvae that died those
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of C. s. brucki survived for seven days on average, significantly longer than the two days
recorded for H, axyridis (P < 0.05). Two of the three larvae of H, axyridis, which died during the
first instar, did not eat any eggs of C. 5. brucki, while all the larvae of C. 5. brucki ate severél eges
of H, 'axyridis. There was no significant difference in the number of heterospecific eggs eaten by
each of the species (P > 0.05).
3-4 DISCUSSION
I. G. P. is thought to be an important force structuring predatory insect communities (Polis ef al.,
1989; Dong & Polis, 1992). In section 2, it was concluded that I. G. P. by H axyridis appears to
be a force structuring ladybird guilds that include the two species, C. s. brucki and P. japonica. In
the present experiment, the incidence of 1. G. P. increased when the three species interacted with
each other, and H. axyridis rdominated the ladybird guild. ‘When reared on its own under
otherwise similar conditions, H. axyridis did not complete its development. fherefore, it is
suggested that H. axyridis is an inter-guild predator. Larvae of H. axyridis are polyphagous
(Hodek & Honek, 1988). In fact, although H. axyridis fed on several intra-guild prey and
survived, none of the prey species could feed on H. axyridis and survive (e.g. Cottrell and
Yeargan, 1998; Phoofolo & Obrycki, 1998; Yasuda & Ohnuma, 2000). In addition, the
morphology of H. axyridis is also likely to be important in its role as a top predator. Lucas et al
(1998) report that lacewing larvae eat coccinellid larvae and suggest that the lacewing’s
superiority could be attributed to its greater aggressiveness or shape of its mouthparts. H axyridis
larvae have relatively large mandiblgs and an anal disk, which may make them more effective
predators. |

If H. axyridis is a top predator, then it should bé protected from I. G. P. in some way,
especially as they are more exposed to I. G. P. because they tend to oviposit later than the other

species. H. axyridis and C. s. brucki co-occur in spring (Section?), and all stages of these two
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species are similar in size, but the two species differ in their periods of oviposition. C. s. brucki
occurs (Takahashi, 1987) and lays its eggs (Yasuda & Shinya, 1997; Section ,2) earlier than H.
axyridis. Consequently, the development of H. axyridis larvae is likely to lag behind that of C. s.
brucki. Both eggs and young larvae are more vulnerable to cannibalism than are older larvae
(Agarwala & Dixon, 1992). In addition, small species afe more vulnerable to 1. G. P. than large
species (Sengonca & Frings, 1985; Lucas et all, 1997, 1998; Phoofolo & Obrycki, 1998;
Hindayana et al., 2001). Therefore, it is suggested the latter occurring species, H. axyridis, would
appear to be more at risk of pfe’dation than C. s. brucki, which will be relatively more mature and
larger than H. axyridis.

In several species of ladybirds, which have overlapping habitat preferences, a better
chemical protection of the smaller species against predation by the larger species has been
reported (Agarwala & Dixon, 1992; Agarwala et al., 1998; Hemptinne et al., 2000). That is, it is
suggested that a species-specific alkaloid is an important protection against predation by an
intra-guild predator. In the present experiment, the eggs of H. axyridis were more protected
agajnst predation by first instar larvae of C. s. brucki, because of their toxicity, than vice versa.
Therefore, the toxicity of H. axyridis eggs is likely to result in few of their eggs being eaten by C.
s. brucki larvae, which is what was observed in the field (Section 2). In addition, as all stages of
ladybirds contain similar concentrations of alkaloids (Pasteels et al., 1973), it can be assumed
that the larvae of H. axyridis are also toxic to larvae of C. s. brucki. Therefore, although A.
axyridis starts ovipositing after C. s. brucki, the eggs and larvae of H. axyridis are well protected
chemically from predation by larvae of C. s. brucki. These results may also indicate that H.
axyridis is a top predator in this ladybird guild. In the field, H. axyridis oviposits later because it
isa “top predator”, i.e., to oviposit later is adaptive if you can eat other species of ladybird.

C. s. brucki is thought to be less cannibalistic and polyphagous than H. axyridis (Section 2).
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That is, larvae of C. s. brucki are not likely to be intra-guild predators. Is C. s. brucki an
mtra-guild prey of H. axyridis 7 In the present exp@mt, the eggs of C. s. brucki were not toxic
to the first instar larvae of H. axyridis. Aé all stages of ladybirds contain similar concentrations of
alkaloids (Pasteels et al., 1973), it can be assumed that all stages of C. s. brucki are vulnerable to
predation by H. axyridis larvae. Yasuda & Ohnuma (2000) reported that fourth instar larvae of H.
axyridis fed on C. s. brucki larvae developed as well as those fed on aphids. That is, for H.
axyridis, it is suggested that there is no penalty associated with eating C. s. brucki, and it is likely
to be an intra-guild prey of H. axyridis. However, in the mixed species experiment, mortality of C.
s. bﬁlcki larvae due to cannibalism of I. G. P. was low. In general, the incidence of cannibalism
increased after the aphid became extinct. However, almost all of the C. s. brucki larvae had
emigrated by that time, irrespective of which of the other species were present. Consequently,
survival C. s. brucki was not affected by the presence of H. axyridis. As leaving plants when prey
become scarce may further reduce the probability of encountering con- and hetero-specific larvae
(Winder, 1990), their early emigration seems to reduce the incidence of I. G. P. of C. s. brucki by
H. axyridis. In addition, in the field, the early oviposition by C. s. brucki may also be an
important way of avoiding 1. G. P. by H. axyridis. Although the eggs of C. s. brucki are not toxic
to H. axyridis larvae, they hatch before those of H. axyridis. In addition, as large species are less
vulnerable to predation than small species (e.g. Sengonca & Frings, 1985), it is suggested that the
early oviposition by C. s. brucki enables it to achieve an advanced stage of development, and
large body size, and thus reduce the likelihood of being eaten by the latter hatching and smaller H.
axyridis larvae. However, in the field, the oviposition period of C. s. bmc)a’ relative to that of A.
axyridis varies from year to year (Section 2). When the oviposition periods of these two species
overlap the incidence of I. G. P. of C. s. brucki by H. axyridis is likely to increase. As a ladybird

population is usually made up of individuals in different developmental stages, then when prey
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becomes scarce young larvae of C. s. brucki are likely to be eaten by mature larvae of H. axyridis.
That is, for C. 5. brucki, to avoid 1. G. P. by H. axyridis it is advantageous for C. 5. brucki to lay
as many eggs as possible before H. axyridis starts egg laying,.

P. japonica is a small species, which is more vulnerable to I. G. P. than the larger species
(e.g. Sengonca & Frings, 1985). Therefore, it can be assumed that it is more vulnerable to I. G. P.
by H. axyridis than C. s. bﬁ:cki. However, small species are more protected chemically from
predation by larger species than are large species (e.g. Agalwara & Dixon, 1992). Therefore, P
Japonica should be well protected chemically froni predation by large species like, H. axyridis, if
their habitat preferences dverlap. In fhe field, P. japonica was the most frequently observed
intra-guild prey of H. axyridis (Section 2). In the mixed species experiment, survival of P
Jjaponica worsened when the other species were present, while that of H. axyridis improved. In
addition, as almost all of the C. s. brucki larvae had emigrated when the incidence of I. G. P. of P
Jjaponica increased, this predation is most likely to be attributable to H. axyridis. Therefore, it is
likely P. japonica larvae are not well protected chemically against predation by the larger species,
H. axyridis. That is, the habitat preferences of P. japonica and H. axyridis are likely to differ. Two
small species of ladybird in Europe, Adalia bipunctata and Adalia decempunctata, are more toxic
to the larger Coccinella septempunctata than vice versa (Agarwala & Dixon, 1992; Hemptinne ef
al., 2000). However, Adalia bipunctata are not more toxic to the two large species in Japan; H.
axyridis and C. s. brucki, than vice versa (Sato, unpublished). This may imply that the chemical
protection of a small species against predation by a large species is unlikely to occur when the
habitat preferences of the two ladybirds, small and large, differ.

The reason why a species of ladybird stays on or leaves a plant when its prey becomes
scarce is unknown. It is likely that the two species have different habitat preferences and

associated behaviours. Although several field studies have reported H. axyridis and C. s. brucki
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co-occurring in the same habitat (Takahashi, 1987; Yasuda & Shinya, 1997; Section 2), the
habitat preferences of these two species are likely to differ. Osawa (1991) suggested that H.
axyridis prefers shrubs, while C. s. brucki prefer grassland, consequently, where one species is
abundant the other species is likely to be scarce and vice versa.

Although Winder (1990) suggested that larvae leaving the plants are vulnerable to predation
by ground predators such as carabid beetles, the risk associated with emigration may differ in the
two habitats, shrub and grassland. In shrubby habitats, the size of the plants is generally larger
than in grassland, and the between plant distance greater in shrubby habitats than in grassland.
The greater the distance between plants the greater the risk of predation by ground beetle during
emigration. In addition, in a shrubby habitat, as no plants were heavily infested with aphids when
ladybird larvae emigrated (Yasuda & Shinya, 1997), emigrants. are less likely to find other aphid
colonies. To disperse when prey is scarce may ﬁnther reduce the probability of encountering con-
and heterospecific larvae (Winder, 1990). Accordingly, the incidence of cannibalism or I. G. P. of
H. axyridis, which tend to stay rather than disperse when aphids are scarce, are likely to increase,
as was observed in the present experiments. However, larvae of H. axyridis can complete their
development before emigrating, as they are well protected from L. G. P. and used other species of
ladybird as a food resource as well as aphids. That is, when plants are widely spaced it may be
advantageous for larvae of polyphagous and chemically protected species like H. axyridis to stay
on the plants if they are not already mature. |

C. s. brucki can mature if they occur early in the development of an aphid colony. However,
the early occurrence of C. s. brucki in spring depends on their emerging from hibernation early
compared to H. axyridis (Takahashi, 1995). Therefore, after both H. axyridis and C. s. brucki
emerge from hibernation, i.e. in spring, the shrubby habitat is unlikely to be suitable for C. s.

brucki, as it cannot lay eggs earlier than H. axyridis, which is important for their survival.
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In grassland, plant size is relatively small; and aphid number/plant is also likely to be small.
Therefore, larvae may occasionally need to migrate to other plants in order to complete their
development. However, as H. axyridis tend to stay longer on plants, the numbers of their larvae
are likely to decrease due to cannibalism. That is, grassland is not likely to be a suitable habitat
for H. axyridis. In fact, the displacement of C. septempunctata, which is a sub species of C. s.
brucki, by H. axyridis in United States is reported on apple trees (Brown & Miller, 1998), i.e., in

- a shrubby habitat, and in a semi boreal habitat (LaMana & Miller, 1996). In contrast to H.
axyridis larvae, those of C. s. brucki tend to emigrate soon after aphids become extinct; therefore,
their loss due to cannibalism is likely to be low, which may result in a high pupal recruitment of
C. s. brucki in grassland. In fact, Evans‘ (2000) reported that the introduced species, C.
seplempunctata, increased rapidly in abundance in alfaifa fields in the United States He also
revealed a large variance in body size in this species compared to native species. Therefore,
although early emigration may be advantageous for avoiding cannibalism or I. G. P, the low
frequency of cannibalism in C. 5. brucki may result in low availability of aphid prey for fourth
instar larvae, which affects their adult body size (Yasuda & Dixon, 2000).

Although the habitat preferences of P. japonica are poorly understood, several studies imply
that they are abundant on field crops (e.g. Sakuratani, 1977; Kawauchi, 1990). In single spécies
populations, only this species completed their development. That is, it is suggested that 700
aphids/9 second instar larvae, which was offered in the present experiments, were not enough for
the larger two species, H. axyridis and C. s. brucki, to complete their development. Yasuda &
Dixon (2000) reported that large sized adults of Adalia bipunctata require a relatively higher
density of aphid for mating than Fsmall sized adults, and small sized females of this species are
more fecund than large sized female when aphid abundance is low. Accordingly, it is suggested

that the small species, P. japonica, can occur in a habitat where aphids are scarce and where the
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large species are unlikely to occur. In addition, their oviposition site is likely to differ from those
of the Iﬁge species, ‘H. axyridis and C. s. brucki. Eggs of P. japonica are more likely to be laid
when aphid abundance is rglatively low compared to the other two species (Sato, 1994). That is,
P. japonica appears to prefer habitats with a low abundance of aphids, which is not suitable for

survival of the large species.
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SECTION 4
EFFECT OF FOOD AVAILABILITY ON THE PERFORMANCE

OF FAST- AND SLOW-DEVELOPING LARVAE



4-1 INTRODUCTION

Many predatory ladybirds eat aphids, the number of which change in time and space (Kindlmann
&’Dixon, 1993; Yasuda & Shinya, 1997; Dixon, 1998; Osawa, 2000), and the timing of ladybird
oviposition relative to the population dynamics of aphids affects the survival of their larvae
(Section 2). If eggs are laid too late, then the aphids are likely to decrease in abundan.ce before
the larvae complete their development. Consequently, the incidence of cannibalism or IGP, which
is an important cause of larval mortality (Section 3), increases with de;:rease in prey abundance
and survival of larvae is likely to be low. However, if eggs are laid t00 early then the population
density of the aphid is likely to be too low for the first instar larvae of the ladybird to be able to
catch sufﬁcieﬁt aphids to survive as hatchling larvae have poor powers of dispersal (Dixon, 1959).
Therefore, to maximize the survival of their offspring ladybird should lay a few eggs early in the
development of an aphid patch (Dixon, 2000).

However, the trends in aphid abundance can be changed by various factors, such as
temperature and abundance or timing of oviposition of ‘ladybirdé (Section2). For instance,
although egg laying by H. axyridis in relation to the peak in aphid abundance occurred at a
siﬁnilar time in the two years (1995/1996), aphids decreased in abundénce rapidly wh;en C. s
brucki occurred and started feeding earlier than H. axyridis (1996). Consequently, in 1996,
survival of H. dxyridis larvae was relatively low because of the low prey abundance during their
larval development. In the field, all the predators feeding on aphids make up the aphidophagous
predator guild (e.g. Sakuratani, 1977: Arakaki, 1992: Winder et al., 1994, Dixon, 1998), and the
peak in aphid abundance and its timing can be changed by these predators (Dixon, 2000).
Therefore, although there; may be species-specific oviposition period for each species of ladybird,
the trends in aphid abundance after ladybird oviposition is likely to vary. Consequently, females

cannot be certain about the future availability of prey for their larvae. Can ladybirds cope with
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this uncertainty?

In H axyridis, genetically, longer duration of development and slower growth rate are
possibly connected to a smaller body size, and shorter development period and faster growth rate
to larger body size (Ueno, 1994). Prey consumption is also likely to vary and be negatively |
associated with the duration of development. Rodriguez-Saona & Miller (1995) selected for fast
development in Hippodamia convergens over several generations. The fast developing larvae
consumed more aphids per unit time and developed into larger adults than the more slowly
developing individuals. That is, if prey consumption is determined by the speed of development,
then, slow developing larvae are less likely to be affected by poor food availability compared to
fast developing individuals.

The objectives of this section were to: (1) determine the differences in food consumption of
fourth instar larvae from fast and slow developing strains of the two spot ladybird, A. bipunctata;
and (2) examine the effect of the availability of food on their development and survival.

4-2 MATERIALS AND METHODS

All experiments described in this section, were done at 20°C and a 16-hour photoperiod. Two
sizes of Petri dish were qsed; they were either large or small, that is, 9 or 3 cms in diameter,
respectively. Plastic tubes, 2.5 % 1.0 cm in size, were also used. The lids of these tubes were
pierced with a hole, which was covered with muslin to faci]ita_te ventilation. The lower half of
each tube was filled with Plaster of Paris, which was moistened daily with water during
experiments. In addition, the Plaster of Paris reduced the capacity of each tube. That is, ladybirds
were able to find aphids more easily and expenditure of energy searching for prey was minimized.
The ladybirds were weighed on a microbalance. They were weighed at least twice, and an
average of the weights recorded. Adult body weight was measured within 12 hours of emergence

from pupae and before they started feeding. After emergence from pupae adults were kept
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individually in small Petri dishes and sexed after they had hardened completely. To determine the
duration of each developmental stage they were observed at 12-hour-intervals. In order to prevent
injury hatchling larvae were not handled until they were 24 hours old. Egg cannibalism by larvae
accelerates their development. Therefore, only larvae from clusters of eggs that did not
experience egg cannibalism were used.

(1) Ladybird cultures

A culture of the ladybird, Adalia bipunctata, was started using adults collected on the campus of
the University of East Anglia in the spring. Several pairs of adults were kept in each sandwich
box, and fed daily an excess of the pea aphid, Acyrthosiphum pisum. To facilitate ventilation the
centre of the lids of each sandwich box was cut out and replaced with muslin. Corrugated paper
towel was placed in the bottom of each sandwich box and the underside of the lid lined with
tissue paper. To supply water a piece of folded and moistened tissue paper was placed in the
corner of each box. The corrugated paper towel and paper tissues were renewed daily, and
clusters of eggs were collected. The sandwich boxes were cleaned daily. The clusters of eggs
were placed in the large Peﬁ dishes. Hatéhling larvae were fed an excess of pea aphid daily,
when aphid remains and excreta from the previous day were also removed. To prevent prepupae
from being eaten by other larvae they were transferred to another large Petri dish. In addition,
adults were occasiona]ly collected from the field during spring and autumn, and added to the
ladybird culture in order to keep it genetically diverse.

(2) Selection for fast or slow development

As a preliminary experiment, the general relationship between duration of development and adult
body size was determined. Clusters of eggs obtained from the ladybird culture were kept in
large Petri dishes until egg hatch. Larvae were reared individually in plastic tubes on an excess of

pea aphids. Aphid remains and excreta of the larvae were removed daily. The times of hatching,
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moulting, pupation, adult emergence and adult body weight were noted. There was a significant
negative relationship between duration of development and adult body size in both sexes (P <
0.0001) (Fig. 4-1). In addition, there was a significant relationship between the time it took to
develop from egg to start of the fourth instar and the total duration of development in both séxes
in all generations (P < 0.0001) (Fig. 4-2). That is, it is possible to identify fast or slow developing
individuals at the end of the third instar. Therefore, the speed of development was identified
based on the time that elapsed between oviposition and moulting to the fourth instar. Clusters of
eggs were obtained ftb.m the ladybird cultures. Hatchling larvae were fed an excess of pea aphid
daily, and aphid remains and excreta from the previous day were removed. These larvae were
monitored every 12 hours, and when they moulted to the fourth instar they were removed and
kept individually. The time of the moult to the fourth instar was noted. Those that developed
faster or slower than the average were catégoﬁzed as fast or slow, respectively, and used in the
following two experiments. In total, 516 larvae were reared (Fig. 4-3). The average of duration
from oviposition to start of fourth instar of these larvae was 12.63-0.1 days, and the frequency
distribution of the duration skewed to right (Skewness = 1.92).

(3) Prey consumption and growth

Total number and rate of prey consumed, md increase in body weight during the fourth instar of
fast and slow developing larvae were assessed. This eiperiment consisted of observing pea aphid
consumption over a 24-hour period by fourth instar larvae of the fast and slow developing strains.
Larvae were selected at random from the fast and slow developing strains. They were kept
individually in small tubes with an excess of aphids of different stages, which had previously
been weighed. Each dish contained a broad bean leaf, which was kept turgid by a piece of

moistened sponge. After 24 hours, the weight of aphids in the container and that of the larvae

were measured. This was continued until the larvae pupated. Weights of pupae and adults and
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their sex were recorded. Total aphid consumption was the sum of the daily aphid consumptions
during the fourth instar. The time of the peak aphid consumption differed for larvae of the fast
and slow strains, therefore, maximum aphid consumption was the average of the maximum aphid

consumptions of each individual. Average aphid consumption was the total aphid consumption

divided by the duration of fourth instar. Increase in body weight was the final body weight of a

fourth instar larva minus its initial body weight. Rate of production was the increase in body
weight from the start to the end of the fourth instar divided by the duration of the fourth instar.

Relative increase in body weight was the bodyweight at the end of fourth instar divided by the

body weight at the beginning of the fourth instar.

(4) Effect of poor food supply on survival and developmcnt.

De&elopmem‘ and survivai of individuals of the fast and slow. developing strains when starved
were determined. The fourth instar larvae were kept individually in small tubes. These larvae
were supplied either one aphid (Adults only) every two days (0.5 aphids per day) or daily until
they died or developed into pupae. Larvae were weighed daily, and the survival and time to
pupation and ‘emergence of adults monitored at 12-hour-intervals. Sex was also noted.

4-3 RESULTS

(1) Survival

Survival of larvae when fed at different rates is given in Figure 4-4. Although, there was no
significant Mﬂmces in the percentages of larvae that survived in the two strains in the three
treatments (P > 0.05), a greater percentage of larvae tended to survive in the fast strain than in
slow strain when fed an excess of aphids daily. In addition, although over 70% of the larvae
survived in the 1.0 and excess aphid treatments, over 90% of the larvae died in the 0.5 aphid
treatment in both strains. This difference is significant (P < 0.001). Therefore, the following threé

life history traits of larvae, (2) Duration of development, (3) Bodyweight and (5) Growth, are
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86



shown only for the 1 aphid and excess aphid treatments.

Duration of sarvival

Although almost all of the larvae died when fed 0.5 aphid/day, the larvae of the fast developing
strain tended to survive for a shorter period than those of the slow developing strain (Fig. 4-5).
On the 14th day, only 5% of the fast developing strain still survived, which was significantly less
than that of the slow developing stram (P < 0.0001). In addition, there was a significant
difference in average duration of survival of the two strains (Mann-Whitney test: P < 0.001), with
larvae of the fast developing strain surviving for 9.8+0.5 days, and thosé of the slow developing
strain for 17.0£ 1.3 days

(2) Duration of development

Duration of the fourth instar was compared. in the fast and slow developing strains (Fig 4-6a). In
the excess aphid treatment, duration of the 4™ instar of the fast developing strain was about 3.5
days for both sexes, respectively, which was about 0.7 days shorter than that of the slow
developing strain (Male and Female: P < 0.001). In the laphid treatment, there was also a
significant difference in the duration of the 4™ instar in the two strains for both sexes (P < 0.001);
the difference increased to about 2 days. |

' (3) Bodyweight

Larval weight on the first, second, third, and final day of the fourth instar in the fast and slow
strains when fed 1aphid and an excess of aphids /day are given in Figure 4-7 and 4-8, respectively.
In both treatments, Iarvai bodyweight on‘the first day differed significantly (e.g. Male: P < 0.001,
Female: P < 0.001 in the excess aphid treatment), with the larvae of the fast strain over 1.2 times
heavier than those of the slow strain in both sexes and both treatments. In the excess aphid
treatment, the fast developing larvae were heavier thaﬁ the slow developers on the second, third

and final day of the fourth instar (Male: P < 0.0001, 0.0001 and 0.01, Female: P < 0.001,
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0.001and 0.01 on 2™, 3™ and final days, respectively) (Fig. 4-7). However, the difference
decreased from 30 % on day 1 to about 10% on the final day in both sexes. Consequently, adult
body weight also differed sigm'ﬁcantlyin the two strains for both sexes (Male and Female: P <
0.001) (Fig. 4-6b). In the laphid treatment, although male larvae of the fast strain were heavier
than those of the slow developing strain on the second and third day of the fourth instar (P <
0.0001 and 0.001 on 2™ and 3™ days, respectively), there was no significant difference in female
larval weight on those days in the two strains (P > 0.05) (Fig. 4-8). In both sexes, larval weight
on the final day of the fourth instar did not differ significantly in the two strains (P > 0.05).
Consequently, adult body weight of both sexes also did not differ significantly in the two strains
(Male and Female: P > 0.05) (Fig. 4-6b).
(4) Food consumption
Aphid consumption during the fourth instar by fast and slow developing strains, when fed an
bexcess of aphids daily is given in Figure 4-9. There was a significant difference in the averagei
aphid consumption of both sexes on the first and second days in the two strains (Male: P < 0.05,
0.0001, Female: P < 0.01, 0.0001 on the day 1% and 2", respectively). Aphid consumption by
male larvae in both strains and female larvae in the fast strain peaked on the second day, the fast
developing larvae consumed 9.0 and 14.4 mg more aphids than the slow developing larvae, for
males and females, respectively. Aphid consumption by slow developing female larvae peaked on
the third day, and there was no significant difference in the aphid consumption of two strains, for
both sexes, on that day (Male: P > 0.05, Female: P > 0.0.5). Although fast-developing larvae
completed their feeding in four days, slow developers continued feeding until day seven of the
fourth instar. |

Maximum consumption of aphids differed in the two strains (Male and Female: P < 0.0001)

(Table 4-1), with the male and female fast developers consuming 6.5 and 9.9 mg more aphids
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Table 4-1. The average aphid consumption in the fourth instar of fast and slow developing individuals.

(1) Male

- Developmental - Mean aphid consumption in mg +S.E.
Strain N Average/day Total
Fast 24 162 = 08 583 £ 24
Slow 25 13.0 .= 1.1 547 + 35
U 178 248
P< 0.05 NS
(2) Female
Developmental Mean aphid consumption in mg +S.E.
Strain N Averagé/day Total
Fast 18 215 £ 12 732 £ 32
Slow 26 151 * 08 625 £ 29
U 72.5 138
P< 0.0001 0.05

NS no difference between fast and slow strains at P < 0.05: Mann-Whitney U-test.
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than the slow developers, respectively. There was a significant difference in the average aphid
consumption (Male: P < 0.05, Female: P < 0.0001), with the male and female fast developers
consuming 3.2 and 6.4 mg more aphids than the slow developers, respectively. In terms of total
aphid consumption, there was no significant difference between the two strains for males (P >
0.05), but the females of the fast developing strain consumed 10.7mg more aphids than the slow
developers (P < 0.05).

(5) Growth

Larval growth in the fourth instar when fed 1 aphid or an excess of aphids/day was compared in
the two strains (Fig. 4-10). In the excess aph‘idvueaUnent, average increase in body weight was
about 10.0 and 12mg, for males and females in both strains, reépectively, and there was no
significant difference between the strains for either sex (Male and Female: P > 0.05) (Fig. 4-10a).
In the laphid treatment, although, average increase in body weight did not differ significantly in
the two strains for males (P > 0.05), it tended to be higher in the slow than in the fast developers.
This tendency was more obvious in females (P < 0.01).

In the excess aphid treatment, there was a significant difference in the average rate of
mcrease in bodyweight in the two strains m both sexes (&[ale and Female: P < 0.001) (Fig.
4-10b). The male and female fast developers had a daily increase of 0.6 and 0.8 mg greater than
the slow developers, resbectively. In the 1 aphid treatment, there was no sigmﬁcant difference in
average rate of increase in body weight in the two strains in both sexes; it was about 0.5mg (Male
and Female: P > 0.05).

In the excess aphid treatment, the average relative increase in body weight of the slow
developers was 350 and 390% for males and females, respectively, which is significantly greater
. than that of the fast developers, which were 300 and 330%, respectively (Male and Female: P <

0.01) (Fig. 4-10c). Similarly, in the laphid treatment, the average relative increase in body weight
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was sigﬁiﬁcanﬂy higher in slow developers than in fast developers (Male and Female: P <
0.001).

4-4 DISCUSSION

In general, population growth is faster in aphids than in coccids. Therefore, Dixon (2000)
suggests that aphidophagous ladybirds havé been more strongly selected for fast development
than coccidophagous species, as fast development optimises their harvesting of aphids
(Kindlmann & Dixon, 1993). In the present experiment most larvae deveioped relatively fast,
which also suggests that 4. bipunctata have been selected for fast development.

After selecting Hippodamia convergens for fast development over several generations,
fast-developing larvae consumed more aphids per unit time and developed into larger adults than
more slowly developing individuals (Rodriguez-Saona & . Miller, 1995). In the present
experiments, the same tendency was observed in fast- and slow-developing strains of .4
bipunctata. When food availability was unlimited larvae of a fast-developing strain consumed
more aphids per day in total than those of a slow-developing strain. Consequently, ‘the fast
developing larvae gained more body weight and developed into larger adults than the slow
developing strain. Many life history traits such as fecundity and mating suécess are positively
related to adult body size. That is, when food is unlimited fast development is likely to be
advantageous.

However, in the field, as éphid abundance changes in time and space (Kindlmann & Dixon,
1993; Yasuda & Shinya, 1997; Dixon, 1998; Osawa, 2000; Section2), ladybirds are often food
limited. Several authors report that food availability adversely affects developmental rate
(1/Duration of development) and body size in ladybirds (Kawauchi, 1979; Mills, 1979). Although
larval survival did not decrease significantly when fed 1 aphid/day in this study, increase in body

weight decreased significantly in both fast and slow strains. That is, they showed the same trend
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in life history traits. However, the effect of poor food supply differed in the fast- and
slow-developing strains. Although the rate of increase in body weight/day was similar in both the
fast and slow strains, the longer duration of development of slow-developing strains enabled
them to gain mocre body weight than fast-developing strains. Consequently, although larvae of
fast-developing strain were larger than those of the sIow-developing strain at the start of fourth
instar, their body weights converged during fourth instar. Small larvae are more vulnerable to IGP
than large larvae (Sengonca & Frings, 1985; Lucas et al., 1997, 1998; Phoofolo & Obrycki, 1998;
Hindayana et al., 2001). However, when food is limiting fast-developing larvae are unlikely to
survive to reach a large size and become a threat to slow-developing larvae. Larval survival was
significantly decreased in both fast- and slow-developing strains when fed 0.5 aphids/day.
Therefore, at this level of food availability, larvae do not appear to be able to avoid starving to
death. Large larvae are more likely to starve to death at a particular mean food availability,
because their maintenance costs are higher (Tenhumberg et al., 2000). In the present experiment,
although almost all individuals of both the fast and slow strains starved to death when fed 0.5
aphids/day, the larvae of the slow-developing strain survived for longer than those of the
fast-developing strain.

Generally, cannibalism is associated with an asymmetry in size or activity between cannibal
and victim (Dixon, 2000). In the field, the most frequently reported cannibalism is of eggs and
pupae (Section2). In section 3, although the same instar of larva was used to initiate the
experiments, the duration of developmient of the larvae differed. Consequently, the
slow-developing larvae often ate fast-developing in&ividuals, which were in the prepupal stage
when the aphid became extinct. That is, when food availability is low, slow development can be
advantageous because it gives them more time to search for aphid prey, and the slow-developing

individuals are more likely to eat the faster developing individuals than vice versa.
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In conclusion, although aphidophagous ladybirds are likely to be selected for fast
development this is only advantageous if aphids are abundant. That the speed of development of
individuals from the same cluster of eggs varies (Section 5) makes it more likely that some larvae

will survive even when aphids become scarce.
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SECTION 5

LIFE HISTORY TRAITS IN THE SLOW-FAST CONTINUUM



5-1 INTRODUCTION

Most predatory ladybirds are either aphidophagous or coccidophagous and their life history traits
differ. For instance, in general, aphidophagous species develop and consume their prey af a
relatively fast rate compared to coccidophagous species. Their prey also differs in its speed of
development and abuﬁdance; aphids develop faster and appear to be more abundant than coccids.
Therefore, Dixon (2000) suggests that the pace of life of aphidophagous rand coccidophagous
ladybirds reflect that of their prey, and the life history traits, such as speed of development, of
these two groups of ladybirds are likely to be associated with their pace of life.

In section 4, it was shown that fast-developing larvae of A. bipunctata consumed more
aphids per day and in total, and developed into larger adults than slow-developing individuals.
Interestingly, the differences in duration of development, body size and food consumption rate
are positively related to their speed of development even within a species. Accordingly,‘ if in
general the speed of development is associated with the life history traits of predatory ladybirds,
the life history traits of adults that develop faét or slow are also likely to diﬁer.\

In the field, the availability of aphids varies during the larval period (Kindlmann & Dixon,
1993; Yasuda & Shinya, 1997, Dixon, 1998; Osawa, 2000, Section 2). Therefore, larvae often
face low food availability, which has adverse affects on their adult body size. Several authors
have reported thaf life history traits, such as fecundity and longevity (Yasuda & Dixon, 2000),
egg and cluster size (Dixon & Guo, 1993) are associated with adult size. However, whether the
life history traits of adults are associated with their speed of development is still unknown.

The objectives of this section were to determine the longevity, fecundity, egg and cluster

sizes of fast- and slow-developing individuals of the two spot ladybird, A. bipunctara.
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5-2 MATERIALS AND METHODS

(1) Experiment 1: Reproduction and longevity

Fecundity and longevity of unmated adults of the fast and slow developing strains were compared.

Fast- and slow-developing fourth instar larvae were selected at random (Materials and Methods,

Section 4). These larvae were kept individually in 3cm-diameter Petri dishes and supplied an

excess of pea aphid daily until they pupated. Time of pupation and adult emergence and the sex
of the adults were noted. All adults were also kept singly in 3cm diameter Petri dishes, and fed an

| excess of pea aphids every 2 days, z;nd the number of eggs laid and adult survival were recorded.

This procedure was continued until all individuals died. Longevity was recorded for both the

males and females.

(2) Experiment 2: Effect of female size on their offspring

Egg and cluster ;ize

Five feméles, which differed in body weight (6.5 mg, 10.5 mg, 13.4 mg, 14.6 mg and 16.1 mg)

were selected from the ladybird culture, described in Section 4. Each female was kept with a'

male in a Petri dish (3 cm diameter), and fed daily an excess of pea aphids. Unfertilised eggs are

usually smaller than fertitized eggs (Personal observation). Therefore, to avoid using unfertilised

eggs, the first few clutches of eggs were kept to determine whether they were fertile. Once it was

established that the females were laying fertile eggs, clusters of eggs were collected and the eggs

were separated from one another using a damp paintbrush. The eggs were allowed to dry for a

few hours, and then each egg was weighed at least twice. The average of these measurements was

recorded. Number of eggs/cluster for each female was also recorded for a week after they started

to lay fertilised eggs.

Offspring size and their duration of development

Of the eggs obtained in Experiment 2, 68 from four females (6.5 mg: N=15, 10.5 mg: N=19, 14.6
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mg: N=19, 16.1 mg: N=15) were selected. The larvae that hatched from these eggs were kept
individually in plastic tubes (Section 4) and the larvae each fed an excess of pea aphids daily
until they pupated. Aphid remains and larval excreta were removed daily. Time taken to develop
from oviposition to adult emergence, sex and the fresh weight of each adult at emergence were
recorded.
5-3 RESULTS
(1) Reproduction and longevity
Average fecundity of the fast- and slow-developing individuals was compared (Table 5-1). The
total égg production of the fast developing individuals, which averaged 140.3%+19.4 eggs, was 2
times greaterrthan that of the slow developing individuals (63.2+15.5 eggs) (P < 0.01). There is
a significant negative relationship between the duration of development and fecundity (R = 0.407,
P < 0.001): the shorter the duration of development the greater the fecundity. Rate of egg
production was also different in the fast and slow developing individuals also differed (P < 0.01),
the fast developers tended to lay a greater number of eggs per day than the slow developers.

Although, the pre-oviposition period did not differ significantly in the fast and slow
developers (P > 0.05), the 19.8 days of the fast developers was 30 days shdrter than that of the
slow developers (Table 5-1). There was a significant positive relationship between duration of
development and pre-oviposition period (R = 0.436, P < 0.001): shorter the duration of
development the shorter the pre-oviposition period

There was no §ignjﬁcant difference in the average duration of survival of individuals of the
fast and slow developers, which was about 95 and 120 déys for males and females, respectively
(P> 0.05) (Table 5-1).

However, temporal changes in survival of adults differed (Fig. 5-1). The initial survival of

males of the slow developers was poorer than those of the fast developers. It was 67% on the
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Figure 5-1. Temporal changes in percentage survival of adults of the fast and slow developing individuals.

(Females and males were not mated. * significant differences between strains, P < 0.05. NS no differences
between strains, P> 0.05: ¥ test. )

104



40th day after emergence, 24% lower than that for the fast developers (P < 0.05). Subsequently,
survival in the fast developers decreased more rapidly than in the slow developers. Consequently,
all of the fast developers died by the 190™ day, whereas some of the slow developers survived\for
over 240 days. Similarly, the same trend was observed in females, of which a greater percentage
of therslow developers survived beyond the 160™ day than of the fast developers..

(2) Egg and cluster size

Effect of female sizé on their egg and cluster size

Figure 5-2a and 5-2b show that average egg weight and cluster size, respectively, of five females
'that differed in body weight. Both average egg and cluster size differed significantly in the
females (P < 0.05) and is positively associated with female body size (Egg size: R = 0.98, P <
0.0001, Cluster size: R = 0.997, P <0.0001). To determine the strength of this association the egg
and cluster sizes of the five females is expressed as a percentage of those of the smallest female
(Fig. 5-3). Average cluster size tended to increase more dramatically than egg size with increase
in female body size, £he percentage increase in egg weight and cluster size produced by the
largest female (16.1 mg) relative to the smallest female (6.5 mg) were 129.2% and 4571.1%,
respectively. That is, although both average egg and cluster sizes tended to increase with increase
in female size, the effect of female. size was much less on egg weight than on cluster size.

Effect of egg size on duration of development and adult size

Average duration of development and adult weight on emergence of the offspring of the five
females was compared (Fig. 5-4). Male offspring obtained from the two smaller females, which
were 6.5 and 10.5 mg in weight, took significantly longer to develop than those of the two largest
females, 14.6 and 16.1 mg (P < 0.05). Female offspring of the smallest females also generally
took significantly longer to develop than those of the largest females (P <'0.05), the average

duration of development of those of the smallest female (6.5 mg) was 1.1 times longer than that
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Figure 5-2. The relationship between female body weight and their average (a) egg weight and (b) cluster size. (Dots
followed by the same letter do not differ significantly, P > 0.05: Mann-Whitney U test.)
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produced by the smallest females (6.5mg). (Egg and cluster of the smallest female (6.5mg) = 100%.)
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of the largest female (16.1 mg) for both sexes. There was a significant negative relationships
between average egg size and average duration of development (Male offspring: R = 0.973, P <
0.05, Female offspring: R = 0.970, P < 0.05).

Offspring size of fhe different sized females differed significantly at maturity. Those
produced by the smallest female (6.5 mg) was less than 80% of the weight of those produced by
the largest female (16.1 mg) for both sexes (P < 0.05) (Fig. 5-4b). There was a significant
positive relationship between egg and subsequent adult size (Male offspring: R =0.994, P <0.05,
Female offspring: 0.947. P <0.05).

5-4 DISCUSSION

Many predatory ladybirds eat aphids the numbers of which change in time and space (Kindlmann
& Dixon, 1993; Yasuda & Shinya, 1997, Dixon, 1988; Osawa 2000, Section 2). These ladybirds
are often food limited during their development, which adversely affects their adult size. Many
life history traits of adults are associated with body size, and several authors have reported that
food availability during the larval period affects the life history traits of the adults (Dixon & Guo,
1993; Yasuda & Dixon, 2000). In these studies, the life history traits of large and small adults that
experienced high and low food availability during their development, respectively, were reported.
In this study the fast- and slow-developing adults differed in body size, but they did not
experience limited food availability in their immature stages (Section4). That is, size was
possibly more genetically than nutritionally determined.

In A. bipunctata, large females are more fecund than small females (Yasuda & Dixon, 2000).
In this study, the fast-developing large adults laid more eggs per day and in total than
slow-developing small adults. In C. sepiempuﬁctata, ovariole number is positively related to
female body size (Dixon & Guo, 1993). Therefore, the different fecundities of the fast- and

slow-developing adults was probably due to their body size.
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The survival of large and small adults of 4. bipunctata is similar when fed similarly (Yasuda,
personal communication). However, in this study, the fast-developed large females on average
survived for a shorter period than the slow-developed small individuals. Life history theory
predicts that reproductive activity should shorten adult life (Roff, 1992). Therefore, the earlier
death of fast-developed large adults could be a conseciuence of the relatively high reproductive
rate compared to the slow-developed small adults. However, although males from both the fast-
and slow-developing individuals were not mated, the fast-developed males also died earlier than
the slow-developed individuals. This may imply that speed of development also affected their
longevity.

Although females used in experiment 2 were not food limited during their development
(Materials and Methods, Section 4), their body size varied from 6.5-16.1 mg. As in general, adult
body size of this species is negatively related to their duration of development when food is
unlimited (Section 4), it likely that the large and small females used in this experiment were fast-
and slow-developers, respectively. The average egg size of these females was positively related
to their body size. However, in size-manipulated females of C. septempunctata, i.e. different
sized females produced by manipulating food availability, egg size is not related to size of mother
(Dixon & Guo, 1993). Therefore, it is suggested that egg size is determined genetically, and eggs
size determines the speed of development rather than female body size directly.

Offspring size at adult emergence is positively related to size at birth (i.e. egg size). As egg
size is positively related to size of mother, offspring adult size reflects their mother’s size. In fact,
there was a significant positive relationship between average offspring size and that of their
mothers, although average male offspring size was not related significantly to that of their
mothers (Male: P > 0.05, Female: P < 0.001) (Fig. 5-5). However, this may be due to the

relatively few observations. As large and small mothers are likely to be fast and slow developers,
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Figure 5-5. The relationship between body weight of four mothers and the average body weight of their offspring at adult

emergence.
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respectively, the speed of development of the offspring is also likely to be related to that of their
mothers.

Table 5-2 gives a summary of the life history traits of the fast- and slow-developing strains
used in section 4 and this section, and of the general life history traits of aphidophagous and
coccidophagous species (Dixon, 2000). The slow and fast individuals of 4. bipunctata show the
same differences in life history traits as coccidophagous and aphidophagous species of ladybirds
(c.f. Dixon, 2000). That is, the speed of development is likely to be a key factor determining the
other life history traits of predatory ladybirds.

Several authors have reported that eggs obtained from the same female ladybirds vary in
size (Dixon & Guo, 1993). Eggs obtained from single females in the present study also varied in
size (e.g. eggs laid by a 6.5 mg- and 13.4 mg-female, Fig.  5-6). If speed of development is
associated with egg size, which is suggested by the results presented here, then the life history
traits of the offspring are also likely to vary. Fast-developing larvae appear to be less well adapted
to low food availability than slow developing larvae (Section4). Therefore, the variation in speed
of development could be advantageous because an ovipositing ladybird is unlikely to be able to
predict future availability of prey for their offspring. In such circumstances a variable speed of

development of the offspring might be the best strategy for aphidophagous ladybirds.
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Figure 5-6. Frequency distribution of the eggs weights of two females, 6.5mg and 13.4 mg in weight, respectively.
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SECTION 6

GENERAL DISCUSSION



In general, the incidence of cannibalism and I. G. P. are likely to increase when aphids are scarce
relative to the abundance of ladybirds (e.g. Takahashi, 1987; Agarwala & Dixon.1991, 1992;
Yasuda & Shinya, 1997). As cannibalism and L. G. P. more commonly occur when prey become
scarce, they are possibly important for the survival when prey availability is low (Osawa, 1991,
Yasuda & Shinya).

This discussion will be presented in three sections. In the first, subsection 6-1, variation in
the incidence of cannibalism in ladybirds is discussed based on the results presented in Sections 2
and 3. This is followed by a discussion of the possible effects of the availability of intra-guild
prey on the survival of an intra-guild predator in subsection 6-2. Finally, how variation in prey
availability might affect survival is discussed in subsection 6-3; based on the results presented in
Sections 4 and 5.

6-1 Cannibalism

Egg cannibalism in C. 5. brucki is rare if aphid prey is abundant (Takahashi, 1987), H. axyridis
larvae prefer their own eggs to aphids (Kawai, 1978). In section 2, it is reported that egg
cannibalism occurred more frequently in H. axyridis and P japonicai than in C. 5. brucki.
Therefore, the incidence of egg cannibalism may depend the species.

In addition, the preferred oviposition site may also affect the percentage egg loss due to
cannibalism. Osawa (1989) shows that incidence of egg cannibalism is high if eggs are too close
to aphids, as conspecific la1:vae and adults, which are potential cannibals, tend to aggregate in
patches of aphid (e.g. Nakamuta, 1985; Carter & Dixon, 1982). Therefore, differences in their
oviposition sites may also reflect the incidence of egg cannibalism in the three species. Females
of C. s. brucki appear to lay their eggs further from aphid colonies than either of H. axyridis and
P. japornica (Sato, 1994). However, as their preferred oviposition site is still unknown, further

work on this is needed if we are to achieve a better understanding of egg cannibalism in these
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species.

Winder (1990) suggested that the tendency of larvae to disperse when prey is scarce may
reduce the probability of their encountering con- and hetero-specific larvae. In addition, the
leaving rate depends on species (Schellhorn & Andow, 1998). These studies suggest that the
incidence of larval cannibalism varies between species.

In Section 3, it is recorded that the mortality of larvae due to cannibalism was low for C. s.
brucki because they tended to emigrate soon after the aphid became extinct, when the incidence
of cannibalism is likely to increase. However, as the larvae of H. axyridis and P. japonica stayed
on the plants after the aphids became extinct, the larvae of these species suffered a higher
mortality due to cannibalism than the larvae of C. s. brucki. Cannibalism may result in the
survival of some larvae when prey is scarce (Osawa, 1991). In the present study, some larvae of P
Jjaponica ate conspecific individuals and completed their development after prey became extinct.
Although H. axyridis larvae also ate conspecifics, no larvae of this species became adult.

In marked contrast, the incidence of larval cannibalism in C. s. brucki was low even when prey
became scarce. As larvae of C. s. brucki dispersed when aphid prey was scarce, the availability of
potential conspecific victims decreased and the incidence of cannibalism was relatively low in this
species compared to the other two species.

621 G. P.

In general, I. G. P. is associated with an asymmetry in size; small species generally are
more vulnerable to I. G. P. than large species (Sengonca & Frings, 1985; Lucas et al,
1997, 1998; Phoofolo & Obrycki, 1998; Hindayana et al, 2001). However, in several
species of ladybirds, which have overlapping habitat preferences, chemical protection of
the smaller species from predation by the larger species has been reported (Agarwala &

Dixon, 1992; Agarwala et al, 1998; Hemptinne et al, 2000).
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Several studies indicate that H. axyridis and C. s. brucki commonly co-occur in early spring
(Takahashi, 1987; Yasuda & Shinya, 1997; Section 2). Although these two species are similar in
body size, their timing of occurrence differs. The latter occurring species is vulnerable, as it is
likely to be at an earlier stage of development than the other species (Section 2). However, the
latter occurring species, H. axyridis is toxic to C. s. brucki (Section 3). That is, although H.
axyridis appears to be vulnerable to predation by C. s. brucki, it is unlikely to be eaten by C. s.
brucki larvae because it is toxic, which is what was reported by Yasuda & Onuma (2000).

On the other hand, C. s. brucki is suitable intra-guild prey for H. axyridis. Yasuda and
Onuma (2000) reported that larvae of H. axyridis develop equally well when fed either aphids or
larvae of C. s. brucki. In the field, larvae of H. axyridis were observed eating eggs, larvae and
pupae of the other species, but no larvae of C. s. brucki or P. japonica were observed eating any
stages of H. axyridis (Section 2). Therefore, it is suggested that H. axyridis is an intra-guild
predator in this ladybird guild. In addition, although none of the larvae of H. axyridis completed
their development when reared on their own, some of ﬁlem developed to the adult stage when
larvae of the other species were present (Section 3). These results suggest that larvae of H.
axyridis are adapted to eat other species.

For some species of ladybirds, it is reported that the females react to the larval tracks of
other species and reduce their egg production (Riuzicka, 2001). Therefore, as larvae of H. ayridis
appear to require the larvae of other species in order to complete their development (Section 3),
females of H. axyridis may react to the larval tracks of other ladybird species and prefer to lay
their eggs in prey patches already being exploited by larvae of the other species, such as C. s.
brucki and P, japonica.

In conclusion, H. axyridis is possibly a “top predator”, and more likely to be able to survive when

aphids are scarce, as they can exploit both extra- and intra-guild preys. However, Section 2 and 3
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revealed that when C. s. brucki oviposit markedly earlier than H. axyridis the eggs and larvae of C. s.
brucki were less likely to suffer from predation by larvae of H. axyridis. In addition, the abundance of
P. japonica, which is the most frequently observed intra-guild prey of H. axyridis, varied from year to -
year. The timing of the oviposition of C. s. brucki and the abundance of P. japonica are likely to be
affected by temperature (Section 2 and 3), which varies from year to year (Section 2). Therefore, prey
availability is uncertain even for a “top predator” like H. axyridis. To cope with this uncertainty" of
prey availability variation in speed of development is likely to be advantageous, which was discussed
in a next subsection.

6-3 Fast and slow development

All the life history traits of predatory ladybirds, including both aphidophagous and
coccidophagous species, are associated positively with speed of development (Dixon, 2000). In
section 4 and 5, it is reported that the life history traits of fast- and slow-developing individuals
differed even in the same species.

As fast-developing larvae are potentially capable of consuming more aphids and developing
into larger adults than slow-developing larvae, they are well adapted to hlgh food availability
(Section 4). A short duration of development may reduce the incidence of cannibalism or L. G. P..
In addition, developing into large adults is advantageous because large adults are more fecund
than small adults (Section 5). Therefore, it could be assumed that fast development is
advantageous when prey availability is high. However, as reported in subsections 6-1 and 6-2,
availability of both intra- (Con- and hetero-specific) and extra-guild prey (Aphids) for ladybird
larvae is likely to be uncertain whether they are “top predators™ or not.

Fast-developing larvae are more adversely affected by low food availability (Section
4). For instance, fast-developing larvae starved to death sooner than those of

slow-developing individuals when food availability was low. Therefore, if prey
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availability is low during their development, the fast-developing larvae are less likely to
complete their development than the slow-developing individuals. In addition, although
prey availability is high during their development, large adult size of the fast-developing
individuals can be disadvantageous if food is scarce for the adults. Yasucia & Dixon
(2000) reported that a large male is less likely to copulate when food is scarce. Therefore,
it is suggested that fast-developed adults are also more likely affected by low prey
availability than the slow-developed adults.

On the other hand, as the slow-developing larvae potentially require fewer prey to complete
their development than fast-developing individuals, their survival is 1ess’ affected by low food
availability than that of the fast-developing larvae (Section 4). In addition, slow-developing
larvae tended to live longer than fast-developing individuals when prey was scarce. This longer
duration of survival may enable them to search for food resources for longer than the
fast-developing individuals. In addition, small males are more likely to copﬁlate when aphids is
scarce (Yasuda & Dixon, 2000). The slow developing larvae tended to develop into small adults
(Section 4). That is, it is suggested that slow development is advantageous when prey availability
is low.

As in the field aphid abundance is affected by’many factors (Dixon 2000; Section 2), the
availability of prey for the larvae is likely to be uncertain. If so, variation in the speed of
development of the offspring could be advantageous because it increases the‘ chances of ladybird
larvae surviving when food availability is low.

In conclusion, this thesis suggested that flexibility of ladybird due to variation in the speed
of development is important for their survival when prey availability is variable. Although the
speed of development of ladybird potentially varied between individuals (Section 4), the actual

effect of this life history trait on their survival has been largely ignored. Therefore, there is a need
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for this area of study to be further confirmed for a better understanding of the population

dynamics of ladybirds.

120



REFERENCES



Agarwala, B. K., Bhattacharya, S. & Bardhanroy, P. 1998. Who eats whose eggs? Intra- versus
inter-specific interactions in starving ladybird beetles predaceous on aphids. Ethology Ecology &
Evolution 10(4), 361-368.

Agarwala, B. K. & Dixon, A. F. G, 1991. Cannibalism and interspecific predation in ladybird. In:
Behavior and impact of Aphidophaga. (L., Polgar, R. J. Chambers & 1. Hodeck (eds.)). SPB
Academic Publishing, The Hague, The Netherlands, 95-102.

Agarwala, B. K. & Dixon, A. F. G. 1992. Laboratory study of cannibalism and interspecific
predation in ladybirds. Ecological Entomology 17, 303-309.

Agarwala, B. K. & Yasuda, H. 2001. Overlapping oviposition and chemical defense of eggs in
tow co-occurring species of ladybird predators of aphuds. Journal of Ethology 19(1), 47-53.

Arakaki, N. 1992. Seasonal occurance of the sugar cane wooly aphid, Ceratovacuna lanigera
(Homoptera: Aphididae), and its predators in sugar cane fields of Okinawa lIsland. Applied
Entomology and Zoology 27, 99-105.

Banks, C. J. 1955. An ecological study of Coccinellidae (Col.) associated with Aphis fabae SCOP.
on Vicia faba. Bulletin of Entomological Research. 46, 561-587.

Brown, M. W. & Miller, S. S. 1998. Coccinellidae (Coleoptera) in apple orchards of eastern West
Virginia and the impact of invasion by Harmonia axyridis. Entomological News 109(2), 143-151.

Colunga-Garcia, M. & Gage, S. H. 1998. Amival, establishment, and habitat use of the
multicolored Asian lady beetle (Coleoptera: Coccinellidac) in a Michigan landscape.
Environmental Entomology 27(6), 1574-1580.

Day, W. H., Prokrtym, D. R., Ellis, D R. & Chianese, R. J. 1994. The known distribution of the
predator Propylea-quattuordecimpunctata (Coleoptera, Coccinellidae) in the United-States, and
thoughts on the origin of this species and 5 other exotic lady beetles in eastern North-America.
Entomological news 105(4), 244-256.



Dong, Q. & Polis, G. A. 1992. The dynamics of cannibalistic populations: a foraging perspective.
In: Cannibalism; ecology and evolution among diverse taxa (M. A. Elgar & B. J. Crespi (eds.)).
Oxford Science Publications, New York, 13-37.

De Jong, P. W, Holloway, G. J., Brakefield, P. M. & De Vos H. 1991. Chemical defence in
ladybird beetle (Coccinellidac). II. The amount of reflex fluid, the alkaloid adaline and
individual variation in defence in 2-spot ladybirds (Adalia bipunctata). Chemoecology 2:15-19.

Dimetry, N. Z. 1976. The role of predator and prey density as factors affecting behavioural and
biological aspects of Adalia bipunctata (L.) larvae. Zeitschrift filr angewandte Entomologie 81,
386-392. '

Dixon, A. F. G. 1959. An experimental study of the searching behavior of the predatory
coccinellid beetle Adalia decempunctata (L.). Journal of Animal Ecology 28, 259-281.

Dixon, A. F. G. 1998. Aphid Ecology. London: Chapman & Hall.
Dixon, A. F. G. 2000. Insect predator-prey dynamics. Cambridge University Press.

Dixon, A. F. G. & Guo, Y. 1993. Egg and cluster size in ladybird beetles (Coleoptera:
Coccinellidae): The direct and indirect effects of aphid abundance. European Journal of
Entomology 90, 457-463.

Elliott, N. C. 1990. Dynamics of aphidophagous coccinellid assemblages in small grain fields m
eastern South Dakota. Annual Review of Entomology 40, 297-331.

Elliott, N., Kieckhefer, R. & Kauffman, W. 1996. Effects of an invading coccinellid on native
coccinellids in an agricultural landscape. Oecologia 105, 537-544.

Evans, E. W. 2000. Morphology of invasion: body size patterns associated with establishment of
Coccinella septempunctata (Coleoptera: Coccinelidae) in western North America. European
Journal of Entomology 4, 409-474.

Gordon, R.D. & Vandenberg, N. 1991. Field guide to recently introduced species of
Coccinellidae (Coleoptera) in North-America, with a revised key to North-American genera of
coccinellini. Proceedings of the entomological society of Washington 93(4), 845-864.



Hodek, I. & Honek, A. 1988. Sampling, rearing and handling of aphid predators. In: Aphids, their
biology, Natural enemies and control (A. K. Minks & P. Harrewijn (eds.)). Vol. 2B, Elsevier,
Amsterda, 311-321.

Hemptinne, J. L., Dixon, A. F. G. 1997. Are aphidophagous ladybirds (Coccinellidae) prudent
predators? Biological Agliculture & Horticulture 15(1-4), 151-159.

Hemptinne, J. L., Dixon, A. F. G., Gauthier, C. 2000. Nutritive cost of intraguild predation on
eggs of Coccinella septempunctata and Adalia bipunctata (Coleoptera: Coccinellidae). European
Journal of Entomology 97, 559-562.

Hindayana, D., Meyhofer, R., Scholz, D., Poehling, H. M. 2001. Intraguild predation among the
hoverfly Episyrphus balteatus de Geer (Diptera: Syrphidae) and other aphidophagous predators.
Biological Control 20(3), 236-246.

Holloway, G. J., De Jong, P. W., Brakefield, P. M. & De Vos H. 1991. Chemical defence in
ladybird beetles (Coccinellidae). I. Distribution of coccinelline and individual variation in
defense in 7-spot ladybirds (Coccinella septempunctata). Chemoecology 21, 7-14.

Joseph, S. B., Snyder, W. E., Moore, A. J. 1999. Cannibalizing Harmonia axyridis (Coleoptera :
Coccinellidae) larvae use endogenous cues to avoid eating relatives. Journal of Evolutionary
Biology 12(4), 732-797.

Kaddou, I. K. 1960. The feeding behavior of Hippodamia quinquesignata (Kirby) larvae.
University of California Publications in Entomology 16, 181-230.

Kawai, A. 1978. Sibling cannibalism in the first instar larvae of Harmonia axyridis PALLAS
(Coleoptera: Coccinellidae) to prey colony. Researches on Population Ecology 18, 123-134.

Kawauchi, S. Effects of prey density on the rate of prey consumption, development and survival
of Propylea japonica Thunberg (Coleoptera: Coccinellidae). Kontyu 47, 204-212.

Kawauchi, S. 1985. Comparative studies on the fecundity of three aphidophagous coccinellids
(Coleoptera; Coccinellidae). Japanese Journal of Applied Entomology and Zoology 29, 203-209.



Kawauchi, S. 1990. Comparative studies of ecology of three aphidophagous coccinellids
(Coleoptera; Coccinellidae). PhD thesis, University of Kurume. Japan.

Kindlmaon, P. & Dixon, A. F. G. 1993. Optimal foraging in ladybird beetles (Coleoptera:
Coccinellidae) and its consequences for their use in biological control. European Journal of
Entomology 90, 443-450.

LaMana, M. L. & Miller, J.- C. 1996. Field observations on Harmonia axyridis Pallas
(Coleoptera: Coccinellidae) in Oregon. Biological Control 6(2), 232-237.

Lucas, E., Coderre, D. & Brodeur, J. 1998. Intraguild predation among aphid predators:
characterization and influence of extraguild prey density. Ecology 79, 1084-1092.

McCorquodale, D. B. 1998. Adventive lady beetles (Coleoptera: Coccinellidae) in eastern Nova
Scotia, Canada. Entomological News 109(1), 15-20. '

Majerus, M. E. N. & Hurst, G. D. D. 1997. Ladybirds as a model system for the study of
male-killing symbionts. Enfomophaga 42, 13-20.

Mills, N. J. 1982. Voracity, cannibalism and coccinellid predation. Annals of Applied Biology 101,
144-148.

Mills, N. J. 1979. Adalia bipunctata (L.) as a generalist predator of aphids. PhD thesis, University
of East Anglia. UK.

Moritsu, M. 1954. Observation on the seasonal abundance of Aphis gossypii GLOVER on
egg-plants in Japan. Mushi 27, 59-68.

Nozato, K. & Abe, T. 1988. Effects of predation of Coccinella septempunctata brucki
(Coleoptera: Coccinellidae) and temperature on seasonal changes of the survival rate of Aphis
Gossypii Glover (Homoptera: Aphididae) population in the warmer region of Japan. Japanese
Journal of Applied Entomology and Zoology 32, 198-204. (In Japanese with English summary)

Osawa, N. 1989. Sibling and non-sibling cannibalism by larvae of a lady beetle Harmonia
axyridis Pallas (Coleoptera: Coccinellidae) in the field. Researches in Population Ecology 31,
153-160.



Osawa, N. 1991. Ecological study of population dynamics of Harmonia axyridis in the field. PhD
thesis, Kyoto University. Japan.

Osawa, N. 1992a. Effect of pupation site on pupal cannibalism and parasitism in the ladybird
beetle Harmonia axyridis Pallas (Coleoptera, Coccinellidae). Japanese journal of Entomology 60,
131-135.

Osawa, N. 1992b. Sibling cannibalism in the ladybird beetle Harmonia axyridis: Fitness
consequences for mother and offspring, Researches in Population Ecology 34, 45-55.

Osawa, N. 1993. Population field studies of the aphidophagous ladybird beetle Harmonia
axyridis (Coleoptera: Coccinellidae): life tables and key factor analysis. Researches in
Population Ecology 35, 335-348.

Osawa, N. 2000. Population field studies of the aphidophagous ladybird beetle Harmonia
axyridis (Coleoptera: Coccinellidae): resource tracking and population characteristics.
Researches on Population Ecology 42 (2), 115-127. '

Pasteels, J. ~M., Deroe, C., Tursch, B. Brackman J. C., Daloze, D. & Hootele, C. 1973.
Distribution et activites des alcalod’des defensifs des Coccinellidae. Journal of insect physiology
19, 1771-1784.

Polis, G. A., Myers, C. A. & Holt, R. 1989. The evolution and dynamics of intraguild predation
between potential competitors. Annual Review of Ecology and Systematics 20, 297-330.

Phoofolo, M. W, and J. J. Obrycki. 1988. Potential for intra-guild predation and competition
among predatory Coccinellidae and Chrysopidae. Entomologia Experimentalis et Applicata 89,
47-55.

Rodriguez-Saona, C. & Miller, J. C. 1995. Life history traits in Hippodamia convergens
(Coleoptera: Coccinellidae) after selection for fast development. Biological Control. 5, 389-396.

Roff, D. A. 1992. The evolution of life histories. New York: Chapman & Hall.



Razicka, Z. 2001. Oviposition responses of aphidophagous coccinellids to tracks of ladybird
(Coleoptera: Coccinellidae) and lacewing (Neuroptera: Chrysopidae) larvae. European Journal of
Entomology 98, 183-188.

Sakuratani, Y. 1977. Population fluctuations and spatial distributions of natural enemies of aphids
in corn fields. Japanese Journal or Ecology 27, 291-300. (In Japanese with English summary)

Sakuratani, Y. 1997. Spatial distribution pattern of the low density populations of aphids in the
corn fields. Japanese Journal of Applied Entomology and Zoology 21, 66-73.

Sato, S. 1994. Cannibalism and oviposition preferences of three predatory ladybirds in the field.
Bsc thesis, Yamagata University, Japan.

Schellhorn, N. A., & D. A. Andow. 1999. Mortality of Coccinellid (Coleoptera: Coccinellidae)

Larvae and pupae when prey become scarce. Environmental Entomology 28(6), 1092-1100.

Sengonca C., & B. Frings. 1985. Interference and competitive behaviour of the aphid predators,
Chrysoperla carnea and Coccinella septempunctata in the laboratory. Entomophaga 30, 245-251.

Stevens, L. 1992. Cannibalism in beetles. In Cannibalism, Ecology and Evolution among Diverse
Taxa, ed. M. A. Elgar & B. J. Crespi, pp. 156-175. Oxford: Oxford University press.

Takahashi, K. & Naito, A. 1984. Seasonal Occurrence of aphids and their predators (Col.
Coccinellidae) in alfalfa fields. Japanese Journal of Applied Entomology and Zoology 29, 62-66.

Takahashi, K. 1987. Cannibalism by the larvae of Coccinella septempunctata bruckii Mulsant
(Coleoptera: Coccinellidae). Japanese Journal of Applied Entomology and Zoology 31, 201-205.

Takahashi, K. 1995. Ladybeetles in alfalfa fields. Insectarium 3, 4-9.
Tedders W. L. & Schaefer P. W. 1994. Release and establishment of Harmonia axyridis

(Coleoptera: Coccinellidae) in the Southeastern United States. Enfomological News 105,
228-243.

Tenhumberg, B., Tyre, A. J. & Roitberg, B. 2000. Stochastic variation in food availability
influences weight and age at maturity. Journal of Theoretical Biology 202, 257-272.



Ueno, H. 1994, Genetic estimations for body size characters, development period and
development rate in a coccinellid beetle, Harmonia axyridis. Researches on Population Ecology
36(1), 121-124.

Winder, L. 1990. Predation of the cereal aphid Sitobion avenae by polyphagous predators on the
ground. Ecological Entomology 15, 105-110.

Winder , L., Hirst, D. J., Carter, N., Wratten, S. D. & Sopp, P. 1. 1994. Estimating predation of the
gain aphid Sitobion avenae by polyphagous predators. Journal of Applied Ecology 31, 1-12.

Yasuda, H. & Dixon, A. F. G. 2000. Sexual size dimorphism in ladybirds. Oikos.

Yasuda, H. & Shinya, Y. 1997. Cannibalism and interspecific predation in two predatory
ladybirds in relation to prey abundance in the field. Entomophaga 42 (1/2), 153-163.

Yasuda, H., Kikuchi, T., Kindlmann, P. & Sato, S. 2001. Relationships between attack and escape
rates, cannibalism, and intraguild predation in larvae of two predatory ladybirds. Journal of insect
behavior 14(3), 373-384.

Yasuda, H. & Ohnuma, N. 1999. Effect of cannibalism and predatyion on the larval performance
of two ladybirds. Entomologia Experimentalis et Applicata 93, 63-67.



