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Abstract

Insect predators may commit to reproduction to varying degrees depending on the nature of the prey they con-
sume. | compared egg production by females of the aphidophagous ladybird ®eetieella transversaligF.)
(Coccinellidae) maintained on differing diets. As expected, females laid most eggs on a diet of aphids (pea aphids,
Acyrthosiphon pisunfHarris]). Upon being switched from a diet of aphids, females laid no eggs after the first

3 days when maintained on a water solution of sucrose, and laid almost no eggs when maintained on a diet of
second-instar larvae of the motttelicoverpa armigergHibner). However, females laid eggs in small numbers

(on average, 2.7 eggs per day) when provided both sucrosdeimbverpalarvae. Females laid similar numbers

of eggs when aphid honeydew was substituted for sucrose in combinatiokl@litoverpalarvae; in both cases,

egg production was only 10-15% of that on a diet of aphids. The production of small numbers of eggs from
consumption of non-aphid foods may enhance the ability of aphidophagous ladybirds to optimize their timing of
reproduction at short-lived colonies of their preferred aphid prey.

Introduction ing as ‘alternative foods’; i.e., they merely sustain
the predator temporarily until consumption of ‘essen-
Many ladybirds (Coleoptera: Coccinellidae) are con- tial foods’ (nutritionally adequate species of aphids)
sidered primarily aphidophagous, with strong affini- resumes.
ties for aphid prey (Gordon, 1985; Hodek & Hélq Only limited experimental evidence has been gath-
1996). Even so, these same species consume manyered to date to test whether non-aphid foods that occur
other foods as well, including eggs and larvae of sev- in the natural diet of aphidophagous Coccinellidae
eral orders of insects (Hodek, 1973; Hagen, 1987; are adequate to support reproduction by the preda-
Hodek & Horek, 1996). In some instances, these tors. The nearctic ladybirdColeomegilla maculata
predators may have potential as biological control (DeGeer) reproduces on non-aphid prey with which
agents of non-aphid prey (e.g., Yakhontov, 1938; it is naturally associated, including beetle and lepi-
Andow & Risch, 1985; Hazzard et al., 1991; Evans dopteran eggs (Hazzard & Ferro, 1991; Munyaneza &
& England, 1996; Hilbeck et al., 1997; Mensah 1997), Obrycki, 1997; Phoofolo & Obrycki, 1997) and mites
but much remains to be learned of the significance of (Putham, 1957). However, this ladybird is unusually
such feeding habits for these predators. Hodek (1962, broad in its natural diet (e.g., see Hodek & Hn
1973) and Hodek & Hodk (1996) have stressed that, 1996; Cottrell & Yeargan, 1998). Therefore its repro-
when consumed alone, prey other than an often quite ductive habits may differ from those of more narrowly
restricted set of aphid species may be inadequate toaphidophagous ladybirds, such as those of the genus
support growth and development of immature lady- Coccinella In fields of alfalfa Medicago sativa..)
birds, or reproduction by adults. Instead, these prey in North America, adults of both the native species
may be similar to the plant nectar consumed by many Coccinella transversoguttat8rown and the intro-
ladybirds (Pemberton & Vandenberg, 1993) in serv- duced palaearctic specigdpccinella septempunctata
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L., feed on larvae of the alfalfa weeviH{pera pos- pea aphidicyrthosiphon pisurfHarris], but in which

tica [Gyllenhal]) and plant nectar as well as aphids. Helicoverpadarvae occur as well; Bishop & Holtcamp,
When placed on a diet of only weevil larvae or only 1982; Milne & Bishop, 1987). The beetles were placed
sugar solution (a substitute for plant nectar) rather initially (for up to 2 weeks) in a refrigerator before
than aphids, adult females of both species cease re-being transferred to a constant temperature chamber
productive activity. These predators will produce and at 20°C and L14:D10, where they were held first in
lay eggs in modest numbers in the absence of aphids,groups of mixed sex and supplied with pea aphids in
however, when provided both alternative foods to- excess (reared in a greenhouse on broad baécis,
gether (Richards & Evans, 1998; Evans et al. 1999; fabal.), and where eggs were laid frequently.

Giles et al. (1994) note th&. maculataalso fails to
reproduce on a diet of alfalfa weevils alone).

The Australasian ladybirdCoccinella transver-
salis (F.), is another primarily aphidophagous preda-
tor (Bishop & Holtkamp, 1982; Agarwala & Ghosh,

Thereafter, females were placed individually in
petri dishes (5 cm diameter) with a cotton-stoppered
vial of water. These females were provided experi-
mental diets, which in some instances included larvae
of Helicoverpa armigerand/or pea aphid honeydew.

1988; Pope, 1988). However, it also feeds on eggs Larvae ofH. armigerawere obtained from a labora-
and young larvae oHelicoverpa armigergHubner) tory colony maintained on artificial diet (Daly & Fisk,
and H. punctigeraWallengren (Lepidoptera: Noctu- 1995). Fresh aphid honeydew was provided each day
idae), major pests of Australian cotton (Room, 1979; by previously placing opened petri dishes for 24-48 h
Mensah, 1997), and likely on cotton nectar as well beneath bean plants infested with aphids. Before la-
(Adjei-Maafo & Wilson, 1983). Here | examine egg dybirds were transferred to these dishes, live aphids
production byC. transversaligemales maintained on  and shed exoskeletons that had fallen in were removed,
a diet of Helicoverpalarvae or sugar solution alone leaving droplets of honeydew (plus traces of aphid
or in combination, versus on a diet of aphids. Com- exoskeletons) on the bottom and sides of the petri dish.
parison of the results with those of previous feeding

studies of adult aphidophagous ladybirds permits more Experimental design. Individual female ladybirds
general assessment of the adequacy of non-aphidwere assigned randomly to receive one of five ex-
‘alternative’ foods for reproduction in this group of perimental diets (supplied daily): (a) twenty adult
predators. pea aphids, (b) twenty second-instar larvae Hf

| also examine egg production of ladybirds main- armigera (c) sugar solution only (sucrose dissolved
tained on a diet lacking aphids, wherein fresh aphid in the water supply at a concentration of 150 g per I),
honeydew (upon which the predators readily feed in (d) twenty second-instar larvae &f. armigeraplus
nature; e.g., see references in Evans & Richards, sugar solution, or (e) twenty second-instar larvae of
1997), rather than simple sugar solution, is provided H. armigeraplus aphid honeydew. Initial trials estab-
in combination withHelicoverpalarvae. The presence lished that when females were offered twenty adult
of aphid honeydew and/or associated odors servesaphids or second-inst&t. armigeralarvae, live prey
as a cue for oviposition by aphidophagous ladybirds (generally five to ten individuals) were still present one
(Evans & Dixon, 1986). Hence the combination of day later. Comparison of replicates with female lady-
honeydew and a non-aphid prey might be especially birds plusHelicoverpalarvae versus with larvae alone
effective in supporting egg production even in the revealed considerable cannibalism among larvae, but
absence of aphid consumption. The potential impor- indicated that on average the lady beetles consumed
tance of such honeydew consumption for lady bee- five larvae per day; females provided twenty adult
tle reproduction, however, has not been investigated aphids consumed on average thirteen per day. Six fe-
previously. males were maintained on each of the five diets for 10
days. Females were transferred each day to new petri
dishes stocked with new water vials and foods (prey,
sugar solution and honeydew).

Egg production by females was recorded twice a
Insects. Female ladybirds used as experimental sub- day. Occasionally, some of the newly laid eggs were
jects were collected as adults in early summer 1997 cannibalized by adults or consumed Bglicoverpa
near Canberra, Australia, from lucerne (alfalfa) fields larvae between checks. Such eggs could be identified
(in which they feed especially on aphids, including the

Materials and methods



and counted from their chewed remains or from the
yellow spot they left.

All females were weighed immediately prior to the
start of the experiment. These initial weights were
compared with those after rearing on experimental di-
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ANOVA for differences among treatmentsy 5 =
0.45, P=0.77). One week later, weights of those fe-
males that continued to be provided aphids (diet a) had
increased modestly, but weights of females provided
Helicoverpalarvae (with or without sugar solution

ets for 7 days; the percentage change in weight wasor aphid honeydew) had declined, as had weights

calculated as the difference in weight (weight at day 7
minus initial weight) divided by initial weight.

Statistical analyses. Percentage changes in weight
were analysed using analysis of variance (ANOVA,;
SAS Institute, 1996). Linear contrasts were employed
to test predictions that (i) females would best maintain
their weight (by feeding most readily and remaining
most active reproductively) when provided aphids ver-

of females provided sugar solution only (Figure 1;
ANOVA of percentage change in weight with linear
contrasts: females fed aphids versus all otherss =
2846, P<0.0001). Among females providedeli-
coverpalarvae, percentage loss in weight was very
similar between individuals also provided aphid hon-
eydew versus sugar solution (Figure 1: diet d versus
e; .25 = 0.03, P=0.86). Percentage loss in weight
did not differ significantly between these two groups

sus other diets (diet a versus b, c, d, and e), (ii) females of females combined and those females provideed

would better maintain body weight when provided
aphid honeydew versus sugar solution in addition to
Helicoverpalarvae (diet e versus d), (iii) females

would better maintain weight when provided both a

source of sugar and larvae versus larvae alone (di-

licoverpalarvae alone (Figure 1: diets d and e versus
b; F125 = 1.59, P=0.22), nor did it differ between
all three groups combined of females provideeli-
coverpalarvae and those provided sugar solution only
(Figure 1: diets b, d, and e versus ¢, = 0.31,

ets d and e versus b) and (iv) females would better P=0.58). Overall, body weights of females other than

maintain weight when provided larvae (with or with-

those fed aphids declined by an average of 17.6% over

out sugar solution or honeydew) versus sugar solution the first 7 days of the experiment (Figure 1).

only (diets b, d, and e versus c).
Daily egg production was analysed both for the

Oviposition. Associated with differences in body

first 3 days of the experiment (when effects of aphid weight that developed over time between females fed
consumption prior to the experiment could be ex- aphids and those fed other foods were differences in
pected to be strongest; Richards & Evans, 1998), and rates of egg production and oviposition. Females in all
for the final 7 days. Because females in each treatmentfive treatments laid eggs in moderate to large numbers
laid eggs readily during the first 3 days, the data for during the first 3 days of the experiment (Table 1).
these days could be analyzed using analysis of vari- As predicted, females provided aphids laid especially
ance. Linear contrasts were used to test the predictionslarge numbers of eggs (linear contrast between these
that egg production would be (i) highest on a diet of females and all others, 1bs = 4.32, P=0.048).
aphids versus on other diets (diet a versus b, ¢, d, andNo significant differences in egg production occurred,
e), (ii) higher when females were provided both the however, between females providddlicoverpaplus
alternative preyHKelicoverpalarvae) and a source of  sugar solution or aphid honeydew versus those pro-
sugar versus only one or the other (diets b and e versusvided onlyHelicoverpaor only sugar solution (diets

b and c), and (iii) higher when females were provided d and e versus b and ¢ ks = 0.01, P=0.93), or
larvae with aphid honeydew (and attendant odor cues) females providedelicoverpaplus aphid honeydew
versus larvae with sugar solution (diet e versus d). In versusHelicoverpaplus sugar solution (diet e versus
contrast to females during the first 3 days, a number d; F; 25 = 1.54, P=0.23).

of females in some treatments laid few or no eggs During the next 7 days of the experiment, females
during the following 7 days. Therefore non-parametric on contrasting diets differed significantly from each
Wilcoxon tests were used to test the above predictions. other in daily egg production (Table 1). Females pro-
vided aphids laid far more eggs per day than other
females (Wilcoxon test: Z3.96, P<0.0001); while
egg production of aphid fed females was similar to
that of the first 3 days, egg production dropped to
low levels among the remaining females. Among these
latter females, those providetelicoverpaplus solu-

Results

Weight. At the onset of the experiment, individ-
ual ladybirds weighed 26.% 0.8 mg (mearnt s.e.;
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Figure 1. The percentage gain or loss (mearl s.e.) in body weight over 7 days of femalesftransversaligmaintained on a diet of (A)
pea aphids, (BHelicoverpalarvae, (C) sugar solution, (Nelicoverpaand sugar solution, and (Eelicoverpaand pea aphid honeydew.

Table 1. Number of eggs laid per day [mean (s.e.)] in the first 3
days and the final 7 days that female ladybirds were maintained
on differing diets, as described in the Methods sectioe=(six
females per treatment)

Diet First3days Final 7 days
Aphids (a) 27.3(8.1) 20.0 (3.8)
Helicoverpaonly (b) 17.1(6.2) 0.4 (0.2)
Sugar solution only (c) 9.8 (4.8) 0.0(-)
Helicoverpa+ sugar (d) 18.2 (6.2) 2.7(1.3)
Helicoverpa+ honeydew (e) 7.6(4.4) 2.0(1.2)

tion or aphid honeydew laid significantly more eggs
than those provided onlifelicoverpaor only sugar
solution (diets d and e versus b and c; Wilcoxon
test: Zz=2.36, P= 0.018). Of females provideHe-
licoverpg those also provided aphid honeydew did
not differ significantly from those also provided sugar
solution (diet e versus d; Wilcoxon test:=0.08,
P=0.93).

Discussion

three eggs per day) on a diet of both the larvae and a
source of sugar (sucrose or aphid honeydew) than on
a simple diet of the larvae or sugar alone. But even
so, females on these non-aphid diets laid fewer eggs
than females maintained on a diet of aphids. When
providedHelicoverpalarvae plus sugar solution, for
example, females laid only 14% as many eggs (af-
ter the first 3 days) as the females provided aphids.
Overall, these results are similar to those reported for
Coccinellaspecies from western North America that
fed on weevil larvae and/or sugar solution (Richards
& Evans, 1998; Evans et al.,, 1999). More gener-
ally, the suitability of mixed diets for oviposition by
other groups of ladybirds has received little attention
(Hodek & Horek, 1996; but see Phoofolo & Obrycki,
1997).

The cessation of egg production and oviposition by
Coccinellaspp. when feeding on only non-aphid prey
contrasts with the active reproduction@bleomegilla
maculatawhen feeding on eggs of the Colorado potato
beetle,Leptinotarsa decemlineatgsay) (Hazzard &
Ferro, 1991; Munyaneza & Obrycki, 1997), and of
the European corn bore@strinia nubilalis (Hibner)
(Lepidoptera: Pyralidae) (Phoofolo & Obrycki, 1997).
Early feeding studies by Putnam (1957, 1964) and

Female ladybirds laid no eggs (beyond the first 3 days) Smith (1965), however, revealed that females of this
when provided only sugar solution, and almost no eggs !adybird are unusual in their propensity to produce

when providedHelicoverpalarvae alone. However,

eggs on diverse foods (including spider mites and ar-

they laid significantly more eggs (on average, two to tificial diets). Although not naturally consumed by



145

ladybirds, eggs of the lepidopterdfphestia(Ana- as fuel rather than as a food promoting egg produc-
gasta) kuehniellaZeller (a pest of stored products) tion). In the case of aphidophagous ladybirds, such
also provide a suitable diet for eliciting high rates enhancement may allow these predators to produce
of oviposition in the coccinellidélarmonia axyridis eggs even when aphids are absent or occur in very low
(Pallas) andSemiadalia undecimnotatéSchneider) numbers (a situation likely to prevail often as these
(Schanderl et al., 1988; see also Ettifouri & Fer- mobile predators continually seek out short-lived lo-
ran, 1993; Ferran et al., 1997). Thus, the practical cal outbreaks of aphids; Dixon, 1998). Produced upon
challenge of inducing active egg production in mass consumption of non-aphid prey and a source of sugar
rearing of ladybirds as biocontrol agents may be met such as nectar, such eggs would then be available for
in some cases with provision of non-aphid prey rather immediate oviposition as dispersing females discover
than aphids or artificial foods. Nevertheless, for many aphids early in colony growth. Such ability to respond
aphidophagous ladybirds such as those of the generammediately may be of considerable significance for
Coccinellaand Hippodamia it has proved quite dif-  these predators, as optimal conditions for ladybird re-
ficult to induce egg production when aphids are not production may vanish rapidly as the aphid colony
included in the diet (Racioppi et al., 1981; Hagen, matures (Hemptinne etal., 1992; Kindlmann & Dixon,
1987; Hodek & Hogk, 1988). 1993).

Recent studies have revealed that ladybird repro-
ductive activity is highly sensitive to chemical cues
produced both by the prey and by other ladybirds Acknowledgements
(Evans & Dixon, 1986; Hemptinne et al., 1992, 1993;
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oviposition of mature eggs (Evans & Dixon, 1986), mous reviewer for commenting on the manuscript.
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lating the maturation of eggs when female ladybirds
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