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Abstract. Functional responses of immature stages of Propylea quatuordecimpunctata (L.) to varying densities of Aphis fabae Sco-
poli reared on Vicia faba L. were evaluated under laboratory conditions. All larval stages of the predator were starved for 12 h prior
to being placed individually for 24 h in plastic containers with different densities of its prey, 4. fabae, on potted V. faba plants.
Logistic regression analysis of the proportion of aphids consumed as a function of initial density indicated that all larval instars of P.
quatuordecimpunctata exhibited a type II functional response when searching for 4. fabae on V. faba plants. Attack rates (0.059,
0.057, 0.065 and 0.064) and handling times (6.18, 2.37, 1.06 and 0.44) for first to fourth instar larvae, respectively, were estimated

using Holling’s disc equation.

INTRODUCTION

Critical aspects of predator and prey interactions can be
determined by examining the relationship between
predator feeding behaviour and the density of prey
(Livdahl & Stiven, 1983). The number of prey attacked
per predator as a function of prey density is known as the
functional response (Solomon, 1949; Holling, 1959).
Although there are several types (curves) of functional
response (van Alphen & Jervis, 1996) most ecological
interest is in Holling’s type II and III functional
responses, in which predators cause negative (type II) or
positive (type III) density dependent mortality of their
prey. In type II functional response prey consumption
increases asymptotically to a plateau with increasing prey
density, while in type III prey consumption is S-shaped
(sigmoid) with increasing prey density.

Aphidophagous ladybirds have received considerable
attention as biocontrol agents. The value of their preda-
tion efficiency varies from a minor role to significant
reductions leading to within-season control (Obrycki et
al., 2009). Desirable characteristics such as ability to feed
on a variety of prey or being very voracious make them
quite popular biocontrol agents (Hagen & van den Bosch,
1968; Hodek & Hongk, 1996). The fourteen-spotted lady-
bird beetle, Propylea quatuordecimpunctata (L.), is an
aphidophagous coccinellid, widely distributed in the Pale-
arctic region. It has also been established in the Nearctic
region (Day et al., 1994). In Greece it is found in several
habitats, such as citrus orchards, tobacco fields, cereals
and cotton, preying on various species of aphids (Kavalli-

eratos et al., 2004a, b; Kontodimas et al., 2008; Katsarou
et al.,, 2009). The black bean aphid (4phis fabae,
Scopoli), is a common aphid pest of several cultivated
and native plants and it is used as prey for rearing many
coccinellid species, including P. quatuordecimpunctata
used in biocontrol (Hodek, 1996). Biological control of
aphids is regularly applied in greenhouses and open field
crops (Hodek & Honék, 1996). However, there is an
increasing need to evaluate more aphidophagous insects,
so that more biocontrol options will be available for aphid
population suppression under different management
regimes.

In the present study, the effect of the density of A.

fabae on the number caught and consumed by the four

larval stages of P. quatuordecimpunctata was evaluated
by determining the shape of their functional response to
prey density and their attack rate coefficients and han-
dling times. Attack rate describes the steepness of
increase in predation with increasing prey density and
handling time is useful for estimating the satiation
threshold (Pervez & Omkar, 2005). Functional response
curves are used to understand the basic mechanisms that
drive the interactions of predator-prey behaviour, to
clarify coevolutionary relationships and to improve prac-
tical predictive powers for biological control (Houck &
Strauss, 1985; Martinou et al., 2010).

MATERIAL AND METHODS

Insect culture

An A. fabae colony originated from a stock colony reared at
the Biological Control Laboratory, Benaki Phytopathological
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TaBLE 1. Estimates of the parameters P,, P;, Pand P; (+ SE) of the logistic regression analysis of the proportion of 4. fabae prey

consumed by P. quatuordecimpunctata larvae.

Parameter 1* instar 2" instar 3™ instar 4" instar
Py -0.4950 £ 0.1372 0.2997 +£0.1372 0.6064 +£0.1102 1.8144 £ 0.1648
P, —7.5473 £ 0.8881* —10.3960 + 0.8809* —11.3283 £0.7003* —11.2963 £1.0128%*
P, 2.7747 +£ 0.8923 43932 +0.8313 4.5492 + 0.6472 2.0225 +0.9340
Ps —0.9239 + 0.8870 -2.2663 +£0.7352 —1.9431 + 0.5463 1.6707 £ 0.8106
*Significant at P < 0.001.

Institute on Vicia faba L. plants kept at 20 + 1°C (65 = 2% RH,
16L : 8D. P. quatuordecimpunctata was collected from Zea
mays L. plants infested with Rhopalosiphum maidis Fitch in
Arta County (Northwestern Greece). The coccinellid was reared
in large cylindrical Plexiglass cages (50 cm length x 30 cm
diameter) containing A4. fabae prey on potted V. faba plants at
25+ 1°C, 65 £ 2% RH and a photoperiod of 16L : 8D.

Functional response experiments

The experiments were carried out under laboratory conditions
at 20 + 1°C, 65 £ 2% RH and a 16L : 8D photoperiod. P. qua-
tuordecimpuctata individuals used for the experiments were
obtained from a colony reared for two generations at 20 + 1°C,
65 £ 2% RH and 16L : 8D photoperiod. All larval stages of P.
quatuordecimpunctata were starved for 12 h and placed indi-
vidually in plastic containers (12 cm height X 7 cm diameter)
with various densities of immature stages of A. fabae (3-3.5
day-old) on potted V. faba plant hosts. After 24 h the predators
were removed and the number of aphids remaining counted. Ten
to fifteen day-old plants were used (89 cm heigh with top
growth removed). Prey densities were: 2, 4, 8, 16 and 32 aphids
for first instar P. quatuordecimpunctata; 2, 4, 8, 16, 32 and 64

6 L] [ ] L]
L[] L]
4 L] L] L] L]

30

Number of prey consumed

20 4

e © 0000 0 o
o 00 Qoo

T T T T T T 1
0 20 40 60 80 100 120 140

aphids for second instar P. quatuordecimpunctata; and 4, 8, 16,
32, 64 and 128 aphids for third and fourth instar P. quatuorde-
cimpunctata. There were ten replicates of each prey density.

Data analysis

As the dependent variable is dichotomous (each aphid is alive
or dead at the end of the trial), a logistic regression analysis of
proportion of aphid eaten versus initial aphid density was used
to determine the shape of the functional response (Trexler et al.,
1988). A polynomial function (Juliano, 2001) was fitted using R
version 2.0.1 (R Development Core Team, 2008):

Ne exp(Po+P No+P,N3+PiN})

No ™ 1+exp(Po+P1No+P2N3+P3N})

where N, is the number of aphids eaten; N, is the initial aphid
density; Py, P,, P, and P; are the constant, linear, quadratic and
cubic parameters, respectively, related to the slope of the curve.
The above parameters were estimated using the method of
maximum likehood and used to determine the shape of the func-
tional response (Juliano, 2001).

The data indicated a type Il functional response and were
fitted to Holling’s disc equation (Holling, 1959), which does not
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Fig. 1. Functional responses of the immature stages of P. quatuordecimpunctata to A. fabae on potted V. faba plants. I — first instar
larva; IT — second instar larva; III — third instar larva and IV — fourth instar larva. Data fitted using Holling’s disc equation (Holling,

1959).
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TaBLE 2. Parameters estimated by the Holling’s disc equation.

Larval stage Attack rate (h™') (a) Handling time (h) (7)) R
Mean + S.E. 95% CI Mean + S.E. 95% CI
1% instar 0.0587 = 0.0254 0.0078-0.1098 6.1790 £+ 0.8526 4.4657-7.8923 0.1776
2" instar 0.0572 +£0.0120 0.0332-0.0812 2.3737 +£0.1983 1.9770-2.7704 0.5577
3" instar 0.0652 £+ 0.0086 0.0480-0.0824 1.0620 + 0.0551 0.9518-1.1722 0.7711
4™ instar 0.0640 = 0.0080 0.0480-0.0800 0.4394 +0.0332 0.3730-0.5058 0.8218

allow for prey depletion and may yield inaccurate estimates of
calculated parameters. Rogers’ random predator equation
(Rogers, 1972), was also used but provided an inadequate fit to
the data, maybe because it yields biased estimates when all the
prey are eaten within the observation interval and so, no valid
information can be derived from the experiment (Jalali et al.,
2010). The disc equation is:

aTNy
Ne= 1+aT»No

where a is the attack rate; 7 is the handling time; 7 is the total
time the predator spent in the experimental arena (24 h). Fitting
was performed using a non-linear least squares approach
(Livdahl & Stiven, 1983; R Development Core Team, 2008).
Significant differences between the parameters of the functional
response model for all larval stages were tested with the super-
position of 95% confidence intervals criterion. Mean values of
T, estimated by non-linear least squares regression were used to
calculate maximum attack rates 7/7), (Hassell, 2000), which is
the maximum number of prey that can be attacked by a predator
during the time interval considered.

RESULTS AND DISCUSSION

The estimated parameters from the logistic regression
analysis of the proportion of A. fabae consumed by P.
quatuordecimpunctata larvae indicate a type II functional
response for all larval instars of this predator (Table 1).
The linear coefficient P; is significantly negative for all
larval instars (P < 0.001). Thus, the proportion of prey
consumed declines monotonically with increase in the ini-
tial number of prey offered, indicating a type II fuctional
response.

Holling’s “disc equation” fits well the data for the
immature stages of P. quatuordecimpunctata preying on
A. fabae (Fig. 1). The variation in predation rates at dif-
ferent prey densities increased from the first to fourth
instar (see values for R?, Table 2). Estimated attack rates
were similar for all larval instars, while handling times
decreased as larval age increased (Table 2). In addition, a
decrease in larval handling time indicates an increase in
the upper level of the response, which is determined by
the maximum attack rate (7/7,). Maximum attack rate
values were 3.88, 10.11, 22.59 and 54.61 for the first,
second, third and fourth instars, respectively (Table 3).

The effect of the density of 4. fabae on each larval
instar of P. quatuordecimpunctata showed that the cocci-
nellid causes an inverse density dependent mortality of its
aphid prey. In an earlier study, Messina & Hanks (1998)

report that fourth instar larvae and adults of P. quatuorde-
cimpunctata show a type Il response when preying on
Diuraphis noxia. They also show that plant characteristics
may shape the functional response as adults show a type
II response on Indian ricegrass and a type III response on
crested wheatgrass, possibly due to density dependent
changes in the proportion of aphids in refuges. This fur-
ther indicates that a predator’s functional response is
driven by factors such as prey or plant species and their
interaction suggesting that predator-prey interactions
should be evaluated in different and diverse environ-
mental scenarios.

Although various types of functional response are
described for coccinellids (Hodek, 1996), type II is the
most common. Type II functional responses are generally
associated with invertebrate predators (Hassell et al.,
1977) and they are also common among aphidophagous
coccinellids. Thus, a type II response is recorded for
fourth instar larvae and adults of Coccinella undecim-
punctata L. feeding on Myzus persicae Sulzer (Cabral et
al., 2009), all four larval stages and female adults of Har-
monia axyridis Pallas feeding on Aphis gossypii Glover
(Lee & Kang, 2004), third instar larvae and adults of H.
axyridis and Coccinella septempunctata L. feeding on A.
glycines Matsumura (Xue et al., 2009), fourth instar
larvae and female adults of Coleophora inaequalis F.
feeding on Toxoptera citricida Kirkaldy (Wang & Tsai,
2001), adults of Cheilomenes sulphurea Olivier feeding
on A. fabae (Hodek et al., 1984) and female adults of
Adalia bipunctata L. feeding on M. persicae (Jalali et al.,
2010). This type of response may destabilize predator-
prey interactions (Oaten & Murdoch, 1975) and is theo-
retically less capable of suppressing prey populations
compared to a type III functional response (Holling,
1965).

The increase in the number of aphids killed at high den-
sity may result in two different phenomena operating
simultaneously (Hodek, 1996): Firstly, the ravenous coc-
cinellids engorge on the first few prey they encounter but
then become progressively less competent at exploiting
prey. Secondly, the larvae may ingest substantially more
than the minimum required for development when prey is
abundant. It is true that in any functional response experi-
ment the attack rate and handling time are not the same at
the start and the end of the experiment. They also might

TaBLE 3. Maximum attack rates (7/7) estimated for all four larval stages of P. quatuordecimpunctata. Mean values of T, esti-
mated by non-linear least squares regression using Holling’s “disc equation”.

1% instar

2" instar

3" instar 4™ instar

Max. attack rate (7/7%) 3.88 10.11 22.59 54.61
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change with prey density. However, their estimation
based on average values permits the elucidation of preda-
tion components in a relatively simple but realistic way
(Hassell et al., 1976).

Maximum attack rates recorded for the old larvae were
greater than those recorded for young larvae, due to the
higher requirements for food and energy of the old larvae.
The attack rate determines how steeply the functional
response curve rises with increasing prey density. The
results revealed that the steepness did not differ among
the four larval stages. This further indicates that the
larvae have similar abilities to respond to increasing prey
densities. Handling times decreased from the older to the
younger larvae as expected due to the former’s higher
consumption of prey. Being larger gives them an advan-
tage in subduing and consuming prey.

Functional response experiments conducted under labo-
ratory conditions may not be representative of field con-
ditions. According to Murdoch (1973) experimental
arenas used in functional response experiments are too
simple and small. Larvae and adults should be considered
as two different entities as larvae are more likely to stay
in one patch of prey in the field, while adults may not
(Kindlmann & Dixon, 2001; Dostalkova et al., 2002).
Patch in this sense means the space that the larva of a
predator can reach by walking, usually one or a few adja-
cent plants, or even only a part of an individual plant.
Thus, the functional response of a larva is determined by
the situation encountered in the patch of prey it occupies
while adults can easily fly from one patch to another
(Kindlmann & Dixon, 2001). Given this point, laboratory
measured functional responses of immature coccinellids
are close to their predation potential.

In the present study, the laboratory estimated functional
responses of P. quatuordecimpunctata immature stages
may be indicative of field conditions, especially at high
prey densities, because coccinellids aggregate where prey
is abundant (Dixon, 2000). The estimated handling times
and maximum attack rates may be comparable with those
achieved in the field where prey density is high and pro-
vides a basis for determining release rates appropriate for
various aphid densities (Omkar & Pervez, 2004; Jalali et
al., 2010). These results provide a basic understanding of
predator-prey interactions. However, additional parame-
ters must be considered when evaluating P. quatuorde-
cimpunctata as a potential biological control agent of A4.
fabae, because other biotic and abiotic factors also have a
major influence on the efficiency of a predator in sup-
pressing a pest population, such as the adults’ functional
response, numerical response, foraging behaviour and
interference competition and should be the subject of
future investigations.
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