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a b s t r a c t

In integrated pest management (IPM), biological control is one of the possible options for the prevention
or remediation of an unacceptable pest activity or damage. The success of forecast models in IPM depends,
among other factors, on the knowledge of temperature effect over pests and its natural enemies. In this
work, we simulated the effects of parasitism of Lysiphlebus testaceipes (Cresson, 1880) (Hymenoptera:
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Aphidiidae) on Aphis gossypii (Glover, 1877) (Hemiptera: Aphididae), a pest that is associated to crops of
great economic importance in several parts of the world. We made use of experimental data relative to
the host and its parasitoid at different temperatures. Age structure was incorporated into the dynamics
through the Penna model. The results obtained showed that simulation, as a forecast model, can be a
useful tool for biological control programs.
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. Introduction

Aphids are insect-pests that cause the largest damages in pro-
ected crops and cultures in the field. These insects are responsible

natural enemies to control agricultural pests, avoiding the use of
toxic substances, is one of the most efficient options adopted world-
wide. In biological control programs of aphids, parasitoids are the
most efficient natural enemies (Bueno, 2005).
or the transmission of a great number of virus diseases to plants,
esulting in considerable losses to their commercialization.

In integrated pest management (IPM) (Zambolim, 2000), bio-
ogical control is one of the possible options for the prevention or
emediation of an unacceptable pest activity or damage. The use of

∗ Corresponding author. Tel.: +55 35 38291383; fax: +55 35 38291372.
E-mail addresses: solangemarti@gmail.com (S.G.F. Martins),

acarias@epamig.ufla.br (M.S. Zacarias).

304-3800/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ecolmodel.2008.12.001
The insect Aphis gossypii Glover, 1877 (Hemiptera: Aphididae)
is a pest of agricultural importance in several parts of the world,
including Brazil. Among the main factors that make its control
difficult are a great number of host species, tolerance to extreme
temperatures, and high fecundity (Sampaio et al., 2005). The intro-
duction of parasitoids, or more rare predators, has been successful

in the task of biological control of pests. The parasitoid, Lysiphlebus
testaceipes (Cresson, 1880) (Hymenoptera: Aphidiidae), that has A.
gossypii as one of its hosts, is a dominant parasitoid species in South
America. It also has a great potential as a biological control agent
for aphids (Rodrigues et al., 2004).

http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:solangemarti@gmail.com
mailto:zacarias@epamig.ufla.br
dx.doi.org/10.1016/j.ecolmodel.2008.12.001
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Table 1
Life expectancy and reproductive period, in days, and daily fecundity of apterous
females of A. gossypii (average ± half-length of the 95% confidence interval) at tem-
perature of 15, 20, 25, and 30 ◦ C (Soglia et al., 2003).

Temperature (◦C)

15 20 25 30

Soglia et al. (2005) (Table 2).
The adaptability to climatic conditions is a key point for the suc-

cess of mass-rearing and establishment of parasitoids in biological
control programs. In this direction, Rodrigues et al. (2004) evaluated

Table 2
Average developmental time, in days, and intrinsic growth rate of apterous females
of A. gossypii (Soglia et al., 2002, 2005).
A.A. de Souza et al. / Ecologic

The knowledge of the effect of the physical factors on pests
as great importance for designing integrated management strate-
ies. Temperature is a natural factor of significant influence to the
evelopmental time and behavior of insects. Rodrigues et al. (2004)
easured the developmental time and parasitism of L. testaceipes

n A. gossypii in different temperatures. The combination of a low
evelopmental time, parasitism and emergence higher than 60%
ccurred at 25 ◦ C indicating that this temperature could be the most
dequate for the reproduction and establishment of L. testaceipes as
biological control agent of A. gossypii in green houses.

An interesting aspect in the aphid life cycle is the presence of
everal asexual generations alternating with a single sexual gener-
tion. During the phase of asexual reproduction, aphids produce a
umber of different phenotypes, among which are winged (alate)
nd unwinged (apterous) morphs. The winged dispersal morph
s mainly responsible for the colonization of new plants and, in

any species, is produced in response to adverse environmen-
al conditions. Weisser et al. (1999) verified that the presence of

predator enhanced the proportion of winged morphs among
he offspring produced by the aphid Acyrthosiphon pisum (Harris).
ereira and Lomônaco (2003) verified that alate morphs of Brevi-
oryne brassicae (L.) were produced in the presence or absence of
he parasitoid Diaeretiella rapae (McIntosh). However, in the pres-
nce of parasitoids, their number was significantly higher and they
ere produced earlier. The increased production of alate morphs in

esponse to the presence of the parasitoid or predator can be con-
idered a defense mechanism, because aphids could strategically
ontinue to survive, escaping by flight.

Models for the dynamics of the pests (Sá Martins and Racco,
001; Giarola et al., 2006; Oliveira et al., 2008) and its interac-
ion with natural enemies (Mills and Getz, 1996; Freire et al.,
005; Bommarco et al., 2007; Stauffer et al., 2007) have attracted

nterest recently. Motivated by the cyclic pattern of reproductive
egimes of the aphids, Sá Martins and Racco (2001) simulated the
volution of a population enduring harsh seasonal conditions for
urvival. Recently, Giarola et al. (2006) have simulated the pop-
lation dynamics of A. gossypii insects in the absence of natural
nemies using the Penna ageing model (Penna, 1995). Due to easy
nd efficient implementation on computers, the Penna model is
xtremely appropriated to numerical simulations.

In this work, using as reference experimental data related to par-
sitism of L. testaceipes on A. gossypii at different temperatures, we
imulated the effects of parasitism on the population dynamics of
pterous and alate morphs of A. gossypii. Considering the need for
n age structure for the studies and that the reproductive mode
f aphids in tropical regions is predominantly asexual, we used
his version of the Penna model (Penna, 1995). This paper is orga-
ized as follows: in Section 2, we describe the asexual version of the
enna model; in Section 3 we present some relative experimental
omments to A. gossypii and L. testaceipes; in Sections 4 and 5, we
escribe the model and present our results and discussions; and in
ection 6, conclusions are presented.

. Penna model

The Penna model (Penna, 1995) is a population dynamics model
ased on the evolutionary theory of mutation accumulation of
ging. Mostly because of its features of easy and efficient imple-
entation in computers, while allowing simple modifications in

rder to simulate very special characteristics or interactions. The
enna model has been successfully applied to many different situ-

tions on population dynamics, such as the catastrophic senescence
f the Pacific salmon (Penna et al., 1995), vanishing of codfish due to
verfishing (Oliveira et al., 1995), lobster fishing regulation (Penna
t al., 2001), age-dependent host–parasite relations (Stauffer et al.,
007), besides the Gompertz exponential law for the mortality.
Life expectancy 27.9 ± 4.31 21.8 ± 2.03 18.0 ± 1.47 12.5 ± 2.11
Reproductive period 17.5 ± 1.8 15.2 ± 2.42 14.3 ± 1.20 3.8 ± 0.79
Daily fecundity 1.8 ± 0.10 2.6 ± 0.28 3.1 ± 0.22 1.7 ± 0.18

In the asexual Penna model, the genotype of each individual
is represented by a sequence of bits (a string containing 0’s and
1’s), with a given length B, which should be interpreted as a tran-
scription of its genetic code. Each bit corresponds to a given time
interval in the individual’s life history; typically, one bit corre-
sponds to a few years if we are considering human population
(most simulations have been done with B = 32bits), 1 day when
referring to Drosophila and so on. Therefore, an individual will
have a bit set to ‘1’ in its bit-string at a position corresponding
to the time when a mutation affects its survival. In the years that
the individual does not suffer any effect of deleterious mutation,
the bits in its string will be set to ‘0’. The individual stay alive if
the number of deleterious mutations which became active up to
its current age is lower than a threshold T (a parameter of this
model).

If the individual reaches the age R (minimum age at repro-
duction), then it can breed, generating b offspring at each further
age (including age R). The offspring inherits a copy of the parent’s
bit-string with the exception of M randomly selected bits. These
different M bits represent point mutations at birth. In this work, we
considered only deleterious mutations at birth, since they are more
frequent than the good ones. Therefore, in the M selected ages, the
offspring bit-string will contain 1’s. As usual in population dynamic
studies, limitations of food and space are introduced into the model
through a Verhulst factor (logistic). The individual will survive and
will age by 1 year with probability 1 − (N(t)/Nmax), where N(t) is
the population size at time t and Nmax is the carrying capacity of
the environment. These simple rules define the dynamics of this
model.

3. Experimental comments about A. gossypii and its
parasitoid L. testaceipes

Temperature is among the abiotic factors that directly affect the
behavior of insects. In laboratory conditions, Soglia et al. (2002,
2003) evaluated at different temperatures in chrysanthemum cul-
tivars, the developmental time (duration from egg phase to adult
phase), reproductive period, daily fecundity and life expectancy of
apterous females of A. gossypii. It was verified that the tempera-
ture of 25 ◦ C is the more favorable for population growth of A.
gossypii. For the cultivar Yellow Snowdon, the results are listed in
Tables 1 and 2. The intrinsic growth rate at 25 ◦ C was evaluated by
Temperature (◦C)

15 20 25 30

Developmental time 13 7 6 5
Intrinsic growth rate (rm) - - 0.31 -
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Table 3
Developmental time, in days, parasitism rate and emergency rate of L. testaceipes on
A. gossypii (Rodrigues et al., 2004).

Temperature (◦C)

15 20 25 30
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Table 4
Minimum age (R), maximum age (RX), both in days, and daily fecundity (b) of A.
gossypii. Developmental time (�) in days, and parasitism rate (˛) of L. testaceipes on
A. gossypii.

Temperature (◦C)

15 20 25 30

R 13 7 6 5

evelopmental time 16 10 8 8
arasitism rate 0.76 0.68 0.65 0.40
mergency rate 0.80 0.61 0.62 0.14

he parasitism of L. testaceipes on A. gossypii maintained on chrysan-
hemum cultivar Yellow Snowdon at different temperatures. The
esults, as developmental time,1 parasitism rate, and emergence
ate2 are given in Table 3. The combination of a low developmen-
al time and parasitism and emergency higher than 60% occurred
t 25 ◦C, indicating that this temperature could be the most ade-
uate for the reproduction and establishment of L. testaceipes as a
iological control agent of A. gossypii in protected cultivation.

. Computer simulation of the dynamics of interaction of
he apterous morphs of A. gossypii and its parasitoid L.
estaceipes

In this work, we simulated the parasitism of L. testaceipes on
olonies of A. gossypii maintained on chrysanthemum cultivar Yel-
ow Snowdon at different constant temperatures, and then we
ompared the results with the experimental data. Since the par-
sitoid L. testaceipes is generalist, that is, a parasite also on other
osts, we assumed, for simplicity, that the population of parasitoids

s not regulated by the population of A. gossypii. The parasitism
as incorporated into the dynamics through probabilities given for

xperimental parasitism rates and developmental time of L. testa-
eipes (necessary period for mummification of the aphid) (Table 3).
he effects of the different emergency rates were slighted. In this
odel the experimental parasitism rates reflect the combined

ffect of different factors that characterize the action of the para-
itoid. The developmental time is one delay term because the aphids
re eliminated of population after developmental time of L. testa-
eipes. We examined the effects of parasitism on the population
f host temporarily exposed to the action of the parasitoid. Para-
itism started in t = 61 000 (after a stable population is reached)
nd ended in t = 72 000. We can imagine that with t = 72 000
pplied, for example, an insecticide has decimated the population
f parasitoids.

Considering that the reproductive mode of aphids in tropical
egions is predominantly asexual, we used the Penna model as pre-
ented previously in this work. The population of N females whose
enotypes are represented by four words of 32 bits, is identified by
ne Penna bit with 1 day. In such cases, the maximum age allowed
or a female of population is 127 days. In addition to minimal age (R),
hat is, developmental time, another factor is considered: a max-
mum age for reproduction (RX), in other words, when a female
eaches the age R it can breed, generating b offspring at each fur-
her age, until age RX. For each temperature (15, 20, 25 and 30 ◦C),
arameters such as minimum (R) and maximum (RX) age of repro-
uction and daily fecundity (b) assumed values from experimental

ata in Tables 1 and 2.

Furthermore each female was to be parasitized only once, with
robability given by parasitism rate (˛). A parasitized female will
ertainly die after the developmental time (�) of L. testaceipes, until

1 For the parasitoid, developmental time is the period from oviposition until mum-
ification of the aphid (that is, the death’s aphid.)
2 Emergence rate is the proportion of adult parasitoids that emerge after mum-
ification of the aphid.
RX 30 21 19 8
b 2 3 3 2
� 16 10 8 8
˛ 0.76 0.68 0.65 0.40

then, it remains alive. This period, counted from the moment when
the female was parasitized, is the necessary number of days for
mummification of the aphid. ˛ and � assumed values from experi-
mental data in Table 3.

The model parameters which are dependent of temperature are
shown in Table 4. The other parameters, which are independent of
temperature, were given the following values:

• carrying capacity: Nmax = 100 000
• number of mutations: M = 1
• limit of deleterious mutations: T = 1

With these parameters, the population dynamics follows the
simple rules of the Penna model. Simulations were made up to
150 000 time steps (“days”), considering an initial population of
N0 = 10 000females.

4.1. Results and discussion

Fig. 1 shows the survival curves for parasitized and non-
parasitized colonies of aphids obtained at different temperatures.
The survival rates were obtained discarding the 100 000 initial
time steps. With temperatures of 15, 20 and 25 ◦C, a reduc-
tion in the life expectancy and reproductive period of the insect
due to the action of parasitoid was observed (He et al., 2005),
despite removal of parasitism in t = 72 000. This indicates that
parasitism affects the distribution of genotypes of the host pop-
ulation.

Parasitism has been suggested as the major selection factor that
affects genetic diversity in populations (Duncan and Little, 2007;
Gardner et al., 2007). Fig. 2 shows the frequency of genotypes (f)
with defective genes at age j (if a bit is set for 1, it is a defective
gene). In Fig. 2(a)–(c), parasitism is observed to generates a selec-
tive pressure, except at 30 ◦ C (d), that modifies the distribution of
genotypes even if the parasitoid is removed from the dynamics (it
is not our purpose here to evaluate the issue of genetic diversity),
changing the life expectancy of aphids. The reduction of the life
expectancy and reproductive period of the aphids can be explained
by parasitoids selecting the best genotypes. Best genotypes are
those that confer to the individual the longest life expectancy and
more descendants. With the temperature of 30 ◦C, it no longer has
selective pressure due to low probability of parasitism (˛) combined
with a long developmental time (�) of the parasitoid (Table 3) in
comparison to the life expectancy of the host.

The growth rate of the population (�(t)), that represents the fac-
tor of growth of the population for a generation or another period,
was calculated in accordance with the discrete logistic equation
(Bernardes et al., 1998):

1 − N(t)

N(t + 1) = �(t)N(t)

Nmax
(1)

Table 5 lists the average values at different temperatures for
intrinsic growth rate rm(t), defined as rm(t) = ln(�(t)) (Neto et
al., 1976), for parasitized and non-parasitized colonies of aphids.
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ig. 1. Survival rates for parasitized (circle) and non-parasitized (star) colonies of A.
nded in t = 72 000. Simulations up to 150 000 time steps.

uring parasitism, a higher reduction in intrinsic growth rate is
bserved at 25 ◦C, that is, greater efficiency of the parasitoid L. tes-
aceipes, although in this temperature, the highest probability of
arasitism does not occur. This is in accordance with the results of
odrigues et al. (2004) when affirming that among the studied tem-
eratures, 25 ◦ C is ideal for the development of the L. testaceipes. In
he absence of parasitism, the average value for intrinsic growth rate
t 25 ◦ C is according to the experimental result obtained by Soglia et
l. (2005) (Table 2). After the parasitoid was removed (t > 72 000),
n increase in temperature diminishes differences between the
verage values for intrinsic growth rate of the population in the
bsence and after the removal of the parasitism (a higher reduction
s observed at 15 ◦C). This occurs because the probability of par-
sitism diminishes when temperature increases and, therefore, it
ncreases the probability of the best genotypes to escape the action
f parasitoids.

Fig. 3 shows the temporal evolution of the size of the population

N(t)) at different temperatures for parasitized and non-parasitized
olonies of A. gossypii. In the presence of parasitism, a higher reduc-
ion in the size of the population at temperature of 25 ◦ C (reduction
f 72%) is observed. As parasitism affects the intrinsic growth rate
f the population, differences between the average values of the

able 5
verage values for intrinsic growth rate (average ± half-length of the 95% confidence int
emperature of 15, 20, 25, and 30 ◦C.

emperature (◦C) Average intrinsic growth rate

Absence of parasitism

5 0.161 ± 0.004
0 0.286 ± 0.004
5 0.318 ± 0.004
0 0.274 ± 0.004
pii at (a) 15 ◦ C (b) 20 ◦ C (c) 25 ◦ C and (d) 30 ◦C. Parasitism started in t = 61 000 and

population are observed before (t < 61 000) and after the removal
of parasitism (t > 72 000) at 15, 20, and 25 ◦C.

5. Computer simulation of the dynamics of interaction of
the apterous and alate morphs of A. gossypii and its
parasitoid L. testaceipes

The production of alate morphs in response to the presence
of the parasitoid or predator can be considered a defense mech-
anism. The purpose of this simulation is to verify as this defense
mechanism affect the selective pressure generate by parasitism. The
temperature 25 ◦C, the most adequate for reproduction and estab-
lishment of L. testaceipes as a biological control agent of A. gossypii
in protected cultivation, was considered. It was assumed that only
the apterous morphs are parasitized because the alates are able
to escape by flight. As in previous simulation, parasitism started
in t = 61 000 (after a stable population is reached) and ended in

t = 72 000. Parameters such as minimum (R) and maximum (RX)
age of reproduction, daily fecundity (b), developmental time (�)
and parasitism rate (˛) assumed values at 25 ◦ C as given in Table 4.

When the female reaches the minimum reproduction age R,
it will be able to generate b offspring with one given probabil-

erval) of A. gossypii in absence, during and after the parasitism to be removed at

During the parasitism After parasitism

0.060 ± 0.008 0.126 ± 0.007
0.166 ± 0.008 0.257 ± 0.005
0.052 ± 0.012 0.289 ± 0.005
0.206 ± 0.005 0.274 ± 0.004



760 A.A. de Souza et al. / Ecological Modelling 220 (2009) 756–763

F ◦ nd fig
i 00 (se
t same
t

i
c
e
a
(
o
a
o
i
g
w
s
2
v

•
•

c
u
s

of the population is reduced by only 4.8% (in the absence of alates,
the reduction was 7.8% (Fig. 5)).

Table 6 lists the average values for intrinsic growth rate rm(t) at
25 ◦C. It is observed that in the presence of parasitism, the reduction
in average intrinsic growth rate decreases as � increases. How-

Table 6
Average values for intrinsic growth rate (average ± half-length of the 95% confidence
ig. 2. Distributionof defective genes in genotypes (f). (a) At 15 C. The first and seco
n t = 72 000: in t = 60 000 (black line) and t = 72 000 (red line) (first); in t = 149 0
= 60 000 (black line) and t = 72 000 (red line) (third), in t = 149 000 (fourth). The

his figure legend, the reader is referred to the web version of the article.)

ty until the maximum age of reproduction (RX). Alate morphs
an disperse over great distances to colonize new plants. How-
ver, this generates an energy cost that generally is revealed by
fall in the fecundity or increase in the period of development

Pereira and Lomônaco, 2003). In such a way, the probability
f reproduction of alate females is considered smaller than for
pterous females. Moreover, alate females generate only apter-
us offspring (Mondor et al., 2005) with probability ˇ, where ˇ
s related to the energy cost. Apterous females will be able to
enerate alate offspring with probability � and apterous offspring
ith probability 1.0 − �. Once the production of alate morphs is

maller in relation to apterous morphs (Pereira and Lomônaco,
003), � < 1.0. Parameters ˇ and � assumed the following
alues:

ˇ = 0.30
� = 0.01 and � = 0.12.
Simulations were made up to 150 000 time steps (“days”),
onsidering an initial population of N0 = 10 000 females. The pop-
lation dynamics basically follows the simple rules of the previous
imulation.
ures correspond to simulation with parasitism inserted in t = 61 000 and removed
cond). The third and fourth figures correspond to simulation without parasitism: in
for (b) 20 ◦C, (c) 25 ◦C, and (d) 30 ◦C. (For interpretation of the references to color in

5.1. Results and discussion

Figs. 4 and 5 show the survival curves and temporal evolution
of the size of the population (N(t)), respectively, for colonies of
aphids parasitized and non-parasitized at 25 ◦ C with � = 0.01 and
� = 0.12. In this case, an increase in the production of alate morphs
results to survival rates each time next to those gotten without par-
asitism (Fig. 4). After removal of the parasitoid, the average size of
the population is restored if � = 0.12. If � = 0.01, the average size
interval) of A. gossypii at temperature of 25 ◦C.

� Average intrinsic growth rate

Absence of parasitism During the parasitism After parasitism

0.01 0.317 ± 0.004 0.054 ± 0.012 0.300 ± 0.004
0.12 0.309 ± 0.004 0.080 ± 0.008 0.309 ± 0.004
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ig. 3. Temporal evolution of size of the population (N(t)) for parasitized and non-p
tarted in t = 61 000 and ended in t = 72 000. Simulations up to 150 000 time steps

ver, even for � = 0.01, the difference between the average intrinsic
rowth rates in the absence and after the removal of parasitism is
ery small.
Fig. 6 shows the frequency of genotypes (f) with defective genes
t age j. It is observed that with the increase in the production of
late morphs, the distribution of genotypes after the removal of
arasitism presents no significant differences in relation to distri-

ig. 4. Survival rates for parasitized (circle) and non-parasitized (star) colonies of
. gossypii. Parasitism on apterous morphs started in t = 61 000 and ended in t =
2 000. Simulations up to 150 000 time steps with (a) � = 0.01 and (b) � = 0.12.
ized colonies of A. gossypii at (a) 15 ◦C, (b) 20 ◦C, (c) 25 ◦ C and (d) 30 ◦C. Parasitism

bution in the absence of parasitism. The presence of alate morphs
in colonies of insects reduces selective pressure of parasitism and
increases the probability of good genotypes to escape by flight of
the action of the parasitoid and, in addition, allows these genotypes

to remain in the population through successive generations.

Although results have been presented only with temperature at
25 ◦C, similar results were obtained for other temperatures (15 and
20 ◦C).

Fig. 5. Temporal evolution of size of the population (N(t)) for parasitized and
non-parasitized colonies of A. gossypii. Parasitism on apterous morphs started in
t = 61 000 and ended in t = 72 000. Simulations up to 150 000 times steps with (a)
� = 0.01 and (b) � = 0.12.
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ig. 6. Distribution of defective genes in genotypes (f) (a) in t = 60 000 (black line)
black line) and t = 72 000 (red line), with � = 0.12. (d) in t = 149 000 and � = 0.12
o the web version of the article.)

. Conclusions

Although the proposed simulation is a simplification of the
ost–parasitoid interaction, it adequately represents the effects of
his interaction on the population dynamics of the host, and, as
uch, can be a forecast model useful in biological control programs.
s observed experimentally, the results show that the tempera-

ure of 25 ◦ C is the most adequate, among the temperatures tested,
or the establishment of L. testaceipes as a biological control agent
f A. gossypii in protected cultivation. Besides, playing another
spect observed in parasitized populations, the reduction in life
xpectancy as a result of selective pressure generated by parasitism.

According to the model, it is observed that the selective pressure
enerated by parasitism is able to change the distribution of geno-
ypes of the population and therefore, affects the life expectancy
nd the growth rate of population. Furthermore, the results suggest
hat the emergence of alate morphs in the presence of parasitism
hould be a strategy for maintaining survival, as observed by Pereira
nd Lomônaco (2003). The presence of alate morphs reduces selec-
ive pressure of parasitism and increases the probability of good
enotypes to remain in the population through successive genera-
ions.

In this work was treated the interaction between the aphid A.
ossypii and its parasitoid L. testaceipes at different temperatures
onsidering some biological data from both species. Other biolog-
cal data, as well as the inclusion of the population of parasitoids
an be incorporated into the model. Currently other work has been
one in this direction. Moreover, other factors can be implemented,
uch as variations in temperature, precipitation and spatial distri-

ution of species, which will allow treating other relevant issues in
he host–parasitoid interaction.

Finally, the simulation model can provide support to the under-
tanding of different aspects of host–parasitoid interaction and thus
e a useful tool in establishing strategies in biological control.
= 72 000 (red line), with � = 0.01. (b) in t = 149 000 and � = 0.01. (c) in t = 60 000
interpretation of the references to color in this figure legend, the reader is referred
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	Computer simulation applied to the biological control of the insect Aphis gossypii for the parasitoid Lysiphlebus testaceipes
	Introduction
	Penna model
	Experimental comments about A. gossypii and its parasitoid L. testaceipes
	Computer simulation of the dynamics of interaction of the apterous morphs of A. gossypii and its parasitoid L. testaceipes
	Results and discussion

	Computer simulation of the dynamics of interaction of the apterous and alate morphs of A. gossypii and its parasitoid L. testaceipes
	Results and discussion

	Conclusions
	Acknowledgment
	References


