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Key life stages of two predatory ladybird species (Coleoptera: Coccinellidae)
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Abstract. Development and survival of larvae of two predatory ladybird species, Harmonia axyridis (Pallas) and Coccinella septem-
punctata L. on hibiscus (Hibiscus syridis L.) trees was followed daily outdoors during four seasons. Data were analysed and stage-
specific mortality in a stage-structured model was estimated using Manly’s (1997) method. Subsequently, key factor analysis was
used to determine the life stages in which the daily mortality was best correlated with the total mortality during larval life. Consis-
tently with the results from the first two years, the larvae suffered the greatest mortality during the first and fourth instars. The
k-values for these two instars were also best correlated with those for the whole larval life, especially in H. axyridis.

INTRODUCTION

In nature almost all prey have many types of predators.
Predators not only compete with each other, but very fre-
quently kill and eat other predators that use similar
resources and are thus potential competitors (Shorrocks et
al., 1984). They either cannibalise conspecifics (Fox,
1975; Kawai, 1978; Mills, 1982; Takahashi, 1987, 1989;
Agarwala & Dixon, 1991, 1992, 1993; Dong & Polis,
1992), or eat individuals of other species, which is called
intraguild predation (IGP - see, e.g., Takahashi, 1989;
Evans, 1991; Ferran & Dixon, 1994). The studies on IGP
are likely to lead to a reconsideration of many classical
topics (Polis et al., 1989; Polis & Holt, 1992). While there
is a reasonable number of theoretical predictions of what
the consequences of IGP in model systems should be
(Holt & Polis, 1997; Sih et al., 1998), studies of real IGP
interactions, e.g., Dinter (1998) are rare.

Systems consisting of aphids and complexes of preda-
tors have attracted attention not only because some aphids
are serious pests, but also because native aphid predators
have been replaced by introduced ones (Elliott & Kieck-
hefer, 1990; Elliott et al., 1996; Brown & Miller, 1998).
Empirical studies on IGP in these systems are laboratory
based (Lucas et al., 1998) or done in enclosures in the
field (Rosenheim et al., 1993; Ferguson & Stiling, 1996).
The only field studies on the population dynamics in
these systems are those of Osawa (1989, 1991, 1992a,
1992b, 1993) and Hironori & Katsuhiro (1997).

The first step in analysing census data is to determine
the numbers of individuals entering each life stage
(instar) and the mortality rate in each stage. Although this
might seem to be an easy task, there is a problem with
field data (density estimates) as each individual may be
counted several times. Solutions to this problem have
been proposed by many researchers (e.g., Kiritani &
Nakasuji, 1967; Bellows & Birley, 1981; Bellows et al.,
1982; Sawyer & Haynes, 1984; Manly, 1985, 1993;
Schneider & Ferris, 1986; Manly, 1997).

The next step is to identify the factors responsible for
population change, for which key factor analysis is used
by some (Sibly & Smith, 1998; Yamamura, 1999). Only
after key factors have been identified and tested statisti-
cally, can one determine mechanisms responsible for
inter- and intraspecific interactions in these systems.

Here we use Manly’s (1997) method to estimate mor-
tality rates of individual instars in a field system con-
sisting of the aphid, Aphis gossypii Glover, feeding on
trees of Hibiscus syridis L. and larvae of two predatory
ladybird species, Harmonia axyridis (Pallas) and Cocci-
nella septempunctata L. We show that this method satis-
factorily fits the empirical data. We then use the estimated
mortality rates to identify key factors of the system
dynamics.

MATERIAL AND METHODS

Study site and sampling method

The study site was located on the Yamagata University farm
(Tsuruoka, Yamagata pref., 38°43" N, 139°49°E). It consisted of
about 100 trees of H. syridis, which is the primary host of the
aphid A. gossypii. The aphids were preyed upon by larvae of
two predatory ladybird species, H. axyridis and C. septempunc-
tata. In each of the years 1993-1996 trees approximately 2m in
height were selected for study (5 in 1993, 3 in 1994, 10 in 1995
and 12 in 1996). The locations of coccinellid egg batches laid on
the leaves of these trees were marked by painting or fixing a
small plastic tag with wire to the stalks of the leaves. The num-
bers of eggs, larvae, pupae, and newly emerged coccinellid
adults were counted every day from the middle of May to the
middle of July in 1993 to 1996. The instar of larvae was deter-
mined by their size and degree of development by the yellow
spots on their abdomens (the reference individuals for determi-
nation of the yellow spot development in individual instars were
reared in the laboratory).

It is difficult to identify these two coccinellid species in the
egg stage because their eggs are similar in size, colour, number
in an egg batch, mass and morphology. In 1993 to 1996, the
eggs were identified by the larvae that hatched from them. In
1994, a few eggs were removed from each egg mass and placed
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in Petri dishes at 25°C and a 14L : 10D photoperiod in the labo-
ratory, and identified to species when the larvae hatched.

Data analysis

The most recent study by Manly (1997) is the most adequate
for our system, as it is the only one that allows the mortality
rates to be constant within, but different between individual
instars and simultaneously does not require a priori estimates of
instar durations. This method is too complicated to be explained
here in any detail — we therefore refer to the original source for
description. We approximated the number entering stage 1 by a
4th order polynom and using the program provided by the
author (Manly, 1997) we estimated the survival rates for the 4
different instars. Instar durations were assumed to be the same
for all animals, and not known in advance. Yearly totals for
cach of the four years of data were used as inputs.

When the stage specific survival rates, s, were fitted, the
k-values, &, were calculated as k£ = - In(s) and their correlation
with the k-values for the total larval life and for the particular
year determined. Subsequently, the b-values (slopes of the
regression of k; on K, where k; is the k-value of the i-th develop-
mental stage and K is the k-value for the whole larval stage,
were calculated (Podoler & Rogers, 1975; Yamamura, 1999).

RESULTS

The stage durations of individual instars (L1-L4) in
days were not measured directly — the Manly’s method

enabled us to estimate them, simultaneously with the cor-
responding mortality rates, from our empirical data. Total
num,bers of individuals on all trees for each of the four
years of data were fitted by the Manly’s (1997) method.
An example of goodness of fit of Manly’s model to the
empirical data for H. axyridis is depicted in Fig. 1 in
order to show, how closely the data are fitted, when this
method is applied. The estimated instar durations in days
of each instar and of both species under study are shown
in Tab. 1. The estimated instar specific survival rates and
daily survival rates for the two ladybird species studied
are depicdted in Fig. 2, in order to visually compare their
between-instar differences in different years. Both daily
and instar specific survival rates are consistently smallest
for the first and fourth instars in both species, although
there exists a variability between years.

Table 2 show the k-values for individual larval instars
and for the whole larval life and for the total period of
observation (1993-96). Not surprisingly, the k-values are
largest for the first and fourth instars in both species, as
they were calculated from the mortality rates.

Finally, Table 2 shows corrclation coefficients, T,
between the k-value for the particular instar and that for
the whole larval life, and slopes of the regression of k; on
K (ki is the k-value of the i-th developmental stage and K
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Fig. 1. An example of goodness of fit of Manly’s model to the empirical data from 5 trees for H. axyridis from 1993.
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TastLE 1. Estimated stage durations of individual instars (L1-14) in

days.

Species H. axyridis C. septempunctata
Year 1993 1994 1995 1996 1993 1994
L1 197 82 192 289 3 4

L2 1.67 139 271 167 1.57 2.1
L3 252 169 272 279 1.64 2.7
L4 11.19 522 889 934 482 52

is the k-value for the whole larval stage). The k-values for
the first and fourth instars are best corraleted with the
k-values for the total larval life, although only one of
them is statistically significant. The slopes of the regres-
sion lines are also largest for the first and fourth instars.
The all demonstrates that the first and fourth instars are
the best determinants of the total mortality during the
larval life (the key instars).

DISCUSSION

Manly’s (1997) method gave a very close fit to our
empirical data. One fit is given for H. axyridis in 1993 in
Fig. 1. Manly’s (1997) method for unknown stage dura-
tions failed for C. septempunctata in 1995 and in 1996 -
therefore the statistical values are not given in Table 1.
For these data, Manly’s (1997) method with known stage
durations was used and the stage durations were esti-
mated as averages of those for 1993 and 1994.

Fig. 2 shows that in both species, the fourth instar was
the stage with lowest survival, followed by the first instar,
both in terms of the daily and the stage specific mortality.
For comparison of levels of mortality among individual
life stages of each species, daily survival rates are more

suitable than the stage specific ones, as the latter are
strongly influenced by stage duration. The ability to esti-
mate daily survival rates is one of the strengths of
Manly’s (1997) method. Other methods simply assume
daily mortality to be the same for all life stages. The sur-
vival rates of 4th instars is substantially lower for C. sep-
tempunctata than for H. axyridis. This is probably
because the larvae of C. septempunctata are more likely
to be eaten by H. axyridis than the reverse (Yasuda et al.,
2001).

Table 2 reveals that the correlation coefficients between
the k-values for individual instars and those for the total
larval life are always positive, largest for the 4th instar
and in case of H. axyridis also for the 1st instar. Because
only 4 years of data were available, only one of the corre-
lation coefficients was significant at the 5% probability
level, but most of them explained at least 2/3 of the total
variability. This shows that the key life stage when most
of the mortality in the system occurred, was always the
4th instar, especially in 7. axyridis. The some conclusion
can be drawn from the b-values (slopes of the regression
of ki on K, where k; is the k-value of the i-th develop-
mental stage and K is the k-value for the whole larval
stage in Table 2). These values (key-stage analysis —
Yamamura, 1999) reveal the key life stage even more
clearly then the r values. The food source for both lady-
bird species, the aphids, were scarce when this instar
appeared.

Thus at this time there was probably a high degree of
cannibalism and IGP occurred (Hironori & Katsuhiro,
997), which was reflected in the high mortality rates. As
the mortality rates for C. septempunctata were much
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Fig. 2. Instar specific survival rates and daily survival rates for two ladybird species in different years. L1, L2, L3 and L4 refer to

corresponding instars.
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TaBLE 2. K-values for individual larval instars and for the whole larval life, for the total period of observation (1993-96), togsther
with the correlation coefficients, r, between the k-value for the particular instar and that for the whole larval life, and the b-values
(slopes of the regression of k;on K, where k; is the k-value of the i-th developmental stage and K is the k-value for the whole larval
stage). Statistically significant correlation coefficient (p = 0.05) is in bold type.

Species Stage 1993 1994 1995 1996 r b
C. septempunctata L1 0.60 0.43 2.06 0.66 0.83 0.22
L2 0.02 0.01 0.29 0.01 0.83 0.04
L3 0.12 0.04 0.84 0.15 0.82 0.11
L4 4.61 1.24 4.42 1.08 0.93 0.63
Total 5.34 1.72 7.61 1.90
H. axyridis L1 0.76 0.00 1.08 1.43 0.80 0.27
L2 0.09 0.01 0.03 0.02 0.54 0.01
L3 0.27 0.07 0.03 0.03 0.19 0.01
L4 2.81 0.21 322 1.83 0.98 0.71
Total 3.94 0.29 4.36 3.31

higher than those of H. axyridis (Fig. 2), one can
conclude that C. septempunctata was preyed upon by H.
axyridis. That C. septempunctata is vulnerable to attack
by H. axyridis and is therefore an IGP prey is also sup-
ported by our enclosure experiments (Yasuda et al,
unpubl) and by previously published observations
(Hironori & Katsuhiro, 1997).

One could speculate (in agreement with the results on
Callosobruchus by Bellows & Hassell, 1984) that the
slightly higher mortality of the 1st instar of H. axyridis is
a consequence of the later arrival of this species in aphid
colonies (Hironori & Katsuhiro, 1997). As a result, eggs
of H. axyridis might have been more vulnerable to preda-
tion by the earlier emerging C. septempunctata larvae.

The results presented support those of Hironori & Kat-
suhiro (1997), which were based on data from 1993-94
and which were analysed by the suboptimal Kiritani and
Nakasuji (1967) method (the Manly’s 1997 method was
then available) and therefore the results are much less
reliable. Here a more advanced method of determination
of the number of individuals in individual instars
(Manly’s 1997 method) was used, which enabled a more
accurate estimate. Key factor analysis was used for the
first time on these data. This statistical tool was used by
Osawa (1993), but he did not distinguish between indi-
vidual larval instars. Thus his findings that larval mor-
tality is a key factor in H. axyridis populations conform
with our results, but here we determine the critical instar.

This system supports theoretical predictions concerning
ladybird foraging behaviour (Dixon & Kindlmann, 1995;
Dixon et al., 1997; Kindlmann & Dixon, 1999a, 1999b).
Eggs are consistently laid during the “egg window”
(period of increase of the aphid population) - see Figs 1, 2
in Hironori & Katsuhiro (1997). Comparison of the num-
bers of prey and predator (the same figures) clearly shows
that the decline of the aphid population cannot be caused
by the predator. It is caused by aphid emigration from the
winter host. The critical instars, when the larvae suffer the
heaviest mortality, are the 4th and partially also the Ist.
Selection is strongest in these instars, and genotypes that
lay eggs in young aphid colonies have a clear advantage.
We have shown that late comers (H. axyridis) suffer more
Ist instar mortality (Fig. 2), as their eggs are prone to be
eaten by C. septempunctata larvae, which were laid and
hatch earlier (Hironori & Katsuhiro, 1997). There is no

498

reason for not believing that the same is true intraspecifi-
cally. Early comers have an additional advantage during
the 4th instar, as they tend to mature earlier and therefore
may avoid the period of massive IGP and starvation when
the aphid prey become scarce.

In the context of the replacement of native species by
introduced ones (Elliott & Kieckhefer, 1990; Elliott et al.,
1996; Brown & Miller, 1998) that has occurred recently
in the USA, our preliminary results suggest that H. axy-
ridis, when sharing the same resource with C. septem-
punctata, should win in the critical phases towards the
end of larval development, when the prey becomes
scarce. This is because of ability of 4th instar H. axyridis
larvae to win when in direct contest with 4th instar C.
septempunctata larvae (Yasuda et al., 2001).
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