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Abstract. A method of estimating the weight of individuabgrallaspis cyanophylli
(Signoret) without the need for removal from the host plant is described. Using this method,
which enables accurate estimations of scale insect weight by measuring length and relating it
to a previously determined regression model, maximum feeding potential in male and female
Chilocorus nigritus(F.) adults was examined at various constant temperatures over the range
of 13 to 30°C and at a cycling temperature of 12 h/12 h at 14/8(Q(r.h. in the range of 62 to
68%). Mean daily potential food intake varied from 0.097 mg/day at@3o 1.432 mg/day

at 30°C. However, intake at the cycling temperature was significantly higher than that at
constant temperatures (1.98 mg/day). At 15, 20 antiGthere were no significant differences
between male and female potential food requirements whilst at temperatures in the mid range,
there was a considerable increase in female potential voracity when compared to that of the
males. Maximum potential larval food requirement for development &2&nd 62% r.h. in

C. nigrituswas also estimated using the above method. A mean of 16.24 #lggréllaspis
cyanophylli(Signoret) was required for larvae of both sexes to complete development. This
study suggests th&. nigrituswould be most efficient as a biological control agent if used in
glasshouses with a mean daily temperature abov22

Key words: Biological control, Coccinellidae, Coleoptera, Diaspididabgrallaspis cyano-
phylli, Chilocorus nigritus

Introduction

Chilocorus nigritus(F.) (Coleoptera: Coccinellidae) is native to the Indian
sub-continent and southeast Asia. It is an economically important natural
enemy of scale insects, having been successfully used as a biological control
agent of species of Diaspididae in numerous tropical and subtropical locations
(Samways, 1984). Adult and larval consumption of scale€ byigritus has

been the subject of five studies (Tirumala Rao et al., 1954; Ahmad, 1970;
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Samways and Wilson, 1988; Jalali and Singh, 1989; Hattingh and Samways,
1993) but in all of them, host species have varied and developmental stage
and/or numbers of consumed scale were reported rather than their mean scale
weight. Similarly, temperatures varied between studies or were not reported.
Since diaspidids vary in their weight depending on species, stage, plant host,
and temperature (Ponsonby, 1995), comparisons between studies are difficult.
A lack of such information also prevents accurate interspecific comparisons
of voracity and has been viewed by many as a serious impediment to popula-
tion modelling (e.g., Frazer, 1987). However, problems exist with measuring
the weight of sessile insects such as diaspidids because removal of indi-
viduals from the host plant results in rapid dehydration and weight loss (Foldi,
1990). It also requires removing the scale cover. Since predators spend time
and energy removing or penetrating scale covers, artificially removing them
results in unrealistic estimations of predation rate and is thus of little value
for modelling.

A similar problem exists when estimating total larval food requirement
for diaspidid-feeding coccinellids. This parameter has traditionally been
based on numbers of scales eaten rather than weight. Moreover, since first
instar larvae mostly consume only first instar prey of some species (e.g.,
Samways and Wilson, 1988), comparing total prey consumption between
studies is difficult unless the larvae were fed on first instar prey of the same
species throughout development to pupation. When the weight of prey has
been used, larval food intake in acarophagous, aphidophagous and coccido-
phagous coccinellids varied little for a given species when temperatures were
constant and in the favourable range (for summary see Hodek, 1973). Hodek
(1973) and other authors (e.g., Gawande, 1966) also concluded that fluctu-
ating temperatures stimulated an overall increase in larval food consumption
varying from 10.6% to 100%. In the current study we aimed to accurately
estimate the weight of diaspidids consumeddyigritus quantify the daily
maximum feeding potential of adult. nigritusover a range of temperatures,
and accurately estimate total larval food requirement. Of particular interest
was the relative consumption at lower and cycling temperatures since this
would reflect the ability ofC. nigritusto suppress scale insects in temperate
glasshouses and indicate its seasonal use.

Materials and methods

Adult C. nigritus were obtained from the International Institute of Biolog-
ical Control, Rawalpindi, Pakistan and unless otherwise stated, were reared
on the cyanophyllum scal@bgrallaspis cyanophyll{Signoret) cultured on
potato tubers$olanum tuberosumn.) at temperatures of 26 1°C, 12 h/12 h
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light/dark cycle and 55% r.hZ{ 10%). Initial cultures ofA. cyanophylliwere
obtained from ai®puntia maximdobe in the Princess of Wales Conservatory

at the Royal Botanic Gardens, Kew. Crawlers from the lobe were allowed
to infest potato tubersSplanum tuberosurh. cv. ‘Romano’) which, after a
period of screening in order to remove infestations of the paradioairsia

citrina Craw, were used to form the stock culture. Unless otherwise stated,
the scale insects were then subsequently cultured on potato tubers incubated
at 26+ 2 °C and 55% r.h.£ 10%) under constant light.

Experiment 1 — Estimating host weight

S. tuberosuntubers (cv ‘Romano’) (40 to 70 mm) were inoculated with

A. cyanophylliunder the culture conditions described above by placing them
on top of scale infested tubers when crawlers were abundant. The newly
infested tubers were removed the following day and ten first instar nymphs
were randomly selected by using a random number generator to provide
co-ordinates on a 5 mnx 5 mm grid square photocopied onto acetate
and placed over the tuber. The length of the nymph (anterior apex to the
pygidium) was measured using a stereo microscofEd} with a graticule
eyepiece. The ten nymphs were then carefully removed and weighed collect-
ively on a Sartorius 4503 Microbalance (accurate to within 0.001 mg) in
order to derive a mean individual weight. This process was repeated 10 times,
providing a sample size of 100 insects. The tubers with the remaining scale
insects were then placed under constant light in an incubator #t 26C.

After seven days, another ten groups of ten scales were selected at random,
measured and collectively weighed. This process was repeated at seven
day intervals until three weeks after the scales had begun ovipositing. The
SAS GLM procedure was then used to determine the relationship between
mean weight and length using best-fit polynomial regression analysis (Zar,
1984).

Experiment 2 — Larval food requirement

Larval consumption of scale was measured at only one constant temper-
ature because of resource and time constraints. Since the most favourable
temperatures for botA. cyanophylliandC. nigritusranged from 26 to 28C
(Ponsonby, 1995; Ponsonby and Copland, 1996, 1998), a temperature of
26°C was selected for this experiment.

Medium to large potato tubers (cvs ‘Desiree’ and ‘Cara’) were inocu-
lated with A. cyanophyllias in Experiment 1. Cultures were initiated on a
weekly basis over several weeks to provide uniformly aged scale at all stages
of development during the experimental period. This was timed to coincide
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with hatchingC. nigritus eggs, which had been produced by allowing adults
(reared as described above) to oviposit into clean surgical gauze (100 mm
x 100 mm 8 ply). The gauze was removed daily and incubated &C2td

62% r.h. using a saturated salt solution of ammonium nitrate. Emerging larvae
were then placed into small cages constructed from 15 mm internal diameter
plexiglass tube cut to 5 mm lengths. Forty mesh/cm polyester netting had
been glued to the top of the tube whilst a strip of foam rubber had been
glued around the base to provide a flexible fit to the contours of the tuber.
The cages were attached to the tubers using wire staples and rubber bands.
Before the test cage was attached to a group of scales, the surface of the
tuber was lightly cleaned with a fine, soft brush to remove any loose soil
or crawlers which had not settled. Scales were also examined withxa 10
stereo microscope to ensure that they were of uniform size and that none
were dead or damaged. At this stage, a sample of 10 scales on each of 10
potatoes were randomly selected using the method described in Experiment
1 and their size (as seen beneath the scale cover) measured with a graticule
eyepiece. The regression equation obtained in Experiment 1 was then used to
estimate mean scale weight. This procedure was carried out at the start of the
run and thereafter at every change in host instar throughout the experimental
run (or on a weekly basis, whichever came sooner).

Once the cages were attached to the tuber, a line was drawn around them
with a waterproof marker to indicate their position after removal. Several
cages were attached to each tuber (the exact number depending on the tuber
size). Tubers with cages attached were then placed into unventilated poly-
styrene boxes (270 mm 160 mm x 100 mm) to which a saturated salt
solution of ammonium nitrate had been added before incubation at 26
1°C. This ensured a constant r.h. of 62% during the experimental run. Cages
were removed on a daily basis and scales that had been killed or eaten were
counted. At the same time, beetle exuviae were removed and their presence
noted. First instar beetle larvae were provided with first instar scale insects,
which had settled on the potato surface and begun to secrete their scale cover.
The host stage was changed with each larval moult of the beetle so that first
instar larvae were fed first instar scale, second instar larvae fed on first or
second instar scale whilst third and fourth instar larvae were fed on second
instar scales, pre-ovipositing adult females and pre-emergent puparial males.
Once adult male scales began to emerge, all male scales were removed from
the test arenas since it became impossible to determine whether they had
eclosed naturally or been eaten.

Once beetles pupated, daily observations were suspended for a week, after
which, pupae were checked daily for eclosion. Emerging adults were sexed
by dissection. Beetle larvae which died prematurely were eliminated from the
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study and the replicate was repeated using a newly emerged first instar. This
process continued until the number of replicates reached 20.

Students two-sampletest was used to analyse the differences between
total prey killed (estimated weight) and development period of male and
female beetle larvae at all stages of larval growth whilst regression analysis
was used to examine the relationship between total prey killed and develop-
mental period of the larvae (egg hatch to pupation).

Experiment 3 — Temperature effects on adult voracit§ imigritus

Newly emerged adults, reared by the method described above, were placed
in incubators under continuous light conditions at temperatures of 13, 15,
20, 26, 30 and 14/30C (the latter cycling at 12 h/12 h). Beetles placed
at 13 and 15C were first acclimated at 20C for seven days. All cultures
were kept in transparent polystyrene boxes (270 sd60 mmx 100 mm)
in which two holes (70 mm in diameter) had been cut and covered with
30 mesh/cm for ventilation. Food intake in coccidophagous coccinellids is
known to be very low after eclosion, increasing gradually to a peak at the
end of the first week and then declining to a stable level after two weeks
(e.g., Yinon, 1969). In order to avoid instability in food intake during this
period we used adults that had been acclimated at treatment temperatures for
a minimum of two weeks (i.e., from two to six weeks after eclosion). These
were sexed using the method described by Samways and Tate (1984). To
provide scale for the adult beetles during the experiment, we used medium
to large S. tuberosuntubers (cvs ‘Desiree’ and ‘Cara’) infested with five
week oldA. cyanophyllithat were evenly spaced and of uniform size. At
that stage, most male scales had emerged and the female scales had not yet
begun to oviposit. To ensure homogeneity of the host insects, all male cases
and unhatched puparia were removed as were small, large and dead females.
A sample of 10 to 15 remaining scales were randomly selected using the
method described in Experiment 1 and their size (as seen beneath the scale
cover) measured using a #0stereo microscope with a graticule eyepiece.
The regression equation obtained in Experiment 1 was then used to estimate
mean scale weight. Adult beetles (3 of each sex) were then placed into small
cages constructed from 15 mm internal diameter plexiglass tube and attached
to the tuber as described in Experiment 2.

Tubers with cages attached were then placed into unventilated polystyrene
boxes (270 mmx 160 mmx 100 mm) to which a saturated salt solution
of ammonium nitrate (temperatures 13 to 6) or sodium nitrite (30°C)
had been added before incubation at the desired temperature. This ensured a
constant r.h. in the range of 62 to 68% during the experimental run.
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After 24 hours, the cages were carefully removed and the number of scale
insects that had been killed or eaten were recorded. The weight of scale killed
or eaten was then calculated using the regression equation determined in
Experiment 1.

The experiment was repeated every other day for 12 days at each temper-
ature level (i.e., a total of 6 replicates, all treatments running concurrently)
with no beetle being tested more than once. Data were analysed as a
completely randomized factorial design (each run being treated as a block)
using ANOVA (SAS GLM and LSMEANS procedure) after first checking
data for an approximation to a normal distribution. Because steps had been
taken to standardize the prey, the data were analysed using numbers eaten
but are presented as both number eaten and as an estimate of total potential
weight eaten.

Results

Experiment 1 — Estimating host weight

Regression analysis revealed that the relationship between scale body weight
against length was best described by a quadratic equatign £762.3,p <
0.0001;r? = 0.95) (Figure 1a). Whilst there was good correlation overall,
it was obvious from the plots that there was poor correlation at the highest
values. Analysis of the relationship between length or weight against time
(Figures 2a and 2b) found that both length and weight reached a peak
followed by a short period of decline which coincided with the onset of
oviposition. Thus, although quadratic regression gave the best fit to the entire
data set, the accuracy was diminished once the insects began to oviposit. By
using data only from pre-ovipositing females, a much more accurate fit was
achieved (k67 = 3478,p < 0.0001;r? = 0.99 (Figure 1b).

Male A. cyanophylliare morphologically similar to the females up to the
second moult and, as with the females, a quadratic equation gave the best fit
to the data (k27 = 147.8,p < 0.0001;r? = 0.94) (Figure 1c).

Experiment 2 — Larval food requirement

One insect died just prior to pupation and was excluded from the analyses.
With the exception of the first instars, the method of feeding varied consid-
erably between individual larvae. First instars chewed through the newly
formed scale cover and sucked out the body juices, leaving the cuticle behind.
Of some interest is the fact that some first instar beetle larvae were able to
feed on second instar scale nymphs. Second, third or fourth instars either
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Figure 1. Relationship between weight and length at°Z5in (a) femaleAbgrallaspis cyan-
ophylli. Y = 34.12 — 189.07 X + 283.97 % r2 = 0.95 (n = 90), (b) femalébgrallaspis
cyanophylliup to oviposition. Y = 47.42 — 224.29 X + 295.2%Xr2 = 0.99 (n = 70) and
(c) immature maleAbgrallaspis cyanophylliY = —10.85 + 55.30 X — 26.54 % r2 = 0.94
(n=30).
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Table 1. Mean total number ofbgrallaspis cyanophyllkilled by the various larval instars
of Chilocorus nigritusat 26+ 1 °C and 62% r.h. (n = 9 females, 10 males). Numbers in
parentheses represent the estimated weight ofanophyllikilled (mg)

C. nigritus  Number and stage &. cyanophyllikilled
Instar/Gender 1stinstar 2ndinstar Puparial Adult Total SD
males females

First instar
Male 108 (0.45) 14(0.11) — — 122 (0.56)a  18.9(0.11)
Female 96 (0.40) 8(0.06) — — 104 (0.46)a  27.3(0.15)

Second instar

Male 4(0.02) 90(0.85) 2(0.02) — 96 (0.89)a  30.6 (0.32)
Female 18 (0.07) 85(0.83) 5(0.06) — 107 (0.97)a  31.4(0.54)
Third instar

Male — 86 (1.50) 34(0.46) 14(0.89) 135(2.88)a  50.6(0.49)
Female — 92 (1.82) 17(0.24) 18(1.00) 127 (3.05)a 19.6(0.60)

Fourth instar

Male — 18 (0.35) 13(0.18) 130(10.93) 160 (11.40)a 64.5(3.11)
Female — 14 (0.27) 3(0.04) 153(12.01) 170 (12.32)a 57.3(2.39)
Total

Male 112 (0.47) 208 (2.81) 49 (0.66) 144 (11.82) 512 (15.78)a 122.4 (3.16)
Female 114 (0.47) 199 (2.98) 25 (0.34) 171 (13.01) 508 (16.75)a 39.3(2.37)

Pooled sexes 113 (0.47) 204 (2.86) 37 (0.50) 158 (12.42) 510 (16.24)  90.5 (2.78)

Means with the same letter in ay. nigritus instar group are not significant pt= 0.05
(Student’s two sampletest).

completely removed the scale cover, chewed a small to large hole in the
dorsum, chewed a parallel line to the scale margin and lifted the top off
(in the same manner as a tin-opener) or chewed a small hole close to the
scale margin. In the latter case, the body of the scale was sucked dry (with
the cuticle left partially showing through the hole in the scale cover); whilst
in all other cases, the body contents were sucked out, the larvae variously
leaving the cuticle behind or partially eating it. Only very rarely was the entire
insect eaten. The duration of development of the various instars did not differ
significantly between the sexes (Figure 3) and whilst there was a significant
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Figure 3. Standardized data (based on mean daily weight of insects killed) of potential food
consumption inChilocorus nigrituslarvae for each quarter (first, second and third instars)
or tenth (fourth instar) of each developmental stage (range bars = faeam.). Figures in
parentheses represent standard deviations.

trend for overall consumption to increase with duration of development, the
result was poorly correlategh € 0.01,r% = 0.28).

Male and femaleC. nigrituslarvae killed similar numbers of scale insects
per day and required similar amounts of prey to complete development
(Table 1).

With the exception of 2nd ecdysis, the general pattern of food consump-
tion was a gradual increase soon after each moult but with a decline as larvae
approached the next ecdysis (Figure 3).

Experiment 3 — Effect of temperature on voracity in adulnigritus

Too few beetles survived at & (5 females, 1 male) for these data to be
included in the analysis. Analysis of variance showed that the main effects
of temperature regime and gender were highly significanidd= 41.6,p <
0.0001 and Fi165 = 19.4,p < 0.0001 respectively) as was the interaction
between gender and temperaturg s = 5.7,p < 0.0001). Analysis of the
means showed that female beetles killed significantly fewer scale insects at
20°C than they did at 26 or 3UC although there was no significant difference

in voracity at the two latter temperatures (Table 2). Female beetles under the
cycling regime of 14/30C killed significantly more insects than did beetles

of either sex at any other temperature. Males killed most insects aC30
and at the cycling regime of 14/3@ but were generally less voracious than



Table 2. Effect of temperature on number and estimated weight of pre-ovipositing adult fé&bghallaspis cyanophylleaten in a
24 hour period by adult male and femalhilocorus nigritustwo to six weeks after eclosion (n = 18 males and 18 females at each
temperature level)

Temperature Sex Mean number eaten  Estimated weight eaten  Mean number eaten Estimated weight eaten
(+ spyt (mg) (pooled sexesH{ SD)2 (pooled sexes)

13* pooled — — 0.48 (0.73) 0.097

15 Female 1.94(2.89)a 0.394 1.61 (1.69) a 0.327
Male 1.28 (1.45) a 0.259

20 Female 3.94(1.83)b 0.801 3.97 (2.01) b 0.806
Male 4.00 (2.22) b 0.812

26 Female 8.83(4.11)c 1.793 7.00 (3.76) ¢ 1.421
Male 5.17 (2.28) bd 1.049

30 Female 7.17(3.31)c 1.455 7.06 (3.33) ¢ 1.432
Male 6.94 (3.44)cd 1.409

14/30 Female 12.33(4.92)e 2.504 9.78 (4.64) d 1.985
Male 7.22 (2.49)c 1.466

OverallMea? Female 6.84 (4.97) 1.389 5.88 (2.99) 1.194
Male 4.92 (3.253 0.999

*Too few males survived for statistical comparisons to be made.

IMeans with the same letter within the column are not significantly different (LSD at 5% level = 1.9616).
2Means with the same letter within the column are not significantly different (LSD at 5% level = 1.3899).
3Comparison between female and male was significapt=a0.05 (LSD = 0.8791).
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females (Table 2). No differences in the number of scales killed by males and
females occurred at 15, 20 and 30 but at 26°C and 14/30°C, females
killed more than males (Table 2).

Discussion

Experiment 1 — Estimating host weight

Decline in scale insect body weight and length after the onset of oviposition in
the current study (Figure 2) agrees with Koteja (1990) who also reported this
phenomenon in other diaspidid species. Since evidence of egg-laying can be
seen through the scale cover in this species, ovipositing females are easily
separated from those at the pre-oviposition stage, thus enabling accurate
estimations of body mass in the latter group. The curve estimating the rela-
tionship between weight and length in male scale insects was a different shape
to that of the females, presumably reflecting the fact that growth and feeding
rates decline towards zero as the developing insect moults and enters the
non-feeding pre-pupal stage.

Experiment 2 — Larval food requirement

Of some importance is the fact that because of rapid dehydration of the insects
once the scale cover is pierced (Foldi, 1990), and the even more rapid dehyd-
ration of insects which have been punctured and killed but not eaten, it was
impossible in both larval and adult trials to distinguish between insects which
had been killed and eaten, and those killed but not eaten. Thus, observations
of feeding behaviour and poor correlation between duration of development
and larval ‘consumption’ (which may have been due to an increase in killing
but not eating insects rather than an increased food consumption or require-
ment) suggest that the estimated weight of scale ‘eaten’ as presented in this
study more accurately describes the maximum feeding potential of the larvae
than the larval food requirement. However, although the accurate estimation
of scale insect consumption 6. nigritusand other coccidophagous insects
remains difficult, the low variability of the estimated scale insect data in this
experiment suggests that qualitative comparisons of maximum food intake
amongst morphologically similar prey species would be possible using this
method.

That C. nigritus larvae were able to feed on second instar scale insects
was discovered during a temporary shortage of first in8tacyanophylli
and disagrees with the work of Samways and Wilson (1988) who found that
only first instarAspidiotus neriBouché (a morphologically similar species to
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A. cyanophylli could be attacked by this beetle stage. This is further evidence
thatA. cyanophyllis a superior host when compared&onerii for the mass
rearing ofC. nigritus (see Ponsonby and Copland, 1998) because it allows
more flexibility in the foraging behaviour of the first instar larvae. Also of
considerable interest is that a mean of FLyanophylliof varying stages
were required for the development of a sin@lenigrituslarva from eclosion

to pupation. This compares with a mean total of 131 mature, pre-ovipositing
Chrysomphalus aonidiurh. consumed by larvae @ hilocorus bipustulatus

L. (Yinon, 1969).

The similarity found in the duration of larval instar development of male
and female larvae and in the biomass killed by each sex, supports the sugges-
tion below that the increase in female imaginal intake reflects the higher
energy demands for producing eggs than sperm, rather than any inherent
difference in voracity between the sexes.

The mean duration of the total larval development was 3.3 days shorter
in the current experiment when compared to earlier work by Ponsonby and
Copland (1996). This difference may be due in part to the fact that in the
current experiment, emerging larvae were placed in isolation and in contact
with a ready supply of suitable food, whilst in the former study, they were in
competition with conspecifics and forced to search for a suitable host stage
amongst an abundance of all host stages.

The temporal pattern of larval consumption agrees with that found by
Yinon (1969) in developing larvae df. bipustulatus First instar larvae
consumed 3%, second instars 6%, third instars 18% and fourth instars 73%
of the total larval intake. The first instar intake was generally low and the
fourth very high when compared to some other species —e.g., 11 and 44% in
C. bipustulatugYinon, 1969) and 4 and 50% i@ryptolaemus montrouzieri
Mulsant (Heidari, 1989) — but similar tGoccinella septempunctata bruckii
Mulsant (8 and 72%) anBxochomus flavipeBhunberg (4 and 73%) (Hodek,
1973). Reasons for such differences remain unclear but may be due to
differing functional responses or to the fact that all of these studies recorded
results as numbers of prey killed rather than prey weight.

Experiment 3 — Effect of temperature on voracity in adulnigritus

Higher female consumption has been reported in most studies on adult
coccinellids (e.g., Hagen, 1962; Gawande, 1966; Smith, 1966; Hodek, 1973;
Heidari, 1989). However, no other study has suggested a feeding rate inter-
action between gender and temperature with respect to this parameter,
perhaps because the insects examined were not generally exposed to constant
temperatures at or near the extremes for the species. The reason for such
an interaction in the current study is unclear but since male and female
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C. nigritus are morphologically similar, it is probably related to the energy
requirements for egg production as oviposition rates were found to be rela-
tively low in C. nigritus at 20°C when compared to those at 26, 30 and
14/30°C (Ponsonby and Copland, 1998). In the current study, beetles did not
oviposit at 15°C. However, this does not explain the similarity between male
and female voracity at 30C.

Number of prey killed (pooled sexes) was 38.5% higher under the cycling
regime than the next highest intake at°8 This indicates that the increased
voracity observed in coccinellid larvae during development at such temper-
atures (numerous studies, e.g., Gawande, 1966; Hodek, 1973) is also true of
the adults. Reasons for this phenomenon remain unclear.

Effective comparisons between the results of this study and findings in
similar studies orC. nigritus were difficult due to the differences in host
species and stages. However, work carried out by Samways and Wilson
(1988) using adult femal&. nerii was qualitatively comparable but showed
a much higher voracity than adults in the current study (mean consumption
of 11.4 insects at 26C over a 12 hour period compared to 7 over a 24 hour
period in this experiment), possibly because they starved the beetles for 24
hours before the experimental run. This pre-treatment was attempted in the
current study during trial runs and was indeed found to significantly inflate the
numbers eaten by an average of 351% across the temperature range examined.
Variability (SD) also increased by an average of 590% when starved beetles
were compared to those not starved. Since one of the main objectives of this
experiment was to derive a realistic estimate of daily food intake under field
conditions of medium to high host density, a starvation pre-treatment was not
adopted. However, it is recognised by the authors that starvation may be an
important factor in host location behaviour and in field releases where rapid
dispersal of adults is to be avoided.

General discussion

C. nigrituswas found to be a highly voracious species with a total require-
ment of over 500 scale insect prey to complete the larval development (more
than 100 first instar scales being required for the first larval stage alone).
Thus, like most coccinellids, a high host density is required to aw
nigritus larvae to mature and their successful use in biocontrol programmes
will depend heavily on the density of the target pest species in general, and
on the first instar (and early second instar) in particular.

In conclusion, reduced adult voracity at the lower temperatures would
suggest tha€. nigrituswould be most efficient as a biological control agent
if used in glasshouses with a mean daily temperature aboveC27 his
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agrees with the optimum conditions required for development (Ponsonby
and Copland, 1996) and fecundity (Ponsonby and Copland, 1998). Based on
temperature data supplied by the Royal Botanic Gardens, Kew, this would
tend to restrict its use in the UK in cool (temperate) glasshouses to the
period from early May to early October. However, under hothouse (tropical)
conditions, its use could be extended from early March to late October.

Acknowledgments

The work was carried out at Wye College and funded by the UK Ministry
of Agriculture Fisheries and Food. We thank Jon Varley and Sue Stickels for
technical help, Mike Marsh and Mark Sparrow of the Royal Botanic Gardens,
Kew for scale insect cultures and temperature data and A.l. Mohyuddin of the
International Institute of Biological Control, Rawalpindi for providing the
nucleus stock o€. nigritus

References

Ahmad, R., 1970. Studies in West Pakistan on the biology of one nitidulid species and two
coccinellid species (Coleoptera) that attack scale insect species (Homoptera: Coccoidea).
Bull. Ent. Res60: 5-16.

Foldi, 1., 1990. Moulting and scale cover formation. In: D. Rosen (¥#)rld Crop Pests
Volume 4A. Armoured Scale Insects: Their Biology, Natural Enemies and Control
Elsevier, Amsterdam. pp. 43-54.

Frazer, B.D., 1987. Predators. In: A.K. Minks and P. Harrewijn (ed&0tld Crop Pests
Volume 2C.Aphids: Their Biology, Natural Enemies and ContrBlsevier, Amsterdam.
pp. 217-230.

Gawande, R.B., 1966. Effect of constant and alternating temperatures on feeding and devel-
opment ofCheilomenes sexmaculafB. In: I. Hodek (ed.) Ecology of Aphidophagous
Insects Proceedings of a Symposium held in Liblice, Prague, 27 September to 1 October
1965 W. Junk, The Hague. pp. 63—68.

Hagen, K.S., 1962. Biology and ecology of predaceous Coccinellfida®i. Rev. Entomor.:
289-326.

Hattingh, V. and M.J. Samways, 1993. Evaluation of artificial diets and two species of natural
prey as laboratory food fa€hilocorusspp.Ent. Exp. App69: 13-20.

Heidari, M., 1989.Biological control of glasshouse mealybugs using coccinellid predators
Ph.D. Thesis, University of London. 372 pp.

Hodek, I., 1973Biology of the CoccinellidadV. Junk, The Hague.

Jalali, S.K. and S.P. Singh, 1989. Biotic potential of three coccinellid predators on various
diaspine hostsl. Biol. Contr.3: 20-23.

Koteja , J., 1990. Embryonic development, ovipary and vivipary. In: D. Rosen {&dr)d
Crop PestsVolume 4A. Armoured Scale Insects: Their Biology, Natural Enemies and
Control. Elsevier, Amsterdam. pp. 233-242.



310 D.J. PONSONBY AND M.J.W. COPLAND

Ponsonby, D.J. 1998iological control of glasshouse scale insects using the Coccinellid
predator, Chilocorus nigritus. PhD. Thesis, Wye College, University of London. 437 pp.
Ponsonby, D.J. and M.J.W. Copland, 1996. Effect of temperature on development and
immature survival in the scale insect predatGhilocorus nigritus(F.) (Coleoptera:

Coccinellidae)Biocontrol Sci. and Technob: 101-109.

Ponsonby, D.J. and M.J.W. Copland, 1998. Environmental influences on fecundity, egg viab-
ility and egg cannibalism in the scale insect preda@ijocorus nigritus(F.) (Coleoptera:
Coccinellidae)BioControl43: 39-52.

Samways, M.J., 1984. Biology and economic value of the scale insect prétatocorus
nigritus (F.) (Coccinellidae)Biocontrol News and Informatios: 91-105.

Samways, M.J. and B.A. Tate, 1984. Sexingtifilocorus nigritugF.) (Coccinellidae)Citrus
and Subtropical Fruit Journal607: 4-5.

Samways, M.J. and S.J. Wilson, 1988. Aspects of the feeding behaviGhilo€orus nigritus
(F.) (Coleoptera: Coccinellidae) relative to its effectiveness as a biocontrol dgép.
Entomol.106: 177-182.

Smith, B.C., 1966. Effect of food on some aphidophagous Coccinellidae. In: I. Hodek (ed.),
Ecology of Aphidophagous InsecPyoceedings of a Symposium held in Liblice, Prague,
27 September to 1 October 1964. Junk, The Hague. pp. 75-83.

Tirumala Rao, V., A. Leela David and K.R. Mohan Rao, 1954. Attempts at the utilisation
of Chilocorus nigritus(F.) (Coleoptera: Coccinellidae) in the Madras Statelian J.
Entomol.16: 205-209.

Yinon, U., 1969. Food consumption of the armored scale lady-b€&tllecorus bipustulatus
(Coccinellidae)Ent. Exp. App12: 139-146.

Zar, J.H., 1984Biostatistical Analysis2nd edn. Prentice-Hall, Englewood Cliffs, New Jersey.



