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Abstract

Pirimicarb is considered a selective and effective insecticide for the control of aphids and whiteflies. Coccinella undecimpunctata L. is a
euriphagous predator autochthonous to the Azores, which feeds preferentially on aphids. The voracity of 4th instars and adults (males
and females) of C. undecimpunctata using Aphis fabae Scopoli or Aleyrodes proletella L. as preys was evaluated in laboratory, as well as
the impact of pirimicarb on the feeding performance using A4. fabae as prey. In the absence of chemical treatment and when the prey was
A. proletella, satiation lower limits were estimated on a density of 200 individuals in a 24-h period, for 4th instars, adult females and
males of C. undecimpunctata. With A. fabae, satiation was attained when 200, 150 and 100 aphids were provided to 4th instars, adult
females and males, respectively. C. undecimpunctata exhibited a type II functional response for both prey species. Fourth instars dis-
played a lower handling time than the adults; handling times of the adults where higher when A. fabae was the prey and attack rates
were sex-dependent, that is, attack rate of females was higher on A4. fabae while of males was higher on A. proletella. Voracity of C.
undecimpunctata was not significantly affected by pirimicarb; therefore, the use of this insecticide can constitute a complementary com-

ponent for the integrated management of A. fabae.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The damages that aphid and whitefly populations may
cause in crop systems compel farmers to use insecticides
as a way to guarantee an economically profitable produc-
tion (Ilharco et al., 2004). Besides the development of
pest resistance (Denholm et al., 2001), the extensive use
of insecticides in crop systems surely has effects on
non-target organisms. Among these effects, the reduction
of the efficiency of biological control agents, such as
coccinellid predators, has been highlighted by several
authors (Hurej and Dutcher, 1994; Biddinger and Hull,
1995; Hamilton and Lashomb, 1997; Tillman and Mul-
rooney, 2000; Qi et al., 2001; Grafton-Cardwell and
Gu, 2003; Youn et al., 2003; Liu and Stansly, 2004; Gal-
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van et al., 2005). Insecticides may cause the death of the
biological control agents (lethal effects) or change several
other features of their biology, without killing the indi-
viduals (sub-lethal effects). Several insecticides have
effects on the longevity and fecundity (Hamilton and
Lashomb, 1997; Liu and Stansly, 2004; Galvan et al.,
2005), developmental rates and sex ratios (Galvan
et al., 2005), predation rates (Qi et al., 2001) and mobil-
ity (Provost et al., 2003) of Coccinellidae.

Piramicarb, a dimethylcarbamate insecticide consid-
ered highly selective and safe to coccinellid predators
(Amaro and Baggiolini, 1982; Jansen, 2000; James,
2003), is frequently used against aphids and whiteflies
(Direcgao Geral de Proteccdo das Culturas, 2004; Syn-
genta, 2004). Integration of biological and chemical con-
trols requires knowledge of the sub-lethal effects that
insecticides may have on natural enemies, such as the
effects on feeding performance. However, such effects
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are rarely evaluated despite the interest of understanding
the feeding behavior of insect predators (Doumbia et al.,
1998). Firstly, the comprehension of the interactions
between predator and prey (such as voracity rates) allows
us to evaluate the predator’s potential as a biological
control agent (ElHag and Zaitoon, 1996; Tsaganou
et al., 2004). Second, the maximization of fitness and
the increase of numerical reproductive response in lady
beetles depend greatly on their ability to access and
exploit prey patches (Kindlmann and Dixon, 1993).
Thus, all the factors that disrupt the feeding performance
of lady beetles will decrease their potential as biological
control agents.

Coccinella undecimpunctata L. (Coleoptera: Coccinelli-
dae) is a euriphagous predator that prefers to feed on
aphids (Hodek and Honek, 1996). This lady beetle is
autochthonous for the Azores, Portugal, and has potential
as a biological control agent against aphids and whiteflies
(Soares et al., 2003b).

Aphis fabae Scopoli (Homoptera: Aphididae) and Aley-
rodes proletella L. (Homoptera: Aleyrodidae) are consid-
ered two major pests in the agricultural systems of
Azores causing serious damages in horticulture, both in
fields and greenhouses. Since pests may be simultaneously
present in the crops, farmers frequently use the insecticide
pirimicarb. Despite the studies that report on the effects of
pirimicarb on coccinellid predators (Garcia, 1979; James,
2003), the impact of this insecticide on the voracity has
never been studied. In this study, we evaluated: (i) the
voracity of 4th instars and adults (males and females) of
C. undecimpunctata using A. fabae or A. proletella as preys;
(i1) the response of C. undecimpunctata to prey density (i.e.,
the shape of the response curve); and (iii) the effect of pir-
imicarb on the voracity of C. undecimpunctata using A.
fabae as prey.

2. Materials and methods
2.1. Insects

Coccinella undecimpunctata adults were collected in
Sta. Maria Island, Azores, Portugal, early in the summer
before experiments took place. Lady beetles were reared
at 22 +1°C, 75 + 5% RH and a photoperiod of 16L:8D,
using fluorescent lamps (Philips ref. TDL 23 W/54 and
TDL 18 W/54). Insects were feed with an ad libitum sup-
ply of different developmental stages of aphids [A. fabae
and Myzus persicae Sulzer (Homoptera: Aphididae)] and
whiteflies (A. proletella) and, eggs of the Mediterranean
flour moth, Ephestia kuehniella Zeller (Lepidoptera:
Pyralidae). The mixed diet was provided to avoid food
adaptation (Rana et al., 2002) and to supply a more wid-
ened group of nutrients to the predator. Colonies of A.
fabae and A. proletella were, respectively, reared on Vicia
faba major L. at 15+ 1°C and 75+ 5% RH and on
Brassicae oleracea L. (var. Costata) at 25+ 1°C and
75 £ 5% RH. Photoperiod was of 16L:8D using fluores-

cent lamps (Philips ref. TDL 23 W/54 and TDL 18
W/54).

2.2. Voracity

Voracity of 4th instars and adults (males and females)
was evaluated on single diets of A. fabae or A. proletella.
Prior to the experiments, adults and larvae were held in
separate Petri dishes (3 cm in depth and 5cm in diame-
ter) and fed ad libitum with the mixed diet. Larvae were
maintained under these conditions until 24 h after molt-
ing to the 4th instar, while adults were kept until they
became sexually mature (approximately 15 days after
emergence).

Each individual of the 4th instars, female or male lady
beetles was provided with one of the following prey densi-
ties: 5, 10, 20, 40, 80, 100, 200 or 300 nymphs of the 2nd
and 3rd instars of 4. proletella; and 5, 10, 20, 40, 80, 100,
150, 200 or 300 nymphs of the 3rd and 4th instars of A.
fabae. After 24 h, the number of surviving preys was
recorded in each treatment. All treatments were performed
at 25+ 1°C, 75+ 5% RH and a photoperiod of 16L:8D
under fluorescent lamps (Sanyo FL 40 SS W/37). In order
to evaluate the ratio of natural mortality of preys, control
treatments were performed with the above-mentioned prey
densities, but in the absence of predators. Abiotic condi-
tions were the same as previously mentioned. Ten replicates
for each treatment were performed.

Voracity (V,) was determined according to the following
model (Soares et al., 2004):

Vo= (A4 — au)rax

where ¥, is the number of eaten aphids or whiteflies, 4 is
the number of aphids or whiteflies available, a,4 is the num-
ber of aphids or whiteflies alive after 24 h and ra,, is the ra-
tio of aphids or whiteflies alive after 24 h in the control
treatment.

2.3. Functional response

Data were fit to the “random-predator’ equation (Rog-
ers, 1972), a modification of Holling’s (1959) disk equation,
regarded more appropriated because considers prey density
to be affected by prey consumption (Hazzard and Ferro,
1991):

N, _ oaN
TP 14 oTWN

where N, is the number of preys attacked, 7T is the total
time of prey exposure, P is the number of predators, N is
the initial prey density, o is the attack rate (or searching
efficiency) and Tj, is the handling time (i.e., the time spent
handling each prey attacked). In this experiment,
T=P=1, because preys were exposed to one predator
for 1 day. The parameters o and 73}, were estimated using
two dependent variables: (i) number of aphids consumed
and (ii) number of whiteflies consumed.



R. Moura et al. | Biological Control 38 (2006) 363-368 365

2.4. Insecticide treatment

In this experiment, the influence of pirimicarb on the
voracity of C. undecimpunctata (4th instars and adult males
and females) was evaluated on a single diet of A. fabae. Pir-
imicarb (Pirimor G, WG [0.375 kg (AI)/ha], Syngenta) was
applied at the field rate recommended by the manufacturer
for the control of aphids. Prior to the insecticide treat-
ments, adults and larvae were held in separate Petri dishes
(3 cm in depth and 5 cm in diameter) and fed ad libitum
with the mixed diet. Fourth instars and adults were treated
24 h after molting and 15 days after emergence, respective-
ly. Lady beetles were treated using a Potter Precision Spray
Tower (Burkard, Rickmansworth, UK), calibrated at 2 kPa
to deliver a homogenous spray coverage (1000 I/ha). Con-
trols were sprayed only with distilled water. Previous to
each treatment, lady beetles were placed into plastic Petri
dish bottoms (150 x 15 mm) and held during 30 min at
15°C to diminish the insect mobility. After spraying,
insects were allowed to dry for 1 h before their transference
to separate untreated Petri dishes (3 cm in depth and 5 cm
in diameter) containing A. fabae (nymphs of the 3rd and
4th instars). In this experiment, the selected number of
preys per predator corresponded to the minimum necessary
to satiate the matching developmental instars of the preda-
tor, previously determined in the voracity tests. Voracity of
C. undecimpunctata was evaluated 24 h after the first con-
tact with the prey and analyzed as described above. Ten
individuals of each studied developmental instars of C.
undecimpunctata were treated. All treatments were per-
formed at 25+ 1°C, 75+ 5% RH and a photoperiod of
16L:8D under fluorescent lamps (Sanyo FL 40 SS W/37).

2.5. Statistical analysis

Voracity data were compared by one-factor ANOVA.
When ANOVA showed significant differences (P < 0.05)
among data sets, paired comparisons of each mean were
made using Fisher’s protected LSD tests (Zar, 1996). All
analyses were performed using SPSS v. 12.0 for Windows
(SPSS, Inc., 2004).

Functional response model parameters were calculated
and the curve was plotted for untransformed data, using
the nonlinear regression module of SPSS v. 12.0 for Win-
dows (SPSS, Inc., 2004). Significance of the regression mod-
els was evaluated by ANOVA and the variance explained by
the model was expressed by the coefficient of determination.

3. Results
3.1. Voracity

For both prey species, the number of preys eaten by 4th
instars of C. undecimpunctata increased significantly with
prey density (Fso0) = 56.98, P <0.0001, for A. fabae;
Fi7.80)=22.82, P <0.0001, for A. proletella), reaching the
maximum value when 200 preys were provided (i.e.,

80.24 + 6.12 and 80.83 4+ 12.07 preys were consumed for
A. fabae and A. proletella, respectively). Female’s voracity
also  increased significantly with  prey density
(E8,140) = 3813, P < 00001, for A. fabae; F(7’80) :2219,
P < 0.0001, for A. proletella), reaching the maximum value
when 150 preys were provided (i.e., 40.01 +5.02 and
56.84 + 7.41 preys were consumed for 4. fabae and A. pro-
letella, respectively). Similarly, male’s voracity increased
significantly with the number of preys provided
(F(7q80) = 5536, P< 00001, for A. fabae; F(7’8()) = 2099,
P < 0.0001, for A. proletella), but satiation was attained
at a lower density when the prey was A4. fabae, that is, when
100 aphids were provided per male (i.e., 37.83 4 2.65 and
60.26 & 7.81 preys were consumed for A. fabae and A. pro-
letella, respectively; Tables 1 and 2).

3.2. Functional response

Voracity data fitted to the modified Holling disk equa-
tion showed that the number of preys consumed and the
amount of ingested biomass during 24 h increased with
prey density at a monotonic decelerating rate, representing
a typical type II response (Figs. 1 and 2). Estimated models

Table 1
Voracity (mean number of preys eaten + SE) of C. undecimpunctata 4th
instars and adults (females and males) fed on different densities of A. fabae

Voracity + SE

Prey density
(number of
preys provided)

Larvae (4th instars) Adult females  Adult males

5 3.80 £ 0.55a 4.14 + 0.08a 429 +0.42a
10 9.36 £ 0.39ab 8.28 £+ 0.08ab 527+0.77a
20 19.31 + 0.19bc 13.95 4 0.69bc 7.41 +£0.72a
40 24.38 £ 0,76¢ 20.20 £ 1.43¢ 17.29 + 1.61b
80 36.10 £ 1.82d 29.94 4+ 1.94d 28.75 4 3.68¢c

100 41.54 +3.52d 31.29 £7.55de  37.83 £ 2.65d
150 53.13 £ 1.60e 40.01 +5.02ef  42.27 +2.02d
200 80.24 £ 6.12f 40.31 + 2.80f 40.46 £ 3.16d
300 90.68 4 9.34f 43.70 + 2.51f —

Means within a column followed by different letters are significantly dif-
ferent at P <0.05 (LSD test).

Table 2

Voracity (mean number of preys eaten &+ SE) of C. undecimpunctata 4th
instars and adults (females and males) fed on different densities of
A. proletella

Prey density Voracity + SE

(number Otj Larvae (4th instars)  Adult females ~ Adult males
preys provided)

5 1.85+0.49a 2.83+0.59a 3.02 +0.55a
10 2.63+£0.3%9 4.68 £1.33a 7.70 £ 0.73a
20 8.87 + 1.47ab 11.02+1.99a 12.58 £2.03a
40 24.37 +2,22bc 15.11+£3.82a 27.59 £2.28a
80 39.35 4+ 6.68cd 3891 +£4.28b  42.41 +5.26¢

100 43.48 +£4,81d 43,87 +7,69b  43.68 + 7.89cd
200 80.83 + 12.07e 56.84 +7.41c  60.26 + 7.81de
300 79.27 + 11.93¢ 66.79 £ 6.89c  65.02 +7.35¢

Means within a column followed by different letters are significantly
different at P < 0.05 (LSD test).
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Fig. 1. Functional response of C. undecimpunctata 4th instars and adults
(females and males) fed on different prey densities of 4. fabae during 24 h.
Models of “random-predator’” equation (Rogers, 1972) were calculated
and plotted for untransformed data, using the nonlinear regression
module of SPSS, v. 12.0.
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Fig. 2. Functional response of C. undecimpunctata 4th instars and adults
(females and males) fed on different prey densities of 4. proletella during
24 h. Models of “random-predator” equation (Rogers, 1972) were
calculated and plotted for untransformed data, using the nonlinear
regression module of SPSS, v. 12.0.

accounted for a significant portion of the initial variance of
the data for voracity of 4th instars, female and male of the
lady beetle (Tables 3 and 4).

Results showed that (i) 4th instars displayed a lower
handling time (77}) than adults, (ii) handling times of the
adults on A. fabae were higher than on A. proletella and
(ii1) attack rates (o) were sex-dependent, that is, attack rate
of females was higher on A. fabae while of males was high-
er on A. proletella (Tables 3 and 4).

Table 3

3.3. Insecticide treatment

Results showed that the voracity of C. undecimpunctata
was not significantly affected by pirimicarb treatments
(F(1,19) = 0.050, P = 0.826) for 4th instars; (F{j 29 = 0.158,
P =0.694 for females; F(; 19y = 1.57, P = 0.226 for males),
when the provided number of preys corresponded to the
density of the predator’s maximum voracity (Fig. 3).

4. Discussion

Our results showed that C. undecimpunctata was able to
eat a large amount of individuals of 4. fabae and A. proletel-
la, mainly for densities beyond 100 preys. For A. proletella,
full satiation jointly with high levels of predation was esti-
mated on a prey density of 200 individuals, regardless of
the predator’s developmental stage. When the prey was A.
fabae, satiation was attained on prey density of 200, 150
and 100 aphids to 4th instars, females and males, respective-
ly. These results suggest a great ability of C. undecimpunctata
to exploit patches where these preys would be present and,
thus, could be used for the biological control of both prey
species. Regarding the higher voracity of the adults on A.
proletellathan on A. fabae, it seems that this predator should
be a useful biological control agent to use in an inoculation
strategy against the former species. However, more experi-
ments should be performed to access the predator’s survival,
reproductive performance and ability to display feeding
preferences for the preys used in the experiments. These
results will be important to foresee the ability of C. undecin-
punctata to assess patches quality in terms of their potential
to sustain the development of their larvae.

It is noteworthy that voracity of females and males did
not differ, when the preys were either A. fabae or A. prole-
tella. Indeed functional response curves for both sexes, in
Figs. 1 and 2, are overlapped. Generally, the predators’ size
is positively correlated to mean prey size and capture suc-
cess decreases with increasing prey size (Pastorok, 1981;
Malcolm, 1992; Sabelis, 1992; Roger et al., 2000; Soares
et al., 2001, 2003a). Thus, due to their small size, males
would be more prone to eat small preys to become satiated
(Dixon, 2000; Soares et al., 2004). However, the absence of
differences in voracities could be explained by the fact of
having used different instars of nymphs with different body
sizes (i.e., nymphs of the 3rd and 4th instars of aphids and

Attack rate («) and handling time (7},) estimated by the modified Holling disk equation, and respective standard errors (SE) and 95% confidence intervals,
for the 4th instars and adults (females and males) of C. undecimpunctata fed on A. fabae

Parameters Estimate Asymptote (SE) 95% CI
Lower Upper

Larvae (4th instars) o 0.592 0.062 0.468 0.715 F2.00) = 56.98, P <0.05, R =0.82
Ty 0.005 0.0008 0.004 0.007

Adult females o 0.906 0.129 0.651 1.161 F2,140) = 38.13, P <0.05, R*=0.70
T 0.019 0.001 0.017 0.021

Adult males o 0.649 0.085 0.48 0.819 Fa.80) = 55.36, P <0.05, R =0.82
Ty 0.015 0.002 0.012 0.018
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Table 4

Attack rate («) and handling time (7},) estimated by the modified Holling disk equation and, respective standard errors (SE) and 95% confidence intervals,
for the 4th instars and adults (females and males) of C. undecimpunctata fed on A. proletella

Parameters Estimate Asymptote (SE) 95% CI
Lower Upper
Larvae (4th instars) o 0.687 0.128 0.432 0.942 Fio 80y =22.28, P <0.05, R*=0.66
Th 0.006 0.001 0.004 0.009
Adult females o 0.673 0.124 0.425 0.92 Fo30)=22.94, P <0.05, R*=0.67
Th 0.01 0.002 0.007 0.013
Adult males % 0.938 0.172 0.595 1.281 Fia.s0)=20.99, P <0.05, R>=0.67
Th 0.012 0.001 0.009 0.014
100 A [ Pirimicard treated  [ll Non-treated instars displayed a lower handling time (7},) than adults,
e a (i1) handling times of the adults on A. fabae were higher
20 than on A. proletella and (iii) attack rate (a) of females
were higher on A. fabae while of males were higher on
= 604 A. prpletella (Tables 3 qnd 4). Thr.ee maiq factors could
3 explain these results: higher foraging activity of larvae
g a 4 a (which led a decrease of handling time), differences
> 407 & between size of A. fabae and A. proletella, and/or prefer-
ence of C. undecimpunctata for aphids. Indeed nymphs of
20 7 A. fabae are bigger than that of A. proletella and, accord-
ing to Hodek and Honek (1996), C. undecimpunctata
0 prefers to eat on aphids. Therefore, it seems that females
4" instar Females Males

Fig. 3. Voracity of C. undecimpunctata 4th instars and adults (females and
males) treated and non-treated with pirimicarb, using 4. fabae as preys.
*Means in each column for each developmental instars followed by
different letters are significantly different at P <0.05 (LSD test).

2nd and 3rd instars of whiteflies) and males may have con-
sumed the smaller individuals, thus increasing their vorac-
ity. In fact, recent results from Soares et al. (2004) highlight
that males of Harmonia axyridis Pallas (Coleoptera: Cocci-
nellidae), under mixed diets of different preys, display a
preference for the smaller preys.

The functional response characterizes a relation between
the attack rate by a predator and its prey density. The rela-
tionship may be represented by a constant (density-inde-
pendent curve, type I), a decreasing curve (decelerating
density dependence, type II) or increasing curve (density-
dependent over a limited range of prey densities, type I1I)
(Holling, 1959). Coccinella undecimpunctata exhibited a
type II functional response for both prey species, i.e., a
convex curve that represents a decelerating increase in the
number of consumed preys with increasing prey density
(Ferran and Dixon, 1993). From the practical point of
view, this type of response implies that C. undecimpunctata
can be considered a good agent for the biological control of
aphids and whiteflies.

According to the model, the number of attacked prey
items increases with the total time, prey density and/or
attack rate, but decreases as handling time increases
(Holling, 1959). Handling time includes time spent pursu-
ing, subduing and consuming each prey item, plus the
time spent preparing to search for the next prey (including
effects of satiation) (Mills, 1982). Results show that (i) 4th

of C. undecimpunctata, contrarily to males, more rapidly
generate a success attack after an encounter with the suit-
able A. fabae than with A. proletella, despite the higher
ability of aphids in escape responses. In fact, a recent
study indicates that female lady beetles (H. axyridis) are
more selective in what prey quality is concerned (Soares
et al.,, 2004). Our results also showed that the contact
between females and whiteflies probably stimulates an
intensive search for better preys and that males more
rapidly consume the smallest whiteflies than the larger
aphids.

Voracity of C. undecimpunctata was not significantly
affected by pirimicarb treatments. Garcia (1979) also
observed that of 4th instars of Cheilomenes sulphurea and
Semidalia  undecimnotata (Coleoptera: Coccinellidae)
continue to fed after pirimicarb treatments. According to
Jansen (2000) and James (2003), this insecticide is highly
selective, being considered safe for some species of
Coccinellidae. However, Schmuck et al. (1997) observed
that the fecundity of C. septempunctata was affected by
the insecticide treatments. Similarly, Olszak (1999)
observed that the fecundity of Adalia bipunctata
L. (Coleoptera: Coccinellidac) decreased following the
insecticide treatments.

Since the voracity was not affected by pirimicarb, a com-
bination of C. undecimpunctata with this selective insecti-
cide may be considered in the implementation of aphid
control programs. Nevertheless, other sub-lethal effects,
such as the reduction of coccinellid fecundity, observed in
other species (Schmuck et al., 1997; Olszak, 1999) must
not be disregarded. Therefore, further studies focusing on
the effects of pirimicarb on reproductive parameters of
C. undecimpunctata need to be performed.
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