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Résumé. Le puceron vert du pécher, Myzus persicae Sulzer, est a I’origine de pertes croissantes
dans les vergers commerciaux de péchers du sud de la France. Des recherches sont entreprises a
I’INRA sur la possibilité de contrle biologique des populations de M. persicae & ’aide d’une
coccinelle prédatrice introduite, Harmonia axyridis Pallas. Nous analysons ici I’efficacité de .
axyridis comme agent de lutte biologique contre M. persicae , par la modélisation de I’interaction
proie-prédateur en fonction de la température. Les données de base pour la caractérisation de ces
interactions et I’élaboration d’un modéle de simulation sont établies en laboratoire & la station de
Zoologie de 'INRA d’Avignon. Le taux intrinséque d’accroissement des populations de M.
persicae atteint son maximum a 24°C, alors que les températures procurant la consommation de
proies maximale par la coccinelle se situent aux environs de 25-27.5°C. Le taux de développement
des larves de H. axyridis approche une valeur maximale lorsque la densité de proies augmente, et
présente une réponse a la température typique des organismes poikilothermes. Le taux moyen de
survie journalier age -spécifique de H. axyridis s’accroit avec la densité de proies selon une courbe
sigmoide, et répond également 4 la température. La simulation atteste que I’efficacité des jeunes
larves (L1-L3) de H. axyridis dans |’élimination de M. persicae augmente avec la température.
Cette réponse ne se retrouve pas chez les larves de 4éme stade. Les larves dgées sont toujours
plus efficaces que les jeunes larves & basses températures, et cet ordre s’inverse a ’autre extrémité
de la gamme de températures efficaces (10-30°C), avec une série de transitions lorsque la
température augmente. La simulation et les résultats d’expérimentations en conditions semi
contrdlées n’établissent pas clairement les conditions de la maitrise des populations de M.
persicae par lachers inondatifs de H. axyridis en vergers. L’efficacité du prédateur est moindre en
conditions de basses températures, ol la proie connait au contraire un trés fort taux
d’accroissement de population. Des résultats satisfaisants sont obtenus sur arbres encagés ou le
lacher d’un nombre approprié de larves de 3éme stade (50 par arbre) permet [’extinction de
populations initiales de 20 pucerons par rameau. La simulation réalisée & partir des températures

relevées au cours de I’expérimentation génére des résultats qualitativement conformes a

|’observation.



ABSTRACT. Green peach aphid, Myzus persicae Sulzer, an important pest in the
commercial peach orchards in the Rhone Valley of southern France, has been causing
increasing economic losses. Current control methods, are either ineffective or have
drawbacks including increased pesticide resistance, destroying natural control
mechanisms, contaminating of environment and fruits. To solve these problems, possibility
of biological control using an introduced cocccinellid predator, Harmonia axyridis Pallas
is investigated by researchers in INRA. As an integrated part of this effort, I investigated
the effectiveness of H. axyridis as a biocontrol agent against M. persicae, with the
modeling and analysis of the temperature-dependent predator-prey interactions.
Background studies necessary for estimating parameters for describing the temperature-
dependent predator-prey interactions and for building a simulation model were conducted
by the author in the Zoology Station, INRA, Avignon. The intrinsic rate of population
increase of M. persicae reaches its maximum value around 24°C, while the optimal
temperature for attaining the maximum prey consumption with a fixed prey density is
about 25-27.5°C. The developmental rate of larval A. axyridis approaches the maximum
value as the prey density increases and the developmental rate of 4. axyridis responds to
temperature following a typical poikilothermal pattern. The average age-specific daily
survival rate of H. axyridis increases with prey density following a sigmoid curve, and is
also affected by temperature. Results from simulation analyses are presented suggesting
that a major factor limiting the effectiveness of H. axyridis lies in the fact that this
predator is not very effective under low temperatures when the prey, green peach aphids
can attain a fairly high rate of population increase. Simulation also suggested that the
effectiveness of young larvae (L1-L3) of H. axyridis in eliminating green peach aphids
augments as temperature increases, but this pattern does not hold for the 4% instar. From
another perspective, older instar larvae are always more effective than the younger ones at
low temperatures, but this pattern switches to the reverse order at the other end of the
effective temperature range (10-30°C), with a series of transitions in this pattern as
temperatures increases within the range of the two extremes. Satisfactory results were
obtained in suppressing the population of M. persicae using H. axyridis by releasing an
acceptable number of 3" instar larvae (50 larvae/tree) at an aphids density of average 20
aphids/shoot on caged trees. Simulation run with temperature data recorded during the

experiment generates results qualitatively consistent with the observation.
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PREFACE

The potential use of Harmonia axyridis Pallas as a biological control agent for
innundative release is examined for green peach aphids Myzus persicae, an insect pest in
commercial peach orchards in southern France, using a simulation model. Chapter 1
describes M. persicae as a pest in peach orchards and the history of study on H. axyridis
in France, and introduces the objectives and approaches of this study with respect to the
evaluation of H. axyridis as a biological control agent and the modeling of the predator-
prey interactions between H. axyridis and M. persicae.

In Chapter 2, models of the developmental rate and intrinsic rate of population
increase of M. persicae as functions of temperature are developed upon data of age-
specific life tables built for laboratory populations. Some other parameters of the life
system of M. persicae are also presented in the chapter.

The temperature-dependent functional responses of all the active immature stages
of H. axyridis to M. persicae are discussed in Chapter 3. The number of green peach
aphids consumed by /. axyridis are modeled as function of both temperature and density
of aphids exposed to the predator.

Chapter 4 deals with the developmental rate and survival rate of different larval
stages of H. axyridis in relation to temperature and prey density. These relationships are
described by models. The integration of the two aspects, developmental and survival rate,
will account for the temperature- and density-dependence of the rate of change in the
number of individual in the cohort of a given larvae stage.

Models described in the above chapter are incorporated in Chapter 5 into a
computer simulation model. Simulation results are discussed concerning the effectiveness
of H. axyridis as a predator of green peach aphids in relation to temperature, predator age,
and prey density.

Chapter 6 presents the results of a release trial in the orchard using the
experimental exclusion technique. The observation is compared with simulation that is

conducted using temperature data recorded during the release trial.
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Chapter 1.
Definition of the system and the approach

1. THE SYSTEM

1.1 The Green peach aphid

Green peach aphid (Myzus persicae (Sulzer)) is a world-widely distributed species. It is
outstanding in distribution and in host plant range (Van Emden, et al. 1969, Mackauer and
way 1976). As a pest, green peach aphid not only causes direct damage but is also able to
transmit over 100 virus diseases of plants on about 50 different families including many
important crops (Kennedy et al. 1962, Van Emden, et al. 1969, Swenson 1968, Mackauer
and way 1976). Perhaps because of its wide distribution and economic importance on
several crops, M persicae has been extensively and intensively studied and was selected in
1967 as the key aphid species for an international collaborative research project under the
IBP/UM (Use and Management of Natural Resources) program (Mackauer and way
1976). It has been an object in the study of physiology, biochemistry, nutrition (Dadd and
Krieger 1968, Miles 1968, Parry and Ford 1969), genetics (Ford 1964, Cognetti 1967,
Blackman 1972) insecticide resistance (Sudderuddins 1973, Attia and Hamilton 1978,
Sawicki et al. 1980, Weber 1985a, b, Devonshire 1989, Sauphanor et al. 1995) and plant-
aphid interactions (Van Emden et al. 1969). As an economically important pest, the
biology, ecology and control of M. persicae have been world-widely studied on potato
and sugar beet, its secondary hosts. However, only a few researches (Tamacki 1973,
Leclant 1986, 1988) were carried out on the aphid’s primary host plant, peach trees,
probably because this species was previously not, or was not perceived as, an important
pest in peach orchards. In fact, it was generally perceived, and it may still be perceived by

some, that peach trees can tolerate a fairly high population of M. persicae without

measurable economic damage (Mackauer and Way 1976).



In southern France, green peach aphid has been drawing attentions for serious problems
it is causing in peach orchards. It attacks the peach flowers and buds in the early spring,
which may greatly reduce the production and quality of peach fruits (Leclant 1978). The
high population potentials of this pest allows frequent heavy infestations on peach trees
which may seriously weaken the vitality of peach trees and affect the fruit production for
the following years (Leclant 1970). Moreover, two important factors has made green
peach aphid become remarkable as a pest in peach orchard: 1) this aphid was once
believed to be the major vector of Sharka, a vital virus disease of peach trees in Europe,
which has destroyed some commercial orchards and has presented a major threat to the
peach production (more recent researchs on epidemics of Sharka suggests that M.
persicae has a much less crucial role in the transmission of the viral disease than what had
been believed (Sauphanor 1997, personal communication)); and 2) it has manifested an
increased resistance to the major groups of insecticides which has resulted in failures of
pesticide treatments in peach orchards (Craveti and Cervato 1993).

Few other approaches than chemical methods have been successful in maintaining the
population density of green peach aphids at an acceptable low density, which was
considered necessary for controlling the epidemics of the virus disease. The intensive use
of chemical methods to reduce the economic losses due to this pest and to prevent the
spread of virus diseases by controlling the aphid vector has resulted in the development of
resistance of this species to major types of pesticides, which has often led to more frequent
and more intensive use of pesticides (Weber 1985a, b, Sudderuddins 1973, Attia and
Hamilton 1978, Sawicki et al. 1980, Devonshire 1989). The reliance on chemical methods
in controlling green peach aphids has been in conflict with integrated control programs
aiming at other orchard pests, and may eventually cause intolerable consequences to the
environment of the peach growing areas.

Thus, to free the peach production from the direct damage and threat of aphid-
mediated virus diseases, and to reduce the environmental risk from pesticide application,
there is an urgent need for new and environmentally sound control approaches, including
utilization of variety resistance of peach trees and biological control using natural enemies.

Research efforts have been made toward these directions in INRA-Research Station of



Zoology at Avignon for years (Sauphanor et al. 1993). This research has been conducted

within this context.

1.2 Harmonia axyridis

Harmonia axyridis is a predatory coccinellid originated in the East Asia. This species
has a wide range of adaptation to various habitats and can prey on a wide range of aphid
species (Shanderl 1986). For these reasons, it has been extensively studied and utilized in
Japan, China, South Korea and Russia for biological control through conservation and
enhancement of natural populations, as well as human augmentation of the natural
population (Niijima et al. 1986). A great quantity of researches have been done concerning
the biology (Gotoh 1982, Takahashi 1986, Obata 1988, Coderre et al. 1995), ecology
(Shanderl et al. 1985, Obata 1986, McClure 1986, 1987), behaviors (Obata 1986, Obata
and Hidaka 1987, Osawa 1994), physiology and biochemistry (Ogawa and Ariyoshi 1981),
population biology (Hu 1979, Bogdanov and Gagal’chii 1986, Kholin 1991, Osawa and
Nishida 1992, Ueno 1994), nutrition and artificial mass rearing (Niijima and Takahashi
1980, Choi 1983, Choi and Kim 1984, Matsuka and Niijima 1985, Shanderl et al. 1986,
Wang 1986), as well as the techniques for field application of this coccinellid species
(Niijima et al. 1986, Wang 1986). In the United States, this species has been introduced
for controlling a variety of pests, mainly including aphids and scales (McClure 1986, 1987,
Bryan 1993, De Quattro 1995). Native populations have also been discovered in several
locations in the North America (Chapin and Brou 1991, Dreistat et al. 1995, Coderre et al.
1995). A very successful example of using this ladybug as an exotic species for classic
biological control has been its being introduced into the USA for controlling the pecan
aphids. It has been so successful that in several pecan growing states, the pecan aphid is
no longer considered as a substantial pests (Bryan 1993, LaRock and Ellington 1996). But
in many locations in the United States this coccinellid has becoming a nuisance to the
residents, because they enter the houses in swarm for oversummering or overwintering

(Segelken 1994, Robinson 1996).
H. axyridis was introduced to France in the early 1980’s by INRA-Laboratory of



Population Biology at Antibes as a potential biological control agent. The fundamental
aspects of the biology, ecology and behavior have been studied in details (Shanderl et al.
1985, Shanderl 1986, Ferran et al. 1985). Techniques for mass rearing with eggs of
Ephestia kuehniella Zeller have been developed and commercial production was made
possible (Shanderl et al. 1985, Shanderl 1986). Laboratory and field explorations of the
possibility to use this species to control various pests, mostly aphids and scales, have been
conducted on a number of crops ‘(Ferran 1996, personal communication). Efforts have
been made in trying to use this ladybug for inundative releases, and encouraging success
has been gained in biological control against Macrosiphum rosae (L.) on rose bushes
(Ferran 1996, personal communication). However, there has been so far no other records
or evidence showing any substantial success in using this ladybug in controlling insect
pests in France. More detailed studies on the evaluation of the effectiveness of this
coccinellid as a potential biological control agent against different pests should be
conducted before valid conclusion could be made concerning the potential usefulness of
this species as a biological control agent in France. In this study, we concentrate on the
evaluation of the effectiveness of H. axyridis as a biological control agent against green
peach aphid.

Two distinct categories for augmenting the use of biological control agent have been
recognized (DeBach and Hagen 1964): inoculative and inundative releases. The former
refers to releasing relatively small number of beneficial insects as colonizing populations,
with the purpose of providing relatively long-term pest regulation through in-field
reproduction of the released species. Inundative releases, on the other hand, release large
numbers to cause an immediate and direct mortality in the pest population (Stinner 1977).
Due to the fact that green peach aphid colonizes peach trees as a primary host only for a
rather short period in spring, and moves later on to a vast range of secondary hosts, the
coccinellid is unlikely to establish close phenological and habitat with the aphid. Thus,
inundative release is a natural choice for utilizing H. axyridis as a biological control agent
against green peach aphid, that is, the coccinellid is used as an intervention agent for

immediate suppression of the aphid population and need to be applied whenever the aphid

population exceeded the tolerance threshold.



2. THE APPROACH
2.1 The approach to the evaluation of the effectiveness of the predator

For biological control using inundative releases of biological control agent, the
beneficial species 1s usually not intended to be introduced as a long-term regulatory agent,
but rather as a temporary suppressing force of the pest population (Hoyt and Caltagirone
1971, Debach 1974, Stinner 1977). Thus the long-term dynamics of the predator and the
prey is of little concern in the evaluation of the effectiveness of the entomophaga. The
evaluation of the effectiveness of a biocontrol agent for inundative release can be
implemented using several different approaches or their combinations (Huffacker and
Kennett 1969, Luck et al. 1988). In the first case, direct field release trials can be
conducted and gross cause-effect indication rather than proof is usually yielded based on
observations and sampling data (Barlow and Dixon 1980, Luck et al. 1988). Alternatively,
life tables can be built for populations of the pest and the released biological control agent
under natural or semi-controlled condition to assess the impacts of the natural enemy on
the demography and the population trends of the pest, intensive inspections of marked
aphid colonies or caged plants or plant parts, both with or without predators, are usually
conducted for this methods. Strong proof of the impacts of the predator on the pest
population may be obtained (Dixon 1959, Varley and Gradwell 1971, Frazer et al. 1981,
Bellows, Jr. T.S. et al. 1992). As a third alternative, laboratory or strictly controlled field
populatidns can be manipulated by using experimental exclusion techniques to determine
the quantitative relationships between the major component variables or processes of the
system; the system is usually well defined, and simple measurable component processes or
relations that contribute to the major behaviors of the system are identified from complex
interactions; measured relationships between component variables are synthesized with a
model (Varley and Gradwell 1971, Ruesink 1976, Rabbinge and Sabelis 1980). The first
approach is technically simple, but economically expensive and ecologically risky if the
trial is to be conducted in a meaningfully large spatial scale and to include an inclusive

range of release options (Pimentel et at. 1980); the results of the evaluation of the



effectiveness with this approach are directly related to the real situation in practice, but on
the other hand, they give little explanation for the consequence (success or failure) of the
releases. For the second approach, convincing evidence can be obtained concerning
impacts of introducing predators on prey population in a particular experimental setting,
but the results are usually dependent on the particular situation and can in no sense be
considered to apply to more general situations, since actual experiments are usually
hindered by technical difficulties and limited in time and space. The third approach can
result in the accumulation of a large amount of detailed information concerning
quantitative relationships between various component variables, which is very useful for
answering specific questions such as “Is temperature a critical factor that determines the
effectiveness of the predator?”. The data gathered with this approach can usually be
considered as being more general than with the other two approaches, since the
experiments for measuring those relationships are usually designed to be conducted, in the
first place, under certain “ideal conditions” --- conditions that apply to most, if not all,
situations. Some system-specific and situation-specific factors, which were usually left out
at the beginning, can be incorporated subsequently according to the need. This approach
costs less research effort and resource, and can often provide insights into the mechanisms
behind the phenomenal consequences, which is usually very valuable for subsequent
researches such as the development of strategies for using the natural enemy in biological
control, and even adds to the more general biological control theory (Ruesink 1976,
Rabbinge and Sabelis 1980, Susan 1991). However, one inherent weakness of this
approach, which results right from its being general, is its being less realistic than the other
two approaches, since a lot of details that are regarded as being less relevant to the
questions to be answered are dropped out of the model. The model prediction should be
considered rather as hypotheses to be tested than as facts to be accepted. The use of any
single approaéh will face some limitations and constraints. In fact, each of the three
approaches is better suitable to address certain types of questions, to fit to certain purpose
or to be used in certain situation or certain phase of a research project than the others.
They should be regarded more as reciprocal approaches rather than competing ones, for

example, the modeling approach can usually be used to generate hypotheses that can be



tested using the other two approaches; the field release trials can usually be used to test
the predictions made by the model and/or the life table and arrive at the final judgment of
the effectiveness of a natural enemy in the real situation. Information from the life table or
the model can usually serve to eliminate a large number of options that should otherwise
be considered, and raise better defined and more specific questions to be answered, or
form more explicit statement to be proved by the field release trials.

The integration of the three approaches has been accepted by the research group in
INRA-Research Station of Zoology at Avignon. This thesis deals only with the part of
study using the modeling approach. In this study, our major concern is whether H.
axyridis has the potentials to be used as a effective biological control agent for innundative
release against the green peach aphid, in terms of the potential predatory pressure it may
pose on the aphid population versus the potentials of aphid population growth, with both
sides being dynamically modified by each other and by temperature. The potentials of
population growth of the aphid is represented by the intrinsic rate of population increase
which is a function of temperature and is subject to a multiplier representing the effect of
intra-specific competition. The potential predatory pressure of the ladybeetle is regarded
as an integral index of the attack rate, survival and developmental rates of the ladybug.
These elements are to be incorporated into a model which can be used to pose and answer
questions such as whether this coccinellid can be an effective predator of green peach

aphid at all, or within which temperature range the coccinellid possesses the potentials to

be a effective predator of green peach aphids.

2.2 The approach to the population modeling

A model is an intellectual construction or artificial analog of a physical system. The
purpose for building a model of a system is always to obtain a representation of only the
most important features of the system, sd that we can study and use the model, instead of
the physical system itself, which is more easy to understand and to handle than the real

system for certain purposes (Conway and Murdie 1972, Curry and Feldman 1987). It is in



this sense that a perfect copy of the physical system is not only impossible but also
unnecessary, and thus, considerable simplifications are always needed, because an exact
analog of the system will be as hard to understand, and behave as slowly as the physical
system.

Different approaches to modeling population dynamics (no matter a single species or a
multi-species system) can be distinguished (Conway 1973, May 1974, Guiterrez 1981,
Gets and Guitierez 1982, Dixon 1989, Arino et al. 1991, Berryman 1991, Renshaw 1991).
Firstly, one can distinguish between analytical models and simulation models. Analytical
models usually involve only a limited number of variables and parameters and the
relationships between variables are mathematically explicit so that the model be kept
simple enough to be analytically tractable. On the other hand, simulation models can
incorporate a large number of variables and parameters and the relationships between
variables do not need to be mathematically explicit but can be implicitly embedded in the
algorithm of computer programs (De Wit and Goudriaan 1978). In fact, there are hardly
any models of a particular physical system that can be perfectly put into either of the
categories; in most cases, simulation models use some analytical models as frameworks;
and analytical models need to incorporate some simulation techniques when being used to
tackle specific problems with a specific system. Therefore, it is of little meaning or use to
simply label one’s model as an “analytical” or “simulation” model, as far as you want to
model a specific system. It is perhaps more useful to distinguish a model based on how it
is constructed; a model could be obtained by fitting population time series data to simple
theoretical models which were built upon fundamental biological and ecological principles;
or otherwise, the model could be constructed using parameters measured directly from
experiments or observations or derived from calibration or adjustment against the behavior
of the system (Berryman 1992). For the former approach, an adequate length of time
series data need to be collected and compiled, and the model and system itself need to be
pretty simple so as to allow feasible statistical analyses. This method requires that the
population time series be stationary or at least be able to be transformed into an stationary
time series, so it is most suitable to be used for studying long term macroscopic population

changes with one year as the time step. It is of limited use in studying microscopic



population changes, or population with strong seasonality or subject to frequent violent
perturbations, such as in many agricultural pest populations. This approach is obviously
not suitable for this study. For the latter approach, the system is usually structured
reflecting certain biological details, and is thus possible to be reduced into some basic
mechanistic sub-units of lower organization-levels which usually have a shorter time scale,
so that the parameters in this kind of models are biologically explicit and can be measured
directly or be estimated from other quantities. This kind of models are comparatively
cheaper to build, and flexible in model complexity, but they often fail to describe and
explain the overall long-term behaviors of a real system because of the involvement of
different organization levels and different time or/and space scales. Thus, it is more
suitable to be used to study specific microscopic behaviors of a system, rather than giving
predictions of long-term macroscopic dynamic behaviors of a system. This study will
accept this approach.

Another distinction can be made between models which describe population growth as
a continuous process and those that describe change of populations with discrete
generations or age classes (May 1974). The former includes models with the independent
variable (time) being continuous, for which we have differential equations. The latter
includes models with the independent variable (7) being discrete, for which we have
difference equations. Because the life system of green peach aphid is characterized by high
degree of generation overlaps, individuals are born and die at any moment, continuous-
time model will be more appropriate and convenient in modeling the population changes.

Distinction can also be made between deterministic models and stochastic models. For
deterministic models the population density (N) changes uniquely and continuously by an
infinitesimal amount dN in an infinitesimal time dt. For stochastic models the population
density is perceived to be a random variable with respect to every e T (Tis a specific real
set). The classic stochastic population models are based on discrete-state processes
(Bartlett 1960, Pielou 1977, May 1974) where we have probability distribution function,
f(n, 1), which defines the probability to find the population to have » individuals at time ¢,
thus the average population and the variance can be calculated at each time point #

(Bartlett 1960, May 1974). Obviously, this type of stochastic models gives a more realistic



description of the population process, since in the deterministic model, each member of
the population gives birth or dies to some fraction of an individual in each small interval of
time, whereas in the stochastic model only whole animals are born and die with specified
probabilities. While being more realistic, stochastic population models involve harder
calculation and requires more information than their deterministic analogues. And more
importantly, for very large populations, this distinction becomes unimportant, as May
(1974) argued, the generalized central limit theorems of McNeil and Schach (1971)
guarantees that for large value of N (or X, the carrying capacity, in case of logistic
population growth) the mean of the population is identical to the deterministic population,
and the statistical root-mean-square relative population fluctuation about the mean
becomes trivial. This kind of stochasticity rooted in the fact that the population variables
are fundamentally discrete ones is termed as "demographic stochasticity" (Bartlett 1960).
Stochasticity also arise from the randomness of environmental elements of a population,
for which a random variable of specified probability distribution is often added to the rate
of population change (Conway 1972, May 1972).

Another way to classify models is based on the model complexity, in the 70’s and early
80’s, the so called general-purpose large-scale system models was strongly advocated,
they were characterized by involving a huge number of variables and parameters, and a
wide range of interactions, being built for serving general purposes (Logan 1993). It
turned out that those huge general-purpose large-scale model were even harder to
understand and operate than the real system and were thus of little use. Recently, there has
been such a tendency that people are turning back to those small specific-purpose models
which are characterized by incorporating only a minimum number of variables and
parameters and serve certain well-defined specific purposes (Logan 1993). This study will
accept the modeling approach with a very specific purpose --- evaluating the effectiveness
of H. axyridis as a predator of M. persicae, so the model will keep only the most relevant
elements.

In this study, three major components will be incorporated in the model: the
temperature-dependent population increase rate of M. persicae, the temperature-

dependent functional response of H. axyridis to M. persicae, and the temperature-
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dependent rates of development and survival of the larval stage of the predator. These

elements are to be coupled in a dynamic simulation model (Fig. 1-1).

Population density Intrinsic rate of population PO
of M. persicae N(t) increaseof M. persicae f(N, T) ¥

Searching efficiency of e -
H. axyridis g(N, P, T)

Number of of Development and survival of |, . :
H. axyridis P(t) H. axyridis h(N, P, T)

T

Fig. 1-1 Diagram of a conceptual model for the temperature-mediated predator-prey interactions
between Harmonia axyridis and Myzus persicae.

3. OBJECTIVES

There are two major reasons for using the modeling approach to evaluate the
effectiveness of H axyridis as a biological control agent against M. persicae. Firstly, a
model can serve to identify key factors that determine the effectiveness of the predator,
increase our understanding of the consequence, which is critical in determining under what
conditions the inundative releases would have the greatest or least chance of providing
feasible control against the target pest. The model can also be used to direct field release
trials and provide supplementary information on the field evaluations. Secondly, the model
can provide a framework for more detailed system-specific or field-level tactic models in
the following phase of researches for developing field application tactics and decision
making concerning the optimum timing and numbers of the predator to release. The
optimization of these two variables can greatly reduce costs as well as increase efficiency,

particularly against highly vagile and fecund prey species like M. persicae. Even in case
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that the predator turns out not to be a effective predator of M. persicae, the model can
still be used in predicting the right kind of natural enemies that should be considered as
potential biological control agents.

The objective of this study is to use the modeling approach to evaluate the potential
effectiveness of H. axyridis as a biological control agent against M. persicae within the
limit of the population potentials of the prey, the searching efficiency of the predator and
the sustainability of the predator in relation to the prey abundance, and the temperatufe-
dependence of these processes, to enhance the understanding of the consequences of field

release trials, to identify areas where more information is needed and provide guidelines

for further field evaluations and application.
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Chapter 2.
Effects of Temperature on the Demography

and Intrinsic Rate of population Increase of
Mpyzus persicae (Sulzer) (Homoptera: Aphididae)

Introduction

In the context of developing more effective and rational approaches and strategies for
controlling green peach aphid (Myzus persicae) in peach orchards, including evaluating
the effectiveness of biological control agents and developing strategies for field
application, which is the major concern of this study, information on the potentials of
population increase of the aphid is critical. A classic approach to the study of insect
population increase often include the intrinsic rate of population increase (r,) of the insect
and the most important factors modifying this parameter. The intrinsic rate of population
increase is a concept firstly developed by Lotka (1925). By definition it is the maximum
rate of population increase attained under optimal environmental conditions representing
the genetic and physiological characteristics of a species, which subjects to modifications
of environmental conditions (Barlow 1962, Dean 1974, Deloach 1974). The intrinsic rate
of population increase has a number of component variables: the developmental rate of
immature stages, the fecundity and age-specific reproductive profile and the survival rate
of the immature and adult stages (Birch 1948, Barlow 1962, Dixon 1987). These
component variables can be measured by building life tables of the aphid under specific
conditions. The modification of the intrinsic rate of population increase may result from:
food quality, temperature, competition, and polymorphism, etc. (Frazer 1987). In this
study, we will not take into account the food quality of green peach aphid, which may
result greatly from the seasonal variation in the physiological status of the host plants, as
during most of the season from March, when the aphid eggs begin to hatch in the peach
orchards, to May, when the aphids begin to move out of the peach orchards, the green

peach aphid colonizes mainly the growing new shoots (Davis and Landis 1951, Leclant
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1972, 1976, Tamaki 1973,). We may assume that the variation in the food quality for
green peach aphids during the rising phase of the aphid population is bounded within a
certain favorable range. The effects of morph determinations will not be included in this
study either, as our purpose is to investigate the aphid population of the parthenogenetic
generations in peach orchards in Spring. The effects of intra-specific competition can be
included by incorporating the value of carrying capacity in the model. For our purpose of
this study -—- evaluating the effectiveness of natural enemies, the temperature-dependent
intrinsic rate of population increase is of major interest, because temperature has a regular
annual seasonal trends and considerable random variation in the fields, and has been
identified as an major factor causing the most detectable and predictable changes in the
insect population increase rate (Messenger 1964, DeLoach 1974, Goldman and Carpenter
1974, Eyring and Urry 1975, Logan et al. 1976, Sharpe and DeMichele 1977, Tamaki
1982), and seaching efficiency (Goldman and Carpenter 1974, Tamaki and Long 1978,
Mack et al. 1981) and persistence of predators (Mack and Smilowitz 1982).

There have been researches published on the intrinsic rate of population increase of
parthenogenetic generations of green peach aphid on secondary hosts such as potato
(Barlow 1962), tobacco (Harrison 1969) and cabbage (Deloach 1974), but we have found
no published work on the intrinsic rate of population increase on peach trees.

The objective of this work is to measure the intrinsic rate of population increase of
green peach aphid as modified by temperature under laboratory conditions, which can
serve as a parameter for models to be used in evaluating the effects of extrinsic modifiers

of the population dynamics of green peach aphid such as predators and variety resistance

of host plants.

Material and Methods

Plants. Peach seedlings in the stage of 15-20 leaves, which were obtained from the
germination of peach cones of the variety 305, were used as the host plants of green peach

aphid. These seedlings were cultured in 5x8.2 cm cylindrical plastic jars using a complete
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nutritive solution with the following composition in mol m™: MgS0,.7H,0 1; KCl 0.2;
K>S0, 1.5; KH,SO, 0.5; Fe EDDHA (ethylenediamine-di(o-hydroxyphenylacetic acid))
0.1, H;BOs; 0.001; MnCl,.4H,0 0.003; CuSO; 0.7x10™* ZnSO, 0.15x10"; MoNH,
0.15x10°. The peach seedlings were watered with distilled water every three days, and the
nutritive solution was supplemented every week. A sheet of paper in black color was put
at the bottom of the peach seedlings, covering the plastic jars, with the stalk passing
through a hole, so that the white-colored exuvia of the aphids could fall on this sheet of
black paper and be easily found.

Aphids. Laboratory colonies of parthenogenetic viviparous green peach aphids used in this
experiment were originated from the fundatrix collected from the experimental orchard of
INRA at Montfavet in March, 1992. These aphid colonies were maintained on peach
seedlings cultured with nutritive solution in a climatized chamber with temperature being
maintained at 21.0+0.5°C, relative humidity at approximately 60% and the photoperiod
being the same with the natural photoperiod. For the experiments, adult aphids were put
on each of the peach seedlings for producing viviparous nymphs, 4 hours Ilater, these
adults and excessive nymphs were removed from the seedlings, with only one nymph being
left on each ;seedling.

Observation. The peach seedlings carrying a aphid nymph which had been delivered for no
longer than 4 hours were placed inside incubators in which temperature was kept at 12.5,
16, 18, 20, 24, 26, 27.5 or 30°C respectively. In each incubator were placed a rectangular
plate filled with water and pieces of plastic sponge soaked in the water to raise the relative
humidity. However, we failed to maintain the same level of relative humidity for all the
incubators which had different temperatures. An average relative humidity was kept
approximately at 56% for the incubator of 13°C, 54% for 16°C, 55% for 20°C, 42% for
24°C, 46% for 27,5°C, and 44% for 30°C. The photoperiod was maintained at 14:10 in all
the incubators using two 8 w fluorescent tubes. The air circulation of the incubators was
made by an installed ventilator. Twenty replicates were used for each temperature
treatment. The aphids were checked everyday, and the time of molting, dying of the
nymphs and the number of new-born nymphs reproduced each day by the adults were

recorded. The young nymphs were removed each day after the observation.



Analysis of data. The demographic data obtained for each temperature from above
observations were used to build age-specific life tables. The average duration of
development for each nymph stages, age-specific survival rate and average age-specific
reproductive rate were calculated. The average duration of development and the average
daily fecundity were calculated using the arithmetic mean. The average rate of

development used in this paper was computed as:

D = -2 @-1)

where D is the average rate of development, » is the sample size, dis are observed

developmental duration (in days).

The age-specific survival rate was calculated as:

= (22)

where / is the age-specific survival rate of day x, N, and N,.; are the number of survival
aphids of two consecutive days.

Based on information from the life tables, the intrinsic rate of population increase r,,, a
comprehensive parameter that summarizes the developmental rate, survival rate and

fecundity of green peach aphids, was calculated using Birch's approximation (Birch 1948):
Z e ™ I.m, =1 ' (2-3)
X

where 1, is the intrinsic rate of population increase; x is the age in days; / is the age
specific survival rate; m, is the age temperature and that between the intrinsic rate of
population increase and temperature were fitted to Logan et al.'s two models (Logan et al.
1976): the model of exponential outer expansion (see Eqn. 2-4) and the sigmoid outer
expansi-on (see Eqn. 2-5).
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Ty =T

D(T)=y[e?T —e” o7 ] (20

where D(7) the temperature-dependent rate in question; 7" in the temperature (°C); w was
define by Logan as the rate of the process concerned at some base temperature; p is a
value for critical enzyme-catalyzed biochemical reactions; 7;, the maximum temperature in

degree above the bass temperature for the life process; AT the width of high temperature

boundary layer.

T, -T

D(T)=af{[l+ke™ ] —e AT } (2-5)

where & is a value representing the declining speed of the rate of the process in question
at Inm; k= (a- W) y, d(1), p, I, and AT have the same meaning as in the exponential

outer expansion. A quasi-Newton's method was used to obtain estimations of the

parameters in the above models.

Results

Immature developmental rate. Within the range of temperature studied, the immature
stage of the apterous parthnogenetic viviparous form of M persicae attained its highest
developmental rate at 24°C, it took in average 5.333310.1421 days for the aphid to finish
the development of its immature stages. Below 24°C, the developmental rate of the
immature stage increases with temperature, it took as long as 15.1667+0.1741 days for
the aphids to finish the nymph development at 12.5°C; above 24°C, the immature
developmental rate decreases as temperature increases, it took 7.6667+0.1421 days for the

aphids to finish their nymph development at 27.5°C. At 30°C, all the 20 aphids died before
finishing the development of the second nymph stage (Table 2-1).
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Table 2-1 Parameter estimates (M+SE) of the life table of M. persicae under laboratory conditions.
(1992, Montfavet)

20 24 26 27.5 30

Temperature (°C) 12.5 16 18

d (days) (M+SE) 15.1667 10.0833 7.6667 6.5000 5.3333 6.0000 7.6667 *
+0.1741 +0.0833 +0.1421 +0.1508 +0.1421 +0.1231 +0.1421

D (day") (M+SE) 0.0659  0.0992 0.1304 0.1538 0.1875 0.1667 0.1304 7/
+0.0008 +0.0008 +0.0024 +0.0036 +0.0050 +0.0034 +0.0024

Zmy (gcncralion'l) 88.4396 88.8823 88.9759 91.3233 69.8571 61.4487 23357 /

(M+SE) +22.8645 +18.4216 +17.6432 +15.3425 +12.6416 +11.0102 +0.7765

R, (gcncration") 80.9858 79.9892 81.4196 82.1451 57.2154 33.3318 03417 /

(M+SE) +31.8558 +31.6676 +32.9936 +26.8991 +22,1787 +23.4574 +2.0640

P (day'l) (M+SE) 0.1446 0.2009 . 0.2224 0.3234 0.3744  0.2714 -0.0958 /
+0.0787 +0.0894 +0.0947 +0.0999 +0.1695 +0.22123 +0.5383

T, (days) (M+SE) 30.3988 21.8152 19.7847 15.6329 10.8082 129196 11.2123 /

+17.7010 +9.4010 +8.2266 +5.1959 +4.7817 +9.7655 +10.5115

74 (days) 4.7951 3.4508 3.1170 2.1435 1.8512 2.5539 / /
+2.6089 +1.5353 +1.3271 +0.6621 +0.8382 +2.0819

7. (days) 6.9178 49785 4.4969 3.0924 2.6708  3.6845 / /

+3.7639 +2.2151 +1.9146 +0.9552 +1.2092 +3.0035

d (days) (M+SE): duration of dcvelopment;

D(day) (M): average developmental rate (D=1/d);

Tm, (gencration™): Total fecundity / gencration;

R, (gencration™): finite population growth rate, (R, = Zx/y.my);

rm (day™): intrinsic population growth rate, scc Eqn. 2-3;

T; (days): mcan length of generation time(7;, =(Zx./y. my )/(Zly. my));

T (days): time required to double the population (74 =in2/ry);

T (days): characteristic retumn time (7 =1/ #p).

All thesc parameters were measured from aphids maintained on peach seedlings cultivated in

nutritive solution under laboratory conditions. Photoperiod is maintained at 14:10.

The data on the relationship between the rate of the immature development and
temperature were well fitted to Logan et al's "exponential outer expansion" equation (Fig.
2-1). The estimated maximum temperature for the devélopment of green peach aphids is
29.4770°C, and the estimates for the high temperature boundary layer AT is 5.3700°C
(Table 2-2). The predicted value of temperature at which the maximum value for

immature developmental rate is attained was calculated to be 24.0981°C by seeking the

maximum value of Eqn. 2-4.
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Table 2-2 Parameter estimates for the developmental ratc as a function of temperature of M
I, =T
persicae, using: D(T) = w[e”” - e et 1 (Logan' exponential outer expansion).

(1992, Montfavet)

74 P /= AT R?
Mean 0.6730 0.1856 29.4770 5.3700 0.995
SE 2.5631 0.4335 12.1324 1.2342

D(T): the developmental rate; T is the temperature (°C),

v : the rate of the process concerned at some base temperature;
p : a value for critical enzyme-catalyzed biochemical reactions;
T'»: the maximum temperature in degree for the life process;

AT the width of high temperature boundary layer.
A quasi-Newton's method was used to obtain estimations of the parameters in the above models.
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Fig. 2-1 Developmental rate D (D=1 day™) of M. persicae in relation to constant temperature (°C). The
curve is plotted using predicted values from equation (2-2); the dots are observed values.
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Fecundity of the apterous parthnogenetic females. The fecundity of the aphids were
described in terms of total fecundity and the age-specific fecundity profile. The total
fecundity of the adults attains its maximum at 20°C. Below 20°C, it showed a weak
tendency to increase with temperature; above 20°C, the total fecundity declines rapidly as
temperature increases, and the decline accelerates as the temperature augments (the slop
of the curve becomes steeper toward the right) (Fig. 2-2, Table 2-1). The age-specific
fecundity profile (Fig. 2-3) showed. that the reproduction of green peach aphids is more
concentrated in early adult life under higher temperatures than under lower temperatures.
Below the optimal temperature (24°C), as temperature increases, the peaks of age-specific
fecundity becomes higher, but the duration of the reproduction becomes shorter. Beyond

24°C, as temperature increases, the peak of age-specific fecundity becomes lower and the

duration of reproduction shorter.
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Fig. 2-2 Relationship between the total fecundity of M. persicae and temperature (°C) on peach seedlings
cultivated with nutritive solution under laboratory conditions. Photo period 14:10.
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Fig. 2-3 Age-specific fecundity profiles of M. persicae in relation to temperature (°C). Observation made
under laboratory conditions. The aphids are reared on peach seedlings cultivated in nutritive solutions.
Photoperiod is set at 14:10. The numbers in the legend boxes are temperatures in °C

Age-specific survival rate. The life span of green peach aphids was observed to become
shorter as temperature augments (Fig. 2-4). It is also shown in Fig. 2-4 that under lower
temperatures, most of the death happened during the late adult life and the survival curve
appeared more of Deevey's type I, while under higher temperatures, most of the death
occurred during the immature stages and the survival curve appeared more close to

Deevey's type II1.
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Fig. 2-4 Age-specific survival rate of M. persicae in relation to temperature(°C). Observation made under
laboratory conditions. /.=N,./N, is the age specific survival rate of age x. The aphids are reared on peach

scedlings cultivated in nutritive solutions. Photoperiod is set at 14:10.

Intrinsic rate of population increase. The relationship between the intrinsic rate of
population increase (r) of green peach aphids and temperature turned to be similar to that
between the developmental rate and temperature. The highest r,, was observed at 24°C
(rn=0.3744). Below 24°C, the value of r, increases with temperature, but beyond 24°C,
the rn, value decreases very rapidly as temperature augments (Fig. 2-5). The maximum
temperature threshold for non-negative population increase was estimated, by calculating
T (C°) when ry, (as defined in Eqn. 2-5) is set to zero, to be 27.921°C, which is lower than
the maximum temperature for immature development. Consequently, the width of high
temperature boundary layer for rm is narrower than that for nymph development (Table 2-
2). The predicted value of temperature at which the maximum intrinsic rate of population

increase is attained was calculated to be 23.791°C by seeking the maximum value of
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Eqgn.2-5. The relationship between rmy and temperature was well depicted with Logan et
al's "sigmoid outer expansion" model. In comparison with the intrinsic rate of population
increase, the net reproductive rate (R.=Zx.l.m,), which represents the population
multiplication by generation, attains its largest value (82.1451/generation) at 20°C (Table
2-2). Another useful comprehensive population parameter is the average generation time.
Green peach aphids had the shortest generation'time (10.8082 days) at 24°C, and became
longer as temperature becomes lower. A more immediate index of the speed of population
growth is the population doubling time, at 24°C, the green peach aphid could double its
population in less than 2 days, compared with 4.7951 days at 12.5°C, 3.4508 days at 16°C,
3.117 days at 18°C, and 2.1435 days at 20°C.
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Fig. 2-5. Intrinsic population increase rate r,, of M. persicae in relation to constant temperatures (°C).
The curve is plotted using predicted values from equation (2-3); dots are values estimated using equation

2-1.
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Table 2-3 Parameter estimates for the intrinsic population growth rate as a function of temperature

T, -T
of M. persicae, using : Tm(T)=a{[l+ ke T] e AT ) (Logan's sigmoid outer
expansion)

(1992, Montfavet)
a K P T AT R’
Mean 0.640 30.003 0.170 27.555 1.332 0.998
SE 1.2303 62.2453 0.321 11.6086 0.3881

ra(T) is the population growth rate; T is temperature (°C);

a is a value representing the ratc of change of D(7) at T,

x=(a-y)/y; yis the rate of the process concerned at some base temperature;
p is a value for critical enzyme-catalyzed biochemical reactions;

Tm the maximum temperature in degree for the life process;

AT the width of high temperature boundary layer.
A quasi-Newton's method was used to obtain estimations of the parameters in the above models.

Discussion

The local race of green peach aphids we studied at Montfavet exhibited an adaptation
to low temperature on the primary host. Its highest developmental rate occurred at 24°C.
it failed to complete development at 30 °C. This pattern is fundamentally consistent with
that observed by Barlow (1962) on potato leaves and that by Deloach (1974) on cabbage
plants where the aphid had the quickest development at 25°C (both studies were
conducted under 5, 10, 15, 20, 25, and 30°C). However, in our experiment the
developmental time from the first instar to adult under 10-30°C is significantly longer than
that in Barlow’s while being shorter than that in Deloach’s. Also, while our results is
consistent with Barlow’s concerning the fact that green peach aphid failed to complete its
immature development at 30°C, DeLoach’s study (1974)' showed that the aphid succeeded
in developing into adult at the same temperature on cabbage plants. In this study, the
fecundity of apterous viviparous adult females attained its upper bound (about 80
youngs/female, see Van Emden et al. 1969) under temperatures below 20 °C, and declined
under temperatures above 20 °C. The peak net reproductive rate (R,) occurred at 20°C,

which is consistent with DelLoach’s observation but differs from Barlow’s where it
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occurred at 15°C. Although the maximum fecundity was observed to occur at 20°C, a
higher daily reproductive rate was attained at 24 °C because the reproduction of the female
was much more concentrated (Fig 4-3). While the adult reproductive profile from our
study is similar to those from Barlow’s and DeLoach’s, we recorded a much higher total
fecundity than did Barlow and DeLoach. The age-specific survival profile of green peach
aphid in relation to temperature observed in this study follows a pattern which is similar to
that was demonstrated in Rhopalosiphum padi (Linnaeus) (Leather, 1980) as well as to
those observed in green peach aphid by Barlow and DeLoach on potato and cabbage
respectively. In all these studies the aphid manifested a greater longevity and a higher
immature survival rate under lower temperatures than under higher temperatures.
Nevertheless, the longevity we recorded is somewhat longer than that observed by Barlow
but shorter than that by DeLoach; this difference in longevity between the three studies is
in accordance with that in developmental time: the aphids in Barlow’s system develop
faster than that in ours and in DeLoach’s, so it has a shorter longevity, and vice versa for
the long longevity in Deloach’s experiment. Similar to the developmental rate, the intrinsic
rate of population increase (r,,) of green peach aphids attained its peak value of 0.3744 at
24°C on peach plants. However, the limitation of temperature on population growth is
more severe than that on individual development: the upper limit of temperature for a
positive population growth is estimated at 27.555 °C in comparison to that for
development, which is estimated at 29.477 °C. This difference was also exhibited by a
bigger value of 47 (width of the high temperature boundary layer) for the population
growth rate (r,) than that for the developmental rate (D) (Table 2, 3). In the studies of
Barlow (1962) and DeLoach (1974), the maximum value of r,, of green peach aphid was
attained at 25°C, approximately the same level as that in this study (considering their
studies were carried out using temperatures 5, 10, 15, 20, 25 and 30°C); both studies
showed a negative value of r, at 30°C; however, the 7, value estimated in this experiment
is smaller than that in Barlow’s but greater than that in DeLoach’s. From above it appears
that the general patterns of the demographic characteristics and the intrinsic rate of
population increase of green peach aphid in relation to temperature is similar in different

studies carried out on different host plants, but the amplitude of specific values varies from
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one experimental system to another. The variation in the amplitude of specific values
among the studies carried out by Barlow, DeLoach and the author seems to be rooted in
the systematic innate variations in the properties of the systems studied instead of in
random experimental errors. The difference may mainly result from the species and
physiological status of host plants and geographical races of the aphid.

The utility of 7, as a parameter to be used in insect population models has been
questioned (Cole 1954) on the basis that it is not a valid measure of population growth
unless populations have attained a stable age structure, which is considered' unlikely in
nature by some author because of constantly fluctuating environmental conditions (Birch
1948, Barlow 1962, Dixon 1989). However, Hughes (1962) found that half of 109
distributions sampled from field aphid population had achievea a stable age structure. In
fact, the high reproductive rate of green peach aphid and some density-dependent
mechanism in natural populations is quite likely to make the age structure bounded within
certain range.

The influences of temperature on biological processes have been an massively studied
area. Nevertheless, several basic problems wait for further exploration. A most obvious
one is that higher rates of development occur with fluctuating temperatures than with
constant temperatures (Cloudsley-Thompson 1953). Messenger (1964b) and Siddiqui et
al. (1973) have investigated this phenomenon in aphids and both obtained slightly faster
development with fluctuating temperature. Questions remain concerning whether and how
the shape of wave and amplitude of fluctuations of temperature may affect the
developmental rate. Aphids usually have rapid development and assume parthenogenetic
viviparous reproduction at least during part of their life history, the influences of
temperature at certain time (or certain time interval) of life may be memorized or have
delayed effects on the following life stages or even the' following generation; or in other
words, aphids that are currently living under the same temperature but had different
history of temperature experience may manifest different development, survival and

reproductive rates. This may be inherently related to the answer of the previous question.
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Chapter 3.
Temperature-dependent functional response of

Harmonia axyridis Pallas (Coleoptera: Coccinellidae)
to Myzus persicae (Sulz.) (Homoptera: Aphididae)

Introduction

One of the most important variables determining the effectiveness of a predator is the
predation rate, which usually varies with prey density and temperature (Frazer and Gilbert
1976, Gutierrez et al. 1981, Mack and Smilowitz 1982). Information about the predation
rate of the predator in relation to prey density and environmental temperature is essential
to allow a valid evaluation of the potential effectiveness of Harmonia axyridis Pallas as a
biological control agent against Myzus persicae (Sulz.) and the development of strategies
for field releases.

The functional response describes the relationship between the number of prey attacked
per predator per unit time and the number of prey present (Solomon 1949, Holling 1959,
Hassell 1978). Three types of functional responses have been recognized, of which the
type 1I response is primarily suitable for describing the predation of many invertebrate
predators (Holling 1959, Hassell 1978; Hassell and Waage 1984). This type of response is
characterized by the number of prey captured increasing rapidly with prey density and

leveling off at high density of prey. One of the mathematical descriptions of the type II

response is given by Holling’s disk equation:

__aN (3-1)
* 1+a.Th N

where N is the number of prey offered to the predator, Ny is the number of prey consumed
per predator per unit time, a is the instantaneous attack rate of the predator, and 77 is

handling time, time that a predator spent in subduing, ingesting and digesting one prey

item and the subsequent resting. Alternate models have been proposed by different authors
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based on different assumptions (see discussion by Royama 1971, Williams 1980, Williams
and Juliano 1996). The most influential of these models are probably those of Royama
(1971) and Rogers (1972) who treated the functional response as the time integral rate of
predation, taking into account declining prey density over time, in contrast to the
instantaneous rate represented by Holling’s disc equation. These models may be
microscopically more realistic than Holling’s equation. However, as Williams (1980)
pointed out, most of the models, including Holling’s disc equation, are mathematically
isomorphic forms of the Michaelis-Menten-Monod equation, which describes the rate of
enzyme-catalyzed reactions in a saturation kinetic form. They make little, if any,
qualitative difference in macroscopic dynamic structures of the predator-prey system.
Moreover, the implicit form of the mathematical expression of the Royama-Rogers model
make it difficult to be incorporated into an explicitly defined mathematical model of
predator-prey dynamics and add to the cost of computation. Therefore, Holling's disc
equation remains the most commonly used model.

As poikilothermic animals, insects have their metabolic rate and other biological rates
varying with surrounding temperature. Temperature has additional differential effects on
an insect species and its predators. As was demonstrated in the previous chapter, M.
persicae adapts well to low temperature in terms of its population growth rate (Chapter
2). Determining the effects of temperature on the predation rate and developmental and
survival rates (see Chapter 4) of H. axyridis is thus critical in determining within what
temperature range the predator is likely to be a effective biological control agent and in
developing field release strategies concerning the timing and numbers of the releases.
Several approaches have been used to describe the temperature-dependent functional
response (Messenger 1968, Everson 1980, Goldman and Carpenter 1974, Frazer and
Gilbert 1976, Tamaki and Long 1978, Guitirrez et al. 1981, Flinn 1991). A general
temperature-mediated functional response model was developed by Mack et al. (1981) by
incorporating into Holling’s type II response model (Eqn. 3-1) the enzyme kinetics
equations that had been used to describe the temperature dependence of growth or

development (Eyring and Urry 1975). This model describes the instantaneous attack rate a

and the handling time 77 as functions of temperature;
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’ (3-2a)

T
a(T) = u,.T.e ,,
1+ 113.e—T
-7 (3-2b)
Th(T):”_"l-_‘?T
v3.T.e-—T_

where u,, u,, 1, u, and v, v,, v,, v, are curve fitting parameters.
The present chapter deals with the measurement of the predation rate of the larvae of
H. axyridis in relation to the density of M. persicae and temperature, and we try to model

the temperature-dependent functions using equation 3-1 and 3-2 a, b.

Materials and methods

The larvae of H. axyridis used in these experiments were obtained from the laboratory
mass rearing using eggs of Iiphestia kuehniella Zeller maintained in INRA-Laboratory of
Population Biology in Antibes. The green peach aphid used as the prey came from
laboratory colonies maintained on the peach seedlings of the variety 305 which were
grown in nutritive solution (see Chapter 1). Cylindrical plastic jars (80x50 mm) were used
for setting up the arenas. Three young peach leaves measuring about 12 ¢cm long, with the
tip of the stalks wrapped with a piece of filter paper saturated with nutritive solution (see
Chapter 1), were placed in each of the jars. Apterous nymphs of M. persicae in their 3™ or
4" instars were distributed evenly on these peach leaves. Six aphid densities, depending on
the stage of the predator larvae and experimental temperature, were used (Table 3-1), with
each of the treatments replicated six times.

To keep the age of predators of a given stage roughly identical, we chose larvae of the
instar prior to the instar to be observed, which appeared ready to molt, and placed them in

the cylindrical jars. Freshly molted individuals, 4-8 hours after the molting, were then used
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in observations. A single individual of H. axyridis was placed in each of the arenas. Each
set of arenas were placed in one of the incubators of different constant temperatures. The
consumption of green peach aphids in each of the arenas was checked and the initial
number of aphids was restored for each day until all the larvae of the predator developed
to the next sfage. The larvae that had been used for the observation of a previous stage
were not used again in the observation of any of the following stages. The same procedure
was repeated for all the four larval instars of H. axyridis.

Experiments were conducted under 12.5, 15, 18, 20, 25, 27.5, 30+0.5°C of constant
temperatures respectively to measure the effects of temperature on the functional response
of each of the active stages of H. Axyridis to M. persicae. The humidity inside the
incubators was maintained at approximately 70+5% RH and the photoperiod was set to
14:10 (L: D) for all the observations. Light was provided by two 8 watt fluorescent tubes.
The air circulation of the incubators was made by an installed ventilator.

The average per-capita daily consumption of green peach aphids by each coccinellid
larval stage was calculated from the total consumption of the predator during the specific
larval stage divided by the length of that larval stage. If at certain low initial aphid density
all the aphids offered were consumed for most the experimental replicates, the data points
were left out so as to avoid biased estimates of parameters. Holling’s (]959) type 11
functional response model (Eqn. 3-1) was fitted to the data of the average daily
consumption of M. persicae by each larval stage of H. axyridis under each of the

temperatures using Woolf linear transformation (Currie 1982):

TVAL =Th.N+a™ (3-3)

a

which was suggested to be a method that provides better parameter estimation than other

linear transformations and nonlinear regression (Fan and Petitt 1994).

The estimated parameters a and 7# for different temperatures were then fitted to

equations 3-2 a, b using the nonlinear regression procedure in SYSTAD (SYSTAD Inc.

1990-1993) to describe the effects of temperature on the predation rate.
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Table 3-1 Number of M. persicae offered to each larva of H. axyridis of different larval stage at

different temperatures.
(Montfavet, 1993)
Stage of Temperature (°C)
H. axyridis 12.5 15~ 18 20 25 27.5 30
5 5 5 10 10 10 10
10 10 10 20 20 20 20
L, 20 20 20 40 40 40 40
40 40 40 60 60 60 60
80 80 80 100 100 100 100
160 160 160 200 200 200 200
20 20 20 25 25 25 25
40 40 40 50 50 50 50
L, 60 60 60 75 75 75 75
120 120 120 150 150 150 150
200 200 200 200 200 200 200
300 300 300 300 300 300 300
25 25 35 50 50 50 50
50 50 75 100 100 100 100
L; 100 100 150 200 200 200 200
200 200 300 400 400 400 400
300 300 400 500 500 500 500
400 400 500 600 600 600 600
35 35 50 50 50 50 50
75 75 100 100 100 100 100
L, 150 150 300 300 300 300 300
200 200 400 400 400 400 400
300 300 500 500 500 500 500
400 400 600 600 600 600 600

Values in the table are numbers of green peach aphids offered to H. axyridis. L,, L,, L, L, denote
the larval stage 1-4 respectively.

Results

The data on the functional response for all the larval instars of H. axyridis under
different temperatures were satisfactorily fitted to Holling’s type II functional response
model (Eqn. 3-1), which is characterized by the predation level increasing at a decreasing

rate as prey density augments and approaches indefinitely a maximum predation level as

prey density goes to infinity (Fig. 3-1).
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Fig. 3-1 Functional response of larvae of H. axyridis to M. persicac under 25°C. The solid lines
are generated from predicted values, the dots are observed values. The N in x-axis is the number of
prey offered; The Na in y-axis is the number of prey consumed; L, L, Ls, L, are larval instar 14

of the predator.

Age-dependence of the functional response of H. axyridis to M. persicae. The
predation rate of larval H. axyridis increases with their developmental stages, which is
numerically manifested by the difference in the parameter values for different larval stages:
the older instar larvae have a larger value of instantaneous attack rate a and a smaller
value of handling time 7h than the younger ones (Table 3-2). The instantaneous attack
rate a determines the rate at which the number of prey attacked (Na) increases with the
number of prey offered (N); and the handling time 774 determines the voracity - the
asymptote of Na as N increases to infinity. From Table 3-2, we can see that the differences
in the values of a between different instars are much smaller than the differences in the
values of 7h, which implies that the voracity has a bigger share than the instantaneous

attack rate in the differences in the predation rates between different instars of the
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predator.

Table 3-2. Parameter estimates for functional responses of Larval H. aryridis to M. persicae under
constant temperatures (°C).

(1992, Montfavet)
Stage Temperature(°C) a (M+SE) Th (M+SE) R?
12.5 0.2064 +0.1074 0.0695 +0.0078 0.8176
15 0.3468 +0.1426 0.0318 +0.0035 0.8784
18 0.5699 +0.1552 0.0113 +0.0016 0.9380
L 20 0.8081 +0.2588 0.0041 +0.0008 0.9022
25 0.9257 +0.2716 0.0039 +0.0007 0.8697
27.5 0.9663 +0.3216 0.0041 +0.0008 0.8277
30 0.7598 +0.2421 0.0100 +0.0015 0.8014
12.5 0.3405 +0.1335 0.0422 +0.0063 0.8248
15 0.5224 +0.1757 0.0165 +0.0025 0.8180
18 0.7632 +0.1792 0.0077 +0.0014 0.9165
L, 20 0.9245 +0.2959 0.0029 +0.0007 0.8355
25 0.9898 +0.3158 0.0022 +0.0006 0.8495
27.5 1.0564 +0.3643 0.0023 +0.0007 0.8569
30 0.7897 +0.2254 0.0080 +0.0009 0.8143
12.5 0.4823 +0.2075 0.0215 +0.0033 0.9163
15 0.7658 +0.2649 0.0099 +0.0016 0.8061
18 0.9450 +0.2919 0.0041 +0.0008 0.8208
L; 20 1.0676 +0.2017 0.0020 +0.0002 0.8835
25 1.1036 +0.2097 0.0010 +0.0003 0.8341
27.5 1.1195 +0.2989 0.0008 +0.0002 © 0.8799
30 0.8131 +0.2471 0.0047 +0.0005 0.7925
12.5 0.6850 +0.2559 0.0081 +0.0007 0.8695
15 0.9768 +0.2758 0.0036 +0.0005 0.8460
18 1.0129 +0.2642 0.0015 +0.0004 0.8575
L, 20 1.0963 +0.2006 0.0009 +0.0002 0.8741
25 1.1296 +0.0898 0.0004 +0.0001 0.9048
27.5 1.1133 +0.198 0.0007 +0.0002 0.8124
30 0.7896 +0.2634 0.0013 +0.0007 0.7825

a: the instantaneous attack rate; 74: the handling time. These two parameters are estimated by
fitting experimental data to Eqn. 3-1, R? is the determination coefficient for the linear fit. L;, L,

L;, L, denote the larval stage 1-4 respectively.
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Temperature-dependence of the functional response of H. axyridis to M. Persicae.
The maximum predation rate of larvae of H. axyridis occurred at about 25-27.5°C
depending on the developmental stages of the larvae. The estimated instantaneous attack
rate g had the lowest values at 12.5°C and increased with temperature until attaining its
maximum value at the optimum temperature and then declined as temperature increased;
the optimum temperature at which the maximum instantaneous attack rate occurred was
observed to be 27.5°C for the 1%, 2™ and 3" instars and 25°C for the 4" instar (Table 3-2.
Fig. 3-2). The estimates of handling time 74 had its peak value at 12.5°C and declined as

temperature increased, attaining its lowest value at 25°C for all the 4 instars (Table 3-2,

Fig. 3-3).

Table 3-3 Parameter estimates and goodness of fit of the models for the temperature-dependence of

aand Th.
(1992, Montfavet)

Parametcrs L, L, Ls L,
N -9
T.e T AETTLA
a(T) = ol o
e &)
l+uz.e 7T Ww;\q)%%l
u, 0.1982+0.1162  0.1022 +0.0567 ;\\ 0.0867 +0.0362  0.0489 +0.0172
, 31.778 +9.8700  16.236 +8.228 19.1798 +6.2851  -2.6996 +4.9397
1 13703 42150.1  2139.3 +3454 369931915 12636 +2921.1
u, 202.04 +54.578 25528 +83.30 210.14 +74.989  284.56 +66.739
R? 0.9818 0.9648 0.9457 0.8691
5
Th(ry =t
vy, Te T

3.3E+09 +3.6E+09 3.3E+09 +4.0E+09 3.3E+09 +6.2E+09 3.3E+09 +1.9E+09

v
1

v, 619.53 +97.192 603.44 +37.7064 610.04 +57.005 620.45 +20.565

v, 97.689 +47.770 215.47 +69.596 255.36 +109.26 636.06 +177.03

v, 55.658 +6.3184 59.198 +3.9735 53.001 +5.4351 52.142 +3.5801

R? 0.9752 0.9968 0.9924 0.9967

a (T): the instantaneous attack rate as a function of temperature; 7h(7T): the handling time as a
function of Temperature; u,, us, us, us v;, v, V3, v, are parameters for Eqn. 3-2a and 3-2b, their
value are estimated by fitting the a and 7/ values listed in Table 1 to Eqn. 3-2a, b using Newton's
nonlinear parameter estimation procedure. R? is the determination coefficient of the nonlinear

regression. L, L,, L3, L, denote the larval stage 1-4 respectively.
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The estimated values of parameters a and 7/ under different temperatures for all the

larval instars were fitted to equation 3-2a, b (Table 3-3, Fig 3-2, 3-3). The predicted

maximum values for the instantaneous attack rate a occur at a somewhat lower

temperature than that measured directly from the experiment (Fig 3-2).

The parameters a(7) and Th(T) as temperature forcing functions could be plugged into

equation 3-1, from which the temperature-dependent functional response of all larval

instars of H. axyridis to M. persicae were plotted in 3-D surfaces to illustrate the

dependence of the predation rate on both temperature and prey density (Fig. 3-4)
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Discussion

The experiment has shown that the functional responses of all the four instars of H.
axyridis to M. persicae conform Holling’s type II response. The 3™ and 4" instar larvae of
H. axyridis are significantly more effecient in prey searching and more voracious in prey
consumption than the 1% and 2™ instars. The difference between the instantaneous attack
rate a of different larval instars of the coccinellid is significantly smaller than that between
the handling time 7% (Table 3-2). According to Hollong (1959), 7h signifies the time spent
in subduing, ingesting and digesting a prey item and 7% is in fact the saturation value of
prey consumption (Na); a signifies the searching ability and is the rate at which the
saturation consumption is reached as the prey density increases. Therefore, the greater
predation rate.of the older instar larvae is more a result of being more voracious (having a
shorter handling time or a bigger maximum prey consumption) than that of being more
effecient in prey searching. Prey consumption of H. axyridis is highly dependent on
temperature (Fig. 4-4).

The searching rate and the rate at which the prey are ingested and digested increase
with temperature, but high temperature has inverse effects on predation rate. Moreover,
the increase in developmental rate (see Chapter 4) as a result of increase in temperature
naturally results in a higher daily requirement for food. However, we suspect that the total
prey consumption might vary only slightly with varying temperature and prey density,
because a bigger prey consumption due to the increase of temperature and prey density
usually results in a shorter developmental time, thus a shorter period of consumption. It
seems that there is such a tendency that the instantaneous attack rate a of the younger
instar larvae is more sensitive to the variation in temperature than that of the older instars,
but the handling time 74 of the younger instars is less sensitive to the increase in
temperature (Table 1).

In this experiment, the green peach aphids are quite evenly distributed in the arenas by
the experimental manipulation. It would not be the case for the field populations, which
are usually characterized by clustered distnibution (Leclant 1976, Tamiki 1973). We

suspect that clustered prey distribution may promote the efficiency in the predator's
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intensive searching phase but reduce the efficiency in the extensive searching phase.
However, the overall searching efficiency is usually higher in the case of prey with
clustered distribution (Hassell 1979). Even though, the data from trials using evenly

distributed prey still do not lose to be a bottom line for estimating the predator's prey

consuming rate.
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Chapter 4.
Effects of temperature and density of

prey Myzus persicae (Sulz.) (Homoptera: Aphididae)
on the developmental and survival rates of larvae of
Harmonia axyridis Pallas (Coleoptera: Coccinellidae)

Introduction

The effectiveness of Harmonia axyridis Pallas as a biological control agent for
inundative release against Myzus persicae (Sulz.) depends not only on its predation rate in
response to the density of prey, i.e., functional response, but also on the rate of change in
its own density in response to the prey density, i.e., the numerical response. Though
clearly defined in theoretical frameworks, the numerical response has been more or less
neglected in the empirical studies of real-world predator-prey interactions because of the
technical difficulties involved in the measurements of the response (Readshaw 1973,
Hassell 1978, Frazer 1988). Two elements of numerical responses - aggregative and
reproductive numerical responses have been recognized in the interactions of aphids and
their natural enemies by Frazer (1988). The aggregative numerical response is the spatial
accumulation of predators in response to the prey density, which refers to the movement
of predators into a field or patch with higher prey density or out of one with lower prey
density (Frazer 1988). The reproductive numerical response is the relationship between
the number of offspring reproduced by the predator and the prey density (Frazer 1988).
Biological theories and empirical studies (Guterriez 1981, Mills 1981, Hardman and Roger
1991, ) tell us that prey density also affects the developmental and survival rates of a
predator, which have their shares in the population changes of the predator. This suggests
that the developmental and survival numerical response, changes in developmental and
survival rates of the predator in response to prey density, are also very important in
evaluating the effectiveness of the predator. In the biological control using a predator as

an intervention agent for inundative release, we usually do not attempt to introduce the
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predator as a long-term regulatory factor of the target pest population as in the classical
biological control, but rather want the predator to suppress the prey population instantly
during certain critical periods. In the case with H. axyridis, we currently have no attempt
to have the released predatory force to last for more than a single generation in peach
orchards. Hence, in the evaluation of the effectiveness of H. axyridis as a biocontrol agent
for inundative release against M. persicae, the aggregative and reproductive numerical
response is of minor importance because the number of the coccinellid larvae is
determined by the initia.l number at release, the survival rate and duration of active stages,
instead of being a result of spatial accumulation from other localities or the reproduction
of the parent generation. Therefore, the developmental and survival numerical responses
of the predator are more important components to study, in the case of using the predator
for innundative releases, because they determine how the released predatory force changes
in relation to prey density and environmental factors.

As with functional response, numerical response of a predator is affected by
temperature, in addition to prey density. While the effect of temperature on numerical
response is one of the major factors determining the effectiveness of a predator in
suppressing the prey population (Frazer 1976, Barlow and Dixon 1980, Guiterrez et al.
1981), empirical studies in this aspect have been rare. Some remarkable studies as to this
point have been done on the temperature-dependent numerical responses of 7yphlodromus
pyri to the European red mite (Hayes and McArdle 1987, Hayes 1988, Hardman and
Rogers 1991). As for the interactions between aphids and their coccinellid predators, Mills
(1981) studied the effects of temperature on the growth, development and fecundity of
Adalia. bipunctata when feeding on pea aphids provided at different densities, and found
that temperature has some non-linear effects on the adult fecundity and development of
the predator. Hardman and Rogers (1991) studied the effects of temperature and prey
density on survival and development of immature Typhlodromus pyri and found that both
the survival and developmental rate of this phytoseiid increase with temperature as well as
prey density following nonlinear responses.

We conducted this study because information about the effects of temperature and

density of M. persicae on the developmental and survival rates of H. axyridis is required
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in depicting the change in the predation force following a release, which is directly related
to the effectiveness of the predator, and in determining the appropriate predator stages,
numbers and timing of releases with respect to temperature and prey density for
controlling the aphid population. The information is also helpful in providing a better
understanding of the consequenses of releases of this ladybug in orchards. QOur objective
of this study was to develop models describing the temperature-dependent developmental

and survival numerical responses of H. axyridis to M. persicae based on laboratory

experiments.

Materials and Methods

The coccinellid larvae used in this study came from the laboratory population reared on
the eggs of Ephestia kuehniella Zeller maintained in INRA-Laboratory of Population
Biology at Antibes. The green peach aphids used as the prey were from laboratory
colonies maintained on peach seedlings (see chapter 1) in the laboratory of INRA-
Research Station of Zoology at Avignon. Three young peach leaves measuring 12 cm in
length or so, with the end of stalks wrapped with a piece of filter paper saturated with
nutritive solution to keep the leaves from desiccation, were placed in each of the 80x50
mm cylindrical plastic jars. Apterous aphid nymph of instar 3-4 were placed evenly on
these peach leaves. Six aphid densities, namely 10, 20, 40, 80, 160, 200 aphids/jar were
offered each to one individual of the predator respectively. The feeding regime had six
replicates.

The larvae of the instar prior to the one to be observed, those which appeared close to
molt, were kept in round jars. Freshly molted individuals were then separated and moved
to the arenas. A single larva was placed in each of the arenas. Each set of arenas (6
treatments X 6 replicates) were placed in one of the incubators in which a constant
temperature was maintained. The number of larvae survived and molted to the next stage
were recorded for each day. The initial number of aphids was restored after the

observation. The larvae that had been used for the observation of a previous stage were
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not used again in the observation of any of the following stages. The same procedure was
repeated for all the four larval instars of H. axyridis.

The experiments described above were conducted under 12.5, 15, 18, 20, 25, 27.5,
3040.5°C of constant temperatures respectively to measure the impacts of temperature on
the numerical responses of each of the larval stages of 4. axyridis. The humidity inside the
incubators was maintained at 70 + 5% RH and the photoperiod was set to 14:10 (L:D) for

all the observations.

The average rate of development used in this paper was calculatted as

D===—" @@-1)
d Zdl

where D is the average rate of development, n is the sample size, d is the average

duration of development of individual i of the /™ instar, d's are observed developmental

duration (in days) of individual /.
We used the geometrical average of the survival rate over the number of days required

to complete the development of the stadium as the measure of the daily survival rate:

d L
S = (H St)d
=1

(4-2)

where S is the average daily survival rate; S, is the survival rate of the /™ instar on day 7, .X;

is the number of survival larvae at the beginning of the j* instar; d, d; and D have the
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same meaning as in Eqn. 4-1,

All the parameter estimation involved in the modeling process was conducted using the

Quasi-Newton nonlinear regression procedure provided by SYSTAD (SYSTAD Inc.
1990-1993)

Results

Devélopmental rate of H. axyridis as a function of the number of prey offered. As
might be expected, the rate of development of H. axyridis increased with both temperature
and the number of M. persicae offered (Table 4-1, Fig. 4-1). Here, we used the analytical
strategy that firstly defined the average developmental rate as a function of the number of
prey offered, and then incorporate the effect of temperature into the parameters of the
density dependent models.

At all the temperatures used for the experiment, the relationship between the rate of
development and the number of prey offered followed a saturation curve (Fig. 4-1): a
rapid increase with the number of prey offered at beginning and leveling off as the number
of prey offered getting larger. This developmental response to the number of prey present
is more sensitive at higher temperatures than is at lower ones (Fig. 4-1), i.e. at higher

temperatures the development is more food effective. This relationship was modeled using

the following formula (see appendix 1 for derivation):
D(N)=Dm[1-e V] (4-3)

where D(N) is the rate of development as a function of prey density N, Dm the maximum

rate of development, £ is a parameter with it reciprocal signifying the rate at which the

developmental rate approaching the maximum value Dm as more prey are present, i.e. the

sensitivity of developmental rate to prey density, a smaller B value implies a greater

sensitivity. The parameters Dm and S for each of the larval stadiums were estimated for

different temperatures and for different larval stages (Table 4-2).
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Table 4-1. Average developmental rate (M+SE) of H. axyridis in relation to temperature and the
number of M. arpridis offered.

fwa: (Y 25

(1993, Monfavet)

N

10

20

40

80

160

200

L,

12.5°C
15.0°C
18.0 °C
20.0 °C
22.0°C
25.0°C
27.5°C
La

12.5°C
15.0°C
18.0°C
20.0 °C
22.0°C
25.0°C
27.5°C
Ls

12.5°C
15.0°C
18.0°C
20.0 °C
22.0°C
25.0°C
27.5°C
Ly

12.5°C
15.0°C
18.0°C
20.0°C
22.0°C
25.0°C
275°C

0.0968 +0.0048
0.1600 +0.0060
0.1875 +0.0126
0.2105 +0.0084
0.4000 +0.0373
0.5000 +0.0000
0.5714 +0.0824

0.1176 +0.0031
0.1765 +0.0070
0.2667 +0.0140
0.3077 +0.0146
0.3636 +0.0278
0.4000 +0.0373
0.3636 +0.0278

0.0667 +0.0026
0.0968 +0.0039
0.1481 +0.0066
0.1550 +0.0107
0.1667 +0.0182
0.2000 +0.0109
0.2000 +0.0000

0.0351 +0.0021
0.0521 +0.0034
0.0727 +0.0033
0.0816 +0.0028
0.0952 +0.0090
0.1212 +0.0036
0.0606 +0.0023

0.1111 +0.0046
0.1739 +0.0056
0.2222 +0.0112
0.3125 +0.0136
0.4286 +0.0351
0.5405 +0.0822
0.6667 +0.0824

0.1379 +0.0031
0.2353 +0.0087
0.3125 +0.0136
0.3846 +0.0351
0.5000 +0.0930
0.6667 +0.1118
0.5000 +0.0000

0.0833 +0.0026
0.1053 +0.0025
0.2143 +0.0105
0.2273 +0.0214
0.2500 +0.0176
0.2857 +0.0186
0.3077 +£0.0146

0.0448 +0.0019
0.0702 +0.0025
0.1071 +0.0046
0.1250 +0.0050
0.1379 +0.0077
0.1667 +0.0091
0.0968 +0.0040

0.1200 +0.0029
0.1818 +0.0075
0.2381 +0.0082
0.3846 +0.0334
0.4706 +0.0323
0.6000 +0.1054
0.8000 +0.0903

0.1481 +0.0040
0.2667 +0.0140
0.3333 +0.0334
0.4444 +0.0294
0.6667 +0.1118
0.8333 +0.0824
0.6667 +0.1118

0.0976 +0.0058
0.1212 +0.0059
0.3125 +0.0136
0.3333 +0.0334
0.4000 +0.0373
0.4286 +0.0351
0.5714 +0.0824

0.0523 +0.0021
0.0800 +0.0034
0.1538 +0.0132
0.1639 +0.0105
0.1739 +0.0111
0.2222 +0.0137
0.1500 +0.0061

0.1220 +0.0023
0.1875 +0.0070
0.2500 +0.0176
0.4000 +0.0372
0.5000 +0.0000
0.6000 +0.1054
1.0000 +0.0000

0.1538 +0.0053
0.3077 +0.0146
0.3333 +0.0465
0.4762 +0.0192
0.8333 +0.0824
1.0000 +0.0000
0.8333 +0.0903

0.1053 +0.0049
0.1739 +0.0056
0.3333 +0.0334
0.3846 +0.0339
0.5000 +0.0000
0.6667 +0.1118
0.8000 +0.0904

0.0556 +0.0017
0.1111 +0.0056
0.1739 +0.0068
0.2000 +0.0134
0.2222 +0.0137
0.2500 +0.0000
0.1667 +0.0091

0.1250 +0.0041
0.1923 +0.0054
0.2500 +0.0176
0.4000 +0.0372
0.5000 +0.0930
0.6667 +0.1118
1.0000 +0.0000

0.1579 +0.0050
0.3333 +0.0366
0.3636 +0.0278
0.5000 +0.0000
1.0000 +0.0000
1.0000 +0.0000
1.0000 +0.0000

0.1071 +0.0047
0.1818 +0.0075
0.3333 +0.0334
0.4286 +0.0351
0.6000 +0.1054
1.0000 +0.0000
1.0000 +0.0000

0.0580 +0.0017
0.1143 +0.0048
0.1818 +0.0182
0.2105 +0.0091
0.2727 +0.0215
0.2727 +0.0215
0.2000 +0.0134

0.1250 +0.0058
0.1923 +0.0054
0.2500 +0.0246
0.4000 +0.0375
0.5000 +0.0930
0.6667 +0.1118
1.0000 +0.0000

0.1579 +0.0050
0.3333 +0.0335
0.3636 +0.0278
0.5000 +0.0000
1.0000 +0.0000
1,0000 +0.0000
1.0000 +0.0000

0.1081 +0.0019
0.1818 +0.0075
0.3333 +0.0000
0.4444 +0.0360
0.6667 +0.1118
1.0000 +0.0000
1.0000 +0.0000

0.0597 +0.0013
0.1176 +0.0075
0.1818 +0.0091
0.2105 +0.0123
0.2727 +0.0215
0.2857 +0.0228
0.2222 +0.0137

N denotes the number of green peach aphid offered; values in the table are average developmental
rate with standard errors; L,, L., L;and L,denote the larval instar 1-4 respectively.
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Fig. 4-1 Average developmental rate (day™) of H. axyridis in rclation to the number of M. persicae
present. Values in the legend arc temperatures in °C. Lines are predictions from Eqn 4-3, marks are
observed values. L, Ly, L, and L, denote the coccinellid larvae of instar 1-4 respectively.

Developmental rate of H. axyridis as a function of temperature. When the number of
prey offered was fixed, the developmental rate of H. axyridis varied with temperatures
(Table 4-1) which can be characterized by the variation of parameters in the prey-
denpendent developmental rate model as functions of temperatures. From Table 4-2 it can
be seen that as temperatures increase the value of maximum developmental rate Dm
increases, and the value of parameter 4 decreases. The relationship between the maximum
developmental rate Dm and temperature T is basically of the same form as that of the

typical developmental response of poikilothermal animals to temperature (Fig. 4-2). Here

it was described using Logan et al's model (1976):
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(4-4)

Dm(T) =V .(ep,“.T __ePﬂA-T'"m‘(T’"m’T)/ATm )

where i is the rate of physiological process at some base temperature; pua is a value for
critical enzyme-catalyzed biochemical reactions; Tnmmy, is the maximum temperature in
degree above the base temperature for the life process; ATua is the width of high
temperature boundary layer. Table 4-3 listed the parameters estimated for all the larval
stadiums. The maximum temperatures for development (7my,) were approximately 29-30
°C; the optimal temperatures for development were about 25-27°C; and the width of high
temperature boundary layers (471a) were around 3-4°C depending on larval stages. The
3" instar had the highest maximum developmental rate and the 4™ instar had the lowest.
The value of parameter S, reciprocal to the sensitivity of developmental rate to the
number of prey offered, decreased with temperature 7' (Fig. 4-3), i.e. the higher the
temperature, the more sensitive the developmental rate of H. axyridis to the food
availability, or, each food item is likely to trigger a greater developmental effects under

higher temperatures. This relationship was described using an empirical exponential

model.

B(T)= Bd,.e 47T (4-5)

where Bd, and Bd, are constants. The estimated values for Bd, and Bd, is listed in Table
4-3. The average developmental rate can thus be described as a function of both

temperature and number of prey offered by substituting for Dm and J in equation (4-1)

with Dm(T) and (1), i.e.
D(T,N)=Dm(T).[1-e D] (4-6)

The general feature of this model is geometrically sketched as Fig. 4-4.
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Table 4-2. Parameter estimates for the average developmental rate (M+SE) of H. axyridis as a
function of the number of M. persicae present:

(1993, Montfavet)
Dm (M1SE) B (M+SE) R’
L,
12,5°C 0.1224 +0.0017 0.1686 +0.0135 0.9215
15°C 0.1871 +0.0030 0.1833 +0.0243 0.7979
18°C 0.2463 +0.0033 0.1359 +0.0111 0.9438
20°C 0.4011 +0.0011 0.1150 +0.0009 0.9995
22°C 0.4873 +£0.0120 0.1324 +0.0272 0.7465
25°C 0.6352 +0.0220 0.1351 +0.0328 0.6687
27.5°C 0.9621 +0.0468 0.0679 +£0.0141 0.8353
L.
12.5°C 0.1539 +0.0025 0.1359 +£0.0138 0.9156
15°C 0.3181 +0.0124 0.1265 +0.0120 0.9035
18°C 0.3473 +0.0083 0.1376 +0.0204 0.8338
20°C 0.4832 +0.0122 0.0896 +0.0111 0.9293
22°C 0.9697 +0.0466 0.0336 +0.0058 0.9486
25°C 0.9995 +0.0144 0.0513 +0.0028 0.9908
27.5°C 0.9697 +0.0466 0.0336 +0.0058 0.9486
Ls
12.5°C 0.1052 +0.0023 0.0891 +0.0094 0.9470
15°C 0.1756 +0.0137 0.0479 £0.0154 0.7748
18°C 0.3362 +£0.0052 0.0559 +0.0033 0.9895
20°C 0.4274 +0.0112 0.0385 +0.0036 0.9823
22°C 0.6328 +0.0274 0.0241 1+0.0033 0.9758
25°C 1.0968 +0.0663 0.0130 +0.0019 0.9845
27.5°C 1.0315 +0.0180 0.0193 +0.0010 0.9973
L,
12.5°C 0.0569 +0.0014 0.0856 +0.0101 0.9379
15°C 0.1133 +0.0061 0.0588 +0.0095 0.9024
18°C 0.1806 +0.0020 0.0474 +0.0019 0.9958
20°C 0.2079 +0.0038 0.0445 +0.0030 0.9890
22°C 0.2641 +0.0144 0.0320 +0.0062 0.9387
25°C 0.2743 +0.0089 0.0474 +0.0064 0.9579
27.5°C 0.2117 +0.0103 0.0284 +0.0052 0.9573

Dnr: the maximum developmental rate; b: the rate by which the average developmental rate
approaches Dm as the number of prey present increases; the parameters are presented as mean
with standard error; R* determination coefficient of the nonlinear correlation. Newton's method

was used in estimating the parameters. Ly, Ly, L;, L4 the larval instar 1-4.
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the larval instar 14 respectively.
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Table 4-3. Parameter estimates for equation 4-4 and 4-5, the maximum developmental rate Dm and
the parameter b as functions of temperature.

(1993, Montfavet)
Larval stage L, L, L; L,
D) =wyy,. (epm-T — Pt Ty ~(Temyyy=T) Al )
Via 0.0259 +.0037 0.0026 +.0054 0.0048 +.0015 0.0106 +.0026
Pra 0.2541 +.0158 0.2884 +.0326 0.3066 +.0054 0.1796 +.0078
Ty 29.6976 +.0103 29.8000 +.0143 29.4692 +.0092 29.2809 +.0096
AT 14 3.7050 +.0215 2.9233 +.0364 3.0209 +.0115 3.7741 £.0164
R? 0.9257 0.8946 0.9915 0.9684
B(T) = Bd,,e'Bd"T
Bd, 0.3191 +.0758 0.4799 +.1761 0.3963 +.1259 0.1907 +.0525
Bd- 0.0443 +.0132 0.0892 +.0238 0.1212 +.0220 0.0706 +.0164
R’ 0.6957 0.7630 0.8705 0.7817

wia © the rate of physiological process at some base temperature; pp, : a value for critical enzyme-
catalyzed biochemical reactions; Ty, : the maximum temperature in degree above the bass
temperature for the life process, ATy, : the width of high temperature boundary layer; R’ the
determination coefficient for the nonlincar correlation. Newton's method was used in estimating
parameters. L;, Ly, L3 and L4 denote the larval stadium 1-4 respectively,

Fig. 4-4 Developmental rate of H. axyridis in relation to temperature and the density of M.
persicae. Graphes were generated from Eqn. 4-6, and parameters in table 3.
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Average daily survival rate of H. axyridis as a function of the initial number of prey.
Here the average daily stage-specific survival rate (equation 4-2), instead of the integral
stage-specific survival rate, was used. It is conceptually more legitimate and practically
more convenient for this study because in the natural condition the major factors affecting
the predator’s survival rate, ie., the prey density and temperature, are changing
constantly, and in the simulation model the time-unit for defining the change of
temperature, density of prey and predator is one day. Also, the daily age-specific survival
rate enables a more direct comparison of the temperature- and prey-dependence of
survival between different larval stages, for the effect of duration of development on the
survival rate is removed. As with the average developmental rate, the average daily
survival rate of H. axyridis increased with both temperature and the number of M.
persicae offered (Table 4-4). We used the same analytical approach as was used for
modeling the developmental rate: the average survival rate was defined as a function of the
number of prey offered in the first place, and then incorporate the effect of temperature
into the parameters of the density-dependent survival model.

The average daily survival rates S of all the larval stages increased with the number of
prey available (Fig. 4-5). The survival rates increased as prey densities increased and
approached asymptotically the maximum survival rate as the prey density became higher
and higher (Fig. 4-5). In general, at the same prey density, older instar larvae had lower
daily survival rates than younger ones (Fig. 4-5), which may reflects the trophic
requirement increases with age of the larvae. The response of daily survival rate to the

number of prey offered was fitted to a sigmoid curve used by Chen (1990) (equation 4-5,

see appendix for derivation).

(4-7)

S(N)

1+Scl.e"S‘='N

where S(N) is the average daily survival rate of the predator in relation to the number of
prey offered N, Sc; is a parameter whose reciprocal is related to the average daily survival

rate when no prey available, and Sc, is a parameter signifying the rate at which S(N)
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approaches its maximum value (=1 in this case). This model gave a fairly good depict of

the prey-dependence of the average daily survival rate of H. axyridis (Fig. 4-4, Table 4-5)

Table 4-4. Average daily survival rate (M+SE) of H. axyridis in relation to temperature and the
number of M. aryridis offered.

(1993, Monfavet)
N 10 20 40 80 160 200

L

12.5°C 0.8745 +0.0111  0.8748 +0.0136  0.8959 +0.0138 0.9189 +0.0124  0.9280 £0.0121  0.938]1 +0.0112
15.0°C 0.8454 +0.0263  0.8527 +0.0290 0.9138 +0.0233  0.9224 +0.0231  0.9799 +0.0120 0.9692 +0.0149
18.0°C 0.8572 £0.0319  0.8525 +0.0419  0.9306 +0.0312 0.9457 +0.0295 0.97.40 +0.0203 0.9740 +0.0203
20.0°C 0.8484 +0.0392  0.8618 £0.0672  0.9192 +0.0689  0.9500 +0.0571  0.9500 +0.0571 1.0000 +0.0000
22.0°C 0.8525 +0.1001  0.8473 £0.1128  0.8913 +0.1082  0.9371 £0.0894  0.9587 +0.0723  0.9587 10.0723
25.0°C (0.8670 +0.1312  0.8840 +¢.1370  0.9003 +0.1475  0.9220 £0.1303  1.0000 +0.0000 0.9747 +0.0865
27.5°C 0.8660 +0.1597  0.8560 +0.2058  0.9071 +0.2142  0.9387 +0.2399  0.9664 +0.1802 0.9664 +0.1802
L,

12.5°C 0.8679 +0.0152  0.8652 +0.0195 0.8884 +0.0196  0.8989 +0.0197  0.9099 +0.0193 0.9225 +0.0178
15.0°C 0.8507 +0.0299  0.8287 +0.0495  0.9093 +0.0425 0.9512 £0.038]1  0.9655 +0.0360 0.9655 +0.0360
18.0 °C 0.8525 +0.0550  0.8434 10.0719  0.9283 +0.0524 0.9426 +0.0467  0.9624 +0.0429 0.9815 +0.0299
20.0°C 0.8473 +0.0693  0.8534 +0.0942  0.9255 +0.0819  0.9487 £0.0750  0.9487 +0.0806 1.0000 +0.0000
22.0°C 0.8550 £0.0862  0.8660 +0.1319  0.8618 +0.2018  0.8733 £0.2623  0.9500 +0.2179 1.0000 +£0.0000
25.0°C 0.8417 +0.1040  0.8255 £0.2265 0.8733 +0.2623  0.9500 £0.2179  0.9500 +0.2179  1.0000 +0.0000
27.5°C 0.8550 +0.0862  0.8367 £0.1460  0.8973 +0.1741  0.9159 +0.2161 0.9500 +0.2179  1.0000 +0.0000
Ls

12.5°C 0.8706 +0.0064  0.8648 i0.0()‘)i 0.8892 +0,0105  0.9081 £0.0106  0.9065 +0.0110  0.9284 +0.0097
15.0°C 0.8323 +0.0129  0.8442 £0.0141  0.8549 +0.0141  0.9399 +0.0181  0.9372 +0.0198 0.9490 +0.0177
18.0°C 0.8620 +0.0220  0.8740 +0.0364 0.9086 +0.0540  0.9283 +0.0524  0.9473 +0.0447 0.9655 +0.0360
20.0 °C 0.8498 10.0.247 0.8340 +0.0462  0.9086 +0.0594  0.8953 +0.0789 0.9558 +0.0595  0.9775 +0.0446
22.0°C 0.8395 +0.0285  0.8409 +0.0520  0.8913 +0.0852  0.9220 +0.0997 0.9387 +0.1154 0.9697 +0.0947
25.0°C 0.8524 +0.0358  0.8430 +0.0630  0.8840 +0.0976  0.9322 4_:0.]416 0.9500 +£0.2179  0.9500 +0.2179
27.5°C 0.8326 +0.0384  0.8320 +0.0730  0.8484 +0.1701  0.9192 +0.2002 0.9000 +0.3000 0.9500 +0.2179
|

125°C 0.8786 +0.0024  0.8745 +0.0035  0.8866 +0.0042  0.9145 +0.0039  0.9326 +0.0037 0.9326 +0.0039
15.0°C 0.8555 +0.0047  0.8508 +0.0075 0.8950 +0.0075 0.9151 £0.0110  0.9238 +0.0109 0.9340 +0.0105
18.0°C 0.8416 +0.0082  0.8685 +0.0132 0.8864 +0.0210  0.9372 40.0185  0.94%0 +0.0177 0.9602 +0.0156
20.0°C 0.8565 +0.0092  0.8409 +0.0184 0.8926 +0.0224 09175 £0.0263  0.9412 +0.0238  0.9541 +0.0209
220°C 0.8579 40.0115  0.8470 +0.0209 0.8864 +0.0252  0.9238 +0.0295 0.9410 +0.0351 0.9566 +0.0300
25.0°C 0.8228 +0.0187  0.8395 +0.0285  0.9087 +0.0324  0.9147 £0.0373 0.9566 +0.0300 0.9546 +0.0329
27.5°C 0.8340 +0.0064 0.8177 £0.0136  0.8348 +0.0248  0.8754 £0.0249  0.9311 +0.0239 0.9564 +0.0221

N denotes the number of green peach aphid offered; values in the table are average daily survival
rate; L,, L, Ls and L, denote the larval stadium 1-4 respectively.
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Fig. 4-5 The average daily survival rate of H. axyridis in relation to the number of M. persicae
present. Lines are predicted value computed from Eqn 4-7, marks are observed values. Values in
the legend are temperatures n °C. Ly, La, L3 and L, denote the larval stadium 1-4 respectively.

Survival rate of H. axyridis as a function of temperature. At any fixed density of
aphids exposed to the ladybeetle larvae, the daily survival rate of the larvae is dependent
on the environmental temperature. The parameters Sc; and Sc could, in turn, be defined

as functions of temperature (Fig. 4-5, 4-6). The following empirical models were used :

Se,(T) =Sey,.(1= Seyy. 75T (4-8)

Sey(T) = Scyy. (1= Scyp. €7 (4-9)



where Secu1, Scia, Scis, Scai, Sca2, and Scys are parameters from the curve fitting and do not

have explicit biological meaning. The values of these constants were estimated and given

in Table 4-6.

Table 4-5. Parameter estimates (M+SE) for the average survival rate of H. axyridis as a function
of the number of M. persicae present: (N ) =1/ (1 + Sc,.e” 5" )-

(1993, Montfave)
T("C) 12.5 15 18 20 22 25 27.5
Li
Se;  0.1459 +.0078 0.2025+.0217  0.1962 +.0319 0.1951+.0183 0.1744 +.0195 0.1787%.0170 0.2003 +.0317
Se;  0.0043 £.0007  0.0124+.0027  0.0151 +.0050 0.0100+.0020 0.0120 +.0025 0.0106+.0021 0.0150 +.0047
R?  0.9266 0.9379 0.8977 0.9353 0.9285 0.9378 0.9035
L2
Se; 0.1544 +.0065 0.2178+.0348 0.2033 +.0346 0.2062+.0385 0.2025 +.0294 0.2429+.0342  0.2075 +.0249
Scx  0.0031 +£.0005 0.0142 £.005]  0.0145 £.0050 0.0155+.0058 0.0085 +.0024 0.0143+.0037 0.0112 +.0025
R?  0.9239 0.8720 0.8840 0.8779 0.8411 0.9169 0.9147
La
Ser 0.1521 +.0097 0.2004 +.0285  0.1619 +.0113 0.2030+.0256 0.2058 +.0176 0.1932+.0190 0.2155 +.0256
Sc;  0.0033 £.0007 0.0088 +.0028  0.0079 +.0012 0.0095+.0024 0.0093 +.0016 0.0085+.0018 0.0063 +.0017
R?  0.8499 0.8388 0.9488 0.8858 0.9412 0.9123 0.8298
Ls
Se;  0.1472 0068 0.1700 +.0156  0.1885 +.0167 0. 1869+.0159 0.1850 +.0139 0.2160+.0281 0.2436 +.0151
Ses  0.0042 +.0006 0.005]1 £.0012  0.0092 +.0017 0.0075+.0014 0.0076 +.0013 0.0102+.0028 0.0074 +.0009
R?  0.9410 0.8474 0.9348 0.9213 0.9395 0.8866 0.9591
N : the number of prey offered; Sc: a parameter whose reciprocal is related to the average daily

survival rate when no prey available; Sc,: a parameter signifying the rate at which S(N) approaches

its maximum value (=1 in this case); R the determination coefficient for the nonlinear correlation.
Newton's method was used in estimating parameters. Ly, L, Lz and L4 denote the larval stadium 1-

4 respectively.

The survival rate of larvae of H. axyridis as a function of both temperature and prey

density was then described by incorporating Se1 (7) and Sco(7) into the equation 4-5 :

S(T,N) =

1

1+ Se,(T).e~5 DN
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The feature of this model within the biologically defined interval was illustrated

geometrically as in Fig. 4-7.
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Fig. 4-6 Relationship between the parameter Sc, from Eqn. 4-3 and temperature (°C). Solid lines
arc drawn using predicted valucs from Eqn. 4-8, marks are observed valucs.
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Fig. 4-7 Relationship between the parameter Sc, from Eqn. 4-3 and temperature (°C). Solid lines
are drawn using predicted values from Eqn. 4-9, marks are observed values.



Table 4-6. Parameter estimates (M+SE) for equation 4-8 and 4-9, the parameter Sc, and Sc, as
functions of temperature.

(1993, Montfavet)
Larval | L Ls L,
stages
Sc,(T) =S¢y (1= Seyy.e™5T)
Sen 0.1915 +0.0054 0.2141 +0.0063 0.1968 +0.0081 0.1996 +0.0109
Sc1a 9.55E+05 +1.97E+0 1.55E+06 +2.34E+05 1.55E+09+2.64E+07  10.0077 +8.6534
5 8
Seus 1.2178 +0.9506 1.1960 +0.2220 1.4082 +0.3443 0.2886 +0.0431
R* 0.6968 0.6965 0.4932 0.8040
Se, (1) = Seyy. (1= Scyy.e75 )
Scay 0.0126 +0.0021 0.0132 +0.0026 0.0085 +0.0024 0.0079 +0.0212
Sca 7.50E+08 +8.12E+0 7.50E+08 +8.20E+08 7.50E+0 +7.20E+08 2.35E+06 +4.63E+06
8 8
Scas 1.6262 +8.3498 1.6765 +8.3097 1.6742 +6.8434 1.0442 +10.0021
R® 0.7154 0.7041 0.7717 0.4809

SC'”7 SC]'_:_, SC|3, SCgl, Scan

=Ly

Sc.; are constants from the curve fitting; R? is the determination

coefficient for the nonlinear correlation; Newton's method was used in estimating parameters. L,

L., Ls and L, denote the larval stadium 1-4 respectively.
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Fig. 4-8 Daily survival rate of H. axyridis in relation to temperature (oC) and the density of M.
persicae. Graphes were generated from Eqn. 4-6, and parameters in table 6.
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Discussion

In our models developed here to describe the developmental and survival rates of /1.
axyridis as functions of prey density and temperature, one of the independent variables is
the number of prey present instead of the number of prey consumed as was used in many
similar studies. Many studies indicated that the relationship between the developmental
rate and the prey consumption follows a saturation curve (Chen et al. 1985, Hayes and
McArdle 1987, Hayes 1988, Hardman and Rogers 1991). The number of prey consumed,
in the case of Holling's type II functional response, is itself a function of the number of
prey present following a saturation equation. In fact, if we use Na in the place of N in
equation 4-3, and substitute with Na with the right hand side of equation 4-12:

D(N)= Dm.[1-e PN (4-11)

g 9N 4-12)
1+ alhN

the relationship between [ and N in equation 4-11 still has basically the same numerical
and geometrical properties as was described by equation 4-3, only that the parameters
have slightly deferent meaning and values. The parameters estimated for the equation 4-11
with Na as the independent variable may probably be more accurate than those estimated
for equation 4-3 because the developmental rate D is more directly related to the number
of prey consumed than to the number of prey present and the stochasticity and
randomness existing in the relationship between N and Na. However, equation 4-3 has
some advantages: firstly, this loss of accuracy can be partly compensated by reducing
experimental error from the manipulation of the system for obtaining the data on Na, the
error involved in the estimation of parameters in equation 4-12, and the amount of
calculation (and thus the round-off error) in the evaluation of the function; secondly, a big
amount of trial work load for counting the real Na can be saved, in addition, the model

with prey density instead of the number of prey attacked can be more readily used for
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estimating the developmental and survival rate of the predator in the field conditions.

In this study, we used the average daily survival rate, calculated by taking the geometric
average of the stage-specific survival rate of a larval stadium. This measure of survival rate
allows us to incorporate the survival rate directly into the simulation model, which is
usually run with one day as the time step, and thus the survival rate of any specific day can
be calculated from the temperature and prey density of the day. We should be aware that
the averaged daily survival rate is only an simplified approximation, because the daily
survival rate may depend on the developmental progression within the given instar, rather
than a uniform value throughout the whole length of the instar. We adopted the present
approach because no data concerning the age-specific survival rate is unavailable and
experiments measuring that requires a large quantity of individuals.

Beddington et al. (1976) suggested that the survival rate of a predator in relation to the
prey density follow a sigmoid curve, based on a normal distribution of the mean number of
prey consumed. His model has not been used very widely to fit experimental data because
it is basically suitable for describing survival rate of a generation fits much less well the
survival rate data on a daily or stage basis. In addition, the meaning and biological
mechanisms of parameters in his model is quite vague. In their study of the predator-prey
interactions between Typhlodromus pyri and its prey - European red mite, Hardman and
Rogers (1991) proposed a saturation curve to describe the survival rate in response to the
prey density. Our results supported a sigmoid curve, which has basically the same features
as that used by Chen et al. (1985) in his study of the numerical responses of Chrysopa
septenpunctata to Myzus persicae. We derived a model which is different from

Beddington's in the underlying mechanism to describe the survival rate of H. axyridis in

response to the density of M persicae.
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Appendix

Derivation of the equation describing the relationship between the developmental

rate and number of prey present (equation 4-3).

Consider that the developmental rate (D) of a predator is a function with the number of
prey consumed (Na). Since Na is a continuous, differentiable function of N (the number of
prey present) in [0, oo] according to equation 4-12, we can define D as a function of V.
let AD be the increment of D as N increases by 4N, we start our derivation from
considering the relationship between AD and DN, which is a simpler case than the
relationship between D and N. Firstly, we assume that: (1) a maximum developmental rate
Dm can be attained as the number of prey present increases infinitely; (2) the magnitude of
AD with respect to AN is proportional to Dm-D (the deference between the maximum
developmental rate and the actual developmental rate), i.e. an increase in prey density can
trigger a larger increase in the developmental rate of the predator when the deference

between the maximum developmental rate and the actual developmental rate is bigger.

Thus we have:

AD = B.(Dm— D). AN (A-1-1)
or i‘% = fB.(Dm- D) (A-1-2)

where b is a proportional coefficient.

as AN — 0, A-2 becomes,

D _ - (A-13)
= A(Dm D)
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dD
Dm-D

(A-1-4)

= B.dN

Integrate both side of A-4,

dD
5 —p=1BN

-In(Dm-D)y=N+C
Din—D=e PN+C
D=Dm-Ce#¥
When N=0, we have D=0, which lead to C=Dm. Hence,

D= Dm(l-e ) (A-1-5)

Derivation of the equation describing the relationship between the survival rate and

number of prey present (equation 4-7).
As with the developmental rate (S), we relate the survival rate directly to the number of

prey (N) present. Let AS be the increment of § as N increases by AN, we derive the S as a
function of N from the relationship between AS and AN. Firstly, we assume that: (1) The
daily survival rate approaches its maximum value (Sm=7) as the number of prey present
increases infinitely; (2) the magnitude of AS with respect to AN is proportional to the

product of S with /-§ (the deference between the maximum survival rate and the actual

survival rate). Thus, we have:

AS = Sc,.S.(1- S). AN (A-2-1)



AS
—=38¢c,.5.(1-§ A-2-2
or  5=56,5.0-5) (A-22)

where Sc2 is a proportional coefficient

As AN - 0,

4 s, 5.(1-5) (A-2-3)
dN

_ 9 _se.aN (A-2-4)
S.(1-5)

Integrate both side of A-4,

ds
_ 9 (S, dN
s =15

AS’ -

S" l)=LS‘C2.N+C

—In(

S -
. Scl.e"S‘“N

~y

] - é‘z Svcl.e_sci'N

Rearrange the Ababa equation, we get,

] (A-2-5)

1+ Scle's”’N
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Chapter 5:
A simulation model for assessing the potentials

of H. axyridis (Pallas) as a biological control agent
against Myzus persicae (Sulz.)

The interactions between H. axyridis (Pallas) and M. persicae (Sulz.) are dynamic, so it
is impossible to evaluate the effectiveness of the predator by evaluating the static
characteristics of the predator and the aphid. The predator and green peach aphid
interacting with each other comprise a dynamic system which possesses the attribute of
behavior, i.e. the evolution of population densities of the predator and the prey as a result
of complex inter-specific interactions. In the biological control of green peach aphid we
wish to manage certain portion of the behavior by releasing the predator with appropriate
timing and numbers so as to minimize the losses to the damage of the aphid at a profitable
price. The understanding of the dynamic behavior of the predator-prey interactions is thus
the basis for the evaluation of the effectiveness of the predator and the development of
optimal release strategies. Models are required toward this end. The form of the model
should be determined by the purpose for which it is needed. This chapter is to discuss the
general approach and technical details of the simulation model developed for assessing the
potentials of H. axyridis (Pallas) as a biological control agent against Myzus persicae
(Sulz.), and to present some results from the sample simulations.

Modeling is an open-ended task, one can never obtain a perfect model. However, one
advantage of the modeling approach to problem solving is that sometimes even if the
stated objective is not immediately achieved, weakness in our understanding of the system
will be exposed, thus suggesting new research projects. In this sense, this study represent

an initial step toward an strategy supporting system of the biological control of green

peach aphids.
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1. The general framework of the simulation model

The appropriate model for this study is one which incorporates an adequate amount of
biological realism concerning temperature- and density-dependence of the interaction
between Myzus persicae and Harmonia axyridis, while keeping a considerable degree of
tractability. There is little point in having a model that is too complex to manipulate and to
understand. Deterministic model was chosen since stochastic model usually require
additional information about the variation and probability distribution of each parameter,
and add additional complexity in the model structure and computation.

This model includes three major component submodels: 1) the population increase of
M. persicae; 2) the functional response of H. axyljidis to M. persicae; and 3) the numerical
response of H. axyridis to M. persicae.

Aphid population dynamics can be modeled using two different approaches. One
approach assumes that an aphid population has a stable age structure and complete
overlapping generations (Hughes and Gilbert 1968) and can thus be modeled as a
homogenous entity. The population change is characterized by the rate of population
change. The other approach takes into account the population age structure and the
population is modeled as an assembly of different age-classes and the population change is
characterized by age-specific demographic parameters (Barlow and Dixon 1980). The
choice of approach depends on the system, data available and the purpose of the model. In
this study, our purpose of modeling the population dynamics of green peach aphid is to
use the model as a component model to be coupled with the functional response and
numerical response model of H. axyridis to study the effects of temperature on the
predator-prey interactions. For this purpose, we accepted the holistic approach since it is
much easier to handle and its behavior is more tractable. Also, a more complex and
detailed age-structured green peach aphid population model will not be of great help to
the overall performance of the simulation model, since there has been no information
available concerning the predator’s attack rate on different age-classes of the aphids and
the predator’s preference for prey age-classes, which is necessary when an age-structured
prey model is used. Because we modeled the green peach aphid population as an

homogeneous entity in which each average “individual” makes an equal contribution to the
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population, we as well approximate the aphid consumption by the lady beetle larvae as the
loss of average “individuals” due to the predation.

A simple Holling’s type II functional response was used to model the attack rate of f.
axyridis on M. persicae as a function of temperature. Complex interactions such as
predator interference, predator’s choice for prey size and the response in the predator’s
searching efficiency to the aggregation of the aphids are ignored. In practice, we do not
want to release and usually can not afford releasing a predator cohort that is so big as to
cause significant predator interference. -

For the purpose of evaluating the effectiveness of H. axyridis as a biocontrol agent for
inundative release, no population recruitment of H. axyridis was incorporated in the
model. The change of the released cohorts of H. axyridis was modeled using an age-
classed model - the members of one age-class are shifted bodily to the next after a certain
amount of thermal time, corresponding to the duration of the age-class, is accumulated.
The duration of age-class of H. axyridis is dependent on the temperature and abundance
of its prey, green peach aphids. A age-specific daily survival rate was applied to the

cohort. The age-specific daily survival rate is again a function of temperature and aphid

population density.

2. The green peach aphid model

The population course of green peach aphids is simulated with the following approach:
the overwintering eggs of green peach aphids hatch in the peach orchards in the early
spring when a certain amount of effective thermal time, meaning the accumulation of
temperature above the base temperature (4.5°C) is accumulated (Tamacki 1988, Mack and
Smilowitz 1982). The parthenogenetic viviparous population will grow through the
season, until June when a certain amount of thermal time is accumulated and then all the
individuals emigrate out of the peach orchards. The in-orchard migration between colonies
during the course of population change was simulated with a random number of uniform
distribution. The ladybeetle larvae can be released at any point of time of the season.

We modeled the green peach aphid population using a delayed logistic model under the
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assumption that the current value of the intrinsic rate of population increase is determined
by the average value of temperature over a period from the current time backward to a

previous time 7-7. Here 7 is the elapse of time between the current time and the previous

time.

av _ r(T:).N~b.N: N

dt

- (5-1)

where N is the population density of the aphid, l‘,,,(Tr) is the intrinsic rate of population

increase driven by T ., the average temperature over a period from the current time ¢
backward to a delayed time /-7. In chapter 2, we have characterized the intrinsic rate of
population increase of green peach aphid as a function of temperature using Logan’s

sigmoid outer expansion (Eqn.2-5). That model and parameter will be used here for
describing r,,,(i) :

T.-T.

r (T)=af[l+ke "] —c o7 ) (5-2)
The parameters here have the same meaning as those in Eqn. 2-5. The independent

variable 7' is an average of temperature over the time interval [£-7, f]. The more

realistic and more general form of T, should be some kind of weighed average with a
characteristic weight function. Because of the lack of information concerning this aspect,

here we just use the simplest average, the simple arithmetic average, which is defined by

T, = [s.T(s)ds (5-3)

-7

N . in Eqn. 5-1 is the average population over a period from the current time # backward

to the delayed time 7 Again, it can be a weighed average. Here we use the simple

arithmetic average as an approximation:
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N:= }s._N(s)ds (5-4)

(T-)

b in Eqn. 5-1 is the intra-specific competition coefficient and -~ . represents the

carrying capacity which is driven by T., the average temperature over a period from the
current time ¢ backward to a delayed time /-7,

In practice, it is impossisible to obtain continuous-time measurement of temperature
and population density. Consequently, we sample the state of these continuous-time
variables at certain time interval to obtain a discrete-time approximation, such as the
average daily temperature, instead of the continuous-time measurement of temperature,

and a discrete-time measurement of population, such as daily population count, so that

T. or N. is approximated with the mean of the respective discrete measurements over

[t-7 1],

T.=2 3 7(s) (5-5)
T s=t-1

Ne=s $N(s) (5-6)
T s=t-1

In all the equations r represents the time-lag for the integral time-delay. The average
generation time and the duration for immature development can be considered as two of
the candidates for 7. Here we accepted the duration for the immature development as 7.
Because the duration for immature development is dependent on the temperature, which

changes with time, thermal time is used in determining the time-lag for the integral time-

delay. Here 7 is calculated from the relation

1= 3 D(T(s) G

§=1-7



in the computer program, ¢-7 is determined by computing the ZIZ D (T (s)) backward

s=t-71

starting from the current time f until s p (7 (5)) » 1| Is satisfied and then the value

s=1f-7

of s was taken as f-7. D(7(s)) the immature developmental rate is calculated from Eqn. 2-4

in Chapter 2:

T, ~T
D(T)=yw[e” —e’ " aT ] (5-8)

where all the parameters and variables have the same meaning as those in Eqn. 2-4. We
use the immature developmental time as the length of time over which the integral time
delay of temperature- and density-dependence is accounted for by assuming that the
current rate of population change is affected by the integral effects of temperature and
population density over the immature developmental time. The average generation time or
the characteristic return time may also be used as the length of time accounted for integral
time delay under different assumptions. The simple average of temperature or population
density that is used here is only the simplest case for the integral time delay of
temperature- and density-dependence. Weighed averages upon certain patterns of weight

distribution over the delayed time period is be expected to be more realistic

representations of time delay effect.

3. The ladybeetle model

Functional response. The functional response of the ladybeetle larvae was modeled as a

function of the instantaneous temperature and population density of green peach aphid

using Holding’s type II response (Eqn. 3-1, 3-2a, b).

__ aMN
Ne = Tra D (DN (5-9)

66



o~ u.Te
a.-(f)——_.,_‘ (5-10)
l+u,e 7
R 1+v.e_?2
Ih,.(]):’—_v_‘ (5-11)
vi.TeT

where the subscript 7 represents the /" instar larvae of H. axyridis, all the other parameters

and variables have the same meaning as the in Eqn. 3-1, 3-2a, b.

The total prey consumption of the all the four larval stages of the ladybug is then:

N(I:ZN(J,

i

Developmental rate. The developmental progress of ladybug larvae were modeled as a

function of the current daily temperature and prey density using Eqn. 4-3, 4-4, 4-5:

D(T,N)=Dm/(T)[1-e»T¥] (5-12)
D”’i (7') =W, (er-T _ er-(T"'m‘T)"ATm ) (5-]3)
B.(T)=Bd,.e®»T (5-14)

here i signifies the 7" instar of larvae. All the other parameters and variables have the same
meaning as those in Eqn. 4-3, 4-4, 4-5. The time when larvae enter the next instar was

calculated by
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1= % D,(T(s), N () (5-15)

where Dj()is the developmental rate of the i instar larvae as a function of temperature

7(s) and prey density N(s) on day s. In the computer program, the time when the i instar

larvae enter the next instar is calculated by computing the Z’: D,(T(s), N (5)) forward
’l

starting from /,, the time when the larvae entered the /* instar from the previous instar,

until is satisfied and then all the individuals that entered the i

ZDAT(s),N(s)) 21

instar get to the i+ /™ instar.
Survival rate. The average daily stage-specific survival rate (Eqn. 4-7, 4-8, 4-9, 4-10) is

used for the survival rate of the /" instar ladybug larvae as a function of the current daily

temperature and prey density:

1

S(T.N)= , )

) = g e (5-16)
Sec, (1) =Sc,, .(1- 8¢, .e™517) (5-17)
Sc,,(T) = Se,,.(1- Sc,, .e™5»7) (5-18)

where all the parameters and variables have the same meaning as those in Eqn. 4-7, 4-8, 4-

9, 4-10. The change in the density of the i instar ladybug larvae was then modeled as
dr,
o aA-L_).S(T,N).P_,-[1-L,.S(T,N)L P +U, (1) (519

where P; is the density of the /™ instar ladybug larvae, Ui(¥) is the number of the i instar

larvae released at time ¢, L;,; and L; are logic vaniables, they assume only two values (0 or

68



1), when larvae remain in the /™ stage, L; assumes the value 1, when the larvae finished the

development of the i stage and enter the next stage, L; assumes the value 0.

L if S D(I(s), N(s)) <

L = (5-20)

0 DI, N2

where Di() is the developmental rate of the /™ instar larvae as a function of temperature

T{(s) and prey density N(s) on day s.

The framework for the overall simulation model is then expressed as:

daN - b = aN
—=r(T:)N(Q-—=— N.)+> ——— (5-21a)
dt n(T2)-N.( r.(T:) ) Z,.:]+a,.Th,.N

dp,
—E= (1= L) Sy (T,N).Py = (1= L S(T,N)LP, + U, (1) (5-21b)

4. The computer simulation program.

The state variables, driving variable, initial conditions, input and output.
Temperature is the only driving variable in the model, the temperature data used in the
simulation are generated using CLIMGEN, a climate data generating software developed
by USDA-ARS, and parameters derived from the Avignon local meteorological record.
The only initial condition in this model is the number of overwintering eggs, which can be
given by a random number generator or an predetermined estimate. When the aphid
population exceeds the level of tolerance, the stage and number of lady beetle larvae are
prompted for input. The program outputs the population trajectories of green peach
aphids and the ladybeetles.

Time and space scale of the simulation. A Julian day is used as the time scale in this

simulation model, considering that it is a most natural and convenient time scale and, also,
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all the parameters used in the model were measured in this time scale in the experiments.
In cases that thermal time is used to account for the time required to complete certain
biological processes, such as the completion of development of given stages, day-degree is
used in actual calculations, but it is then converted to Julian days. As a model aiming at
addressing fundamental qualitative properties of temperature- and density-dependence of
predator-prey interactions, we try to avoid involving spatial complexity such as habitat
heterogeneity and predator displacement among aphid colonies, etc., in the simulation. A
single aphid colony is used as the spatial scale. We assume that the intra-specific
competition coefficient b, the impact of an individual on other individuals in the same
colony, is a constant independent of temperature. The carrying capacity, represented by
rm.(T)/b, is then varying with temperature. In natural conditions, aphids may move into or
out of a colony by walking (the apterous forms) or flying (allate forms). This process of
within-habitat movement may be density-dependent or/and temperature-dependent, but no
sufficient data available as to give a valid pattern that characterizes this process. In this
study, we use a random variable of uniform distribution to generate the number of aphids
moving into or out of a colony, which is independent of aphid density and temperature.
The bias in the results using this method may be viewed as enormous in microscopic scale,
but could be considered as being tolerable in macroscopic scale, since the effects of inter-
colony movement on population dynamics is much more important under low population
density then under high population density of aphids. As the season approaching the end,
green peach aphids produce allate forms that emigrate out of the peach orchard to
secondary hosts. The proportion of aphids moving out of the orchard is shown to increase
as the end of the season is approached (Tamacki 1973, Leclant 1978). Here the number of
aphids moving out of the peach orchard is modeled as the product of aphid population
density, a uniformly distributed random variable and the proportion of the accumulated
day-degree over the total day-degree required to complete the phase of life history of

aphids in the peach orchard with an power of x (x is a value to be chosen to obtain

expected results):
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an (r{)-12) (5-22)
DDyotal

Nemm ()= N (t).RND (

where Nemm(?) 1s the number of aphids moving out of the orchard, N{?) is the current aphid
population density, RND is a random variable of uniform distribution, 7(z) is the
temperature at time £, 7, is the base temperature for the development of aphids, DD\ is
the total day-degree required to complete the phase of life history of the aphid in the peach
orchard, x is a value to be chosen.

The main program. The Main program consists 5 major sections. The first section
defines subroutines, functions, arrays and parameter values. The second section reads the
temperature data from a data file generated with CLIMGEN and calculates the date when
the aphids appears in the orchards. The aphids are supposed to appear in the peach
orchards at the point of time when certain effective thermal accumulated above the
threshold (4.5°C, Tamacki et al. 1982). Section three initializes the system by assigning
initial values to state variables --- populations of green peach aphids and ladybeetle larvae.
The initial population of green peach aphids is given by the truncation of number
multiplied by a random variable of uniform distribution. A zero is given to the initial
population of ladybeetle larvae since the aphid population is supposed to be below the
threshold of tolerance. Sections 4-6 include various procedures doing the numerical
computations of the simulation, which begins on the date when green peach aphids appear
in the orchards and terminates when a thermal time total of 1912 day-degree is
accumulated above 4.5°C. Section four calls the subroutine RmLag for calculating the
intrinsic rate of population increase of green peach aphids as a function of temperature
with integral time delay and the delayed density-dependence due to intra-specific
competition (see “section 2. Green peach aphid model” of this chapter). Section five
checks whether the aphid population exceeded the threshold of tolerance, if so, a certain
number of lady beetle larvae of a chosen larval stage is released. The subroutine ComputY
is called to calculate the developmental rate, daily survival rate and prey consumption of
the lady beetle larvae as a function of current daily temperature and aphid population.

Section six calls the subroutine RungeKutta, a solver of ordinary differential equation, to
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compute the population density of aphids and lady beetle larvae of the next day. Section
seven writes the data generated by the simulation to a data file.

Subroutine RmLag. This subroutine is called by the main program to calculate the
average of daily temperature and the average of aphid population over a delayed time
period (as specified by equation 5-3, 5-4), which is the time interval between a time point
in the past and the current time during which a thermal time accumulation sufficient for the
aphids to complete their immature development (or average generation time) is attained.
This time lag is calculated form the current time point backward to a time point in the past
at which the accumulation of developmental rate of the aphids, which is a function of
temperature, reaches one (see equation 5-7 and the discussion in “Section 2. Green peach
aphid model” of this chapter). The average of daily temperature over the delayed time
period is then used to calculate the intrinsic rate of population increase 7,(7) using
equation 5-2, and the average of aphid population over the same time period is used to
account for the delayed density-dependence of the aphid population (see equation 5-1).
The daily temperature, aphid population density, relevant parameters and time counter are
passed to this subroutine and the intrinsic rate of population change and the average of
aphid population over a delayed time period are output as globally shared values.
Subroutine ComputY. This subroutine is called to calculate the prey consumption,
developmental rate and survival rate of the lady beetle larvae as functions of temperature
and aphid population density. The first part of the subroutine computes the developmental
rate of the larvae and the developmental progress in terms of accumulation of
developmental rate using equations 5-12 to 5-14. The latter is passed to the subroutine
RungeKutta and is used to determine whether the larvae enter the next stage on the next
day according to the relation defined in Eqn. 5-15. The second part compute the survival
rate which is used in the subroutine RungeKutta as the rate of change of the ladybeetle
larvae. The third part of the subroutine compute the instantaneous attack rate and handling
time in relation to temperature and is passed to the subroutine RungeKutta for calculating
the total consumption of aphids by the ladybeetles.

Subroutine RungeKutta. This subroutine is a simple ordinary differential equation solver

using the fourth order Runge-Kutta algorithm. The state system to solved is defined as in
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Eqns. 5-21. This subroutine uses the value of rate variable determined by the subroutines
RmLag and ComputeY and the total consumption of aphids by the ladybeetles as
determined by the function TotalConsum. A step length of 0.1 is used in this algorithm.
Values of the state variables, the population densities of aphids and the ladybeetles, are
updated each time when the subroutine is called. This subroutine also check whether the
development of a certain larval stage has been completed and the individuals should go
into the next stage.

Function TotalConsum. This function is called at each time of derivative evaluation in
the subroutine RungeKutta for computing the total number of aphids killed by the
ladybeetles. The values of the instantaneous attack rate and handling time as well as the
population densities of aphids and ladybeetles are passed to the function from the

subroutine ComputeY and the main program respectively.

5. Properties of the predator-prey system generated from the simulation model.

Dependence of the effectiveness of larval Harmonia axyridis on temperature. The
effectiveness of the ladybeetles is accounted in terms of the minimum number of larvae
required to bring the aphid population eventually down to zero from a certain aphid
population level. The more effective the larval instar, the less individuals are required to
eventually eliminate the aphids. This value was estimated using a numerical procedure, in
which the number of aphids that move within and out of the orchard is set to zero so that
the population collapse of the aphids purely due to predation by the ladybeetle larvae can
be observed. The aphid population level at which the ladybeetle larvae are released is
assigned 250 aphids/colony (This value was arbitrarily selected, with no practical
consideration). In general, for the first three instar larvae of Harmonia axyrids more
individuals are required to wipe out the aphids on a single colony at lower temperatures
than are those at higher temperatures, but the change in the minimum number of larvae
required as temperature increases is much stiffer at the two extremes of the effective
temperature range than that within the temperature range between 15 and 24°C,

corresponding to the overlapping part of suitable temperature ranges for both green peach
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aphids and Harmonia axyrids (Fig. 5-1 L,, L,, L3). For the 3" instar, the minimum number
of larvae required at 18 °C is somewhat less than those at 21°C and 24 °C (Fig. 5-1 Ls).
For the 4" instar, the minimum number of larvae required to bring the aphid population
eventually down to zero does not quite follow the pattern of a monotonous decrease along
with the increase in temperature (Fig. 5-1 L4). Within the temperature range between 15
and 24 °C the minimum number of the 4" instar larvae required actually increases with

temperature, a scheme reverse to that for the 1* and 2™ instars (Fig. 5-1 L4, 5-2).
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Fig.5-1. Estimated values of the minimum number of larvae of Harmonia axyridis required to
eventually eliminate the green peach aphids on a single colony in relation to temperature. The
predator are released at the aphid population level of 250 aphids/colony. These data are generated
with the computer simulation program. L1, L2, L3, L4 represent the larvae or 1% 27 34 and 4™

nstars.
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Fig.5-2. The 3-D view of the minimum number of larvae of Harmonia axyridis required to
cventually climinate the green peach aphids on a single colony in relation to both temperature and
the age of the ladybeetle larvac. The predator are released at the aphid population level of 250
aphids/colony. Scc the transition of the order along the temperature axis and the Jady beetle axis,
The data arc gencrated with the computer simulation program. L1, L2, L3, L4 represent the larvac

or 1* 2™ 3" and 4" instars.

The simulation also showed that with the same final consequence of the aphid
population eliminated by releasing a minimum number of ladybeetle larvae required to
eventually eliminate the aphids, the length of the course of aphid population collapse can
be quite different depending on temperatures. The aphid population collapses in a much
greater speed under higher temperatures than does under lower temperature (Fig. 5-3, 5-
4). Also, younger instar larvae display a greater extent of change in the length of time it
takes to eliminate the aphids as temperature increases than do older instars, for example,
at 12°C it takes more than 50 days longer for the 1* instar larvae released in the minimum

required number to eliminate the aphids than it does at 24 or 27°C, while this change for

the 4th instar is only less than 10 days (Fig. 5-3, 5-4).
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Fig.5-3. Simulated population change of green peach aphid after larvae of Harmonia axyridis are
released in the minimum number required to eventually eliminate the green peach aphids on a single
colony. The predator are released at the aphid population level of 250 aphids/colony. The value of
the minimum number of larvae required to eliminate green peach aphids on a single colony 1s the
same as used in Fig 5-1 and Gig. 5-. See that more days are required to completely eliminate the
aphids under low temperature than under high temperature, and that the difference in the days
required to completely eliminate the aphids is much smaller for the older instar larvae than for the
younger instar larvae. The data are generated with the computer simulation program. L1, L2, L3,

L4 represent the larvae or 1¥ 2™, 3" and 4™ instars.

Difference in the effectiveness between different larval stages of Harmonia axyridis.
The simulation procedure used here is the same as was described in the above paragraph.
The results are just interpreted from another angle. At low temperatures such as 12 and 15
°C, the minimum number of ladybeetle larvae required to wipe out green peach aphids on a

single colony decreases as the age of larvae increases, i.e., the value of the minimum
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'Fig.5-4. Estimates of number of days it take for the aphid population to be brought down to zero
by larvac of Harmonia axyridis rclcased in the minimum number required to eventually eliminate
the green peach aphids on a single colony. Sce that this value decrcases as temperature increascs.
The data are gencrated with the computer simulation program. The predator are relcased at the
aphid population level of 250 aphids/colony. The value of the minimum number of larvae required
to climinate green peach aphids on a single colony is the same as used in Fig 5-1 and Fig. 5-. L1,
L2, L3, L4 represent the larvac or 1* 2™, 3 and 4™ instars.

number of larvae required to release when the aphid population reaches 250 follows:
L;>L,>Ls>L,. At the other end of the range of effective temperature such as 27°C, the
relative effectiveness switches to the inverse order - the minimum number of larvae
required decreases as the age of larvae increases, i.e. Ls>Ls>L,>L,. Between the two
extremes, the order of relative effectiveness of different instars transforms in a sequential
manner as temperature increases. As the temperature increases, firstly the order of the
minimum number of individuals required to release changes to L1>L4>L.2>L3 (Fig. 5-5
18°C), then the order becomes L,>L,>L;>L, (Fig. 5-5 21°C), and then it changes to
L,>Ls>L,>L, (Fig. 5-5 24 °C), and finally, it switches to Ls>L>Lo>L, (Fig. 5-5 27°C).

This switch is realized through the fact that as temperature increases, the minimum
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number of larvae required to eliminate the aphids decreases to a greater extent for the

larvae of younger instars than for that of the older instars (Fig. 5-2, 5-5).
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Fig.5-3. Estimated values of the minimum number of larvae of Harmonia axyridis required to
eventually eliminate the green peach aphids on a single colony in relation to the age of the
ladybeetle larvae. The predator are released at the aphid population level of 250 aphids/colony.
The order of the minimum number of larvae required to ensure a complete depletion of aphids with
respect to the age of the predator switches to the reverse as temperature changes from one end to
the other of the effective range. The data are generated with-the computer simulation program. L1,
L2, L3, L4 represent the larvae or 1% 2™, 3" and 4" instars.
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Fig.5-6. Simulated population change of green peach aphid after larvae of Harmonia axyridis are
released in the minimum number required to eventually eliminate the green peach aphids on a single
colony. The predator are released at the aphid population level of 250 aphids/colony. The value of
the minimum number of larvae required to eliminate green peach aphids on a single colony is the
same as used in Fig 5-1 and Gig. 5-. See that more days are required to completely eliminate the
aphids by the vounger instar larvae than by the older instar larvae, and that the difference in the
days required to completely eliminate the aphids by different instars is much smaller under high
temperature than under low temperature. The data are gencrated with the computer simulation

program. L1, L2, L3, L4 represent the larvae or 1* 2™, 3™ and 4™ instars.

When different instars of the ladybeetle larvae are released with each in its minimum
number required to ensure a complete depletion of the aphids, the population of green
peach aphids collapses in somewhat different speeds. When larvae of a older instar (L; or
L,) are released, the aphid population collapses within a comparatively very short time,

sometimes almost instantly in the case of 4® instar larvae (Fig. 5-6). In contrary, when
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larvae of a younger instar (L, or L,) are released, the aphid population collapse could be a
rather long course, and at low temperature the aphid population may even keep growing
for a while before finally being eliminated by the predator (Fig. 5-6). The difference in the
length of time it takes to eliminate the aphids, when different instars are released with each

in its minimum required number, is greater at low temperatures than it does at high

temperatures (Fig. 5-4, 5-6).
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Fig. 5-7. Estimates of the number of larvae of Harmonia axiridis required to eliminate green peach
aphids on a colony in relation to the population level of the aphids at which the larvae are released
(under 15°C). K (=3074) is the maximum population size when the predator is absent.

The dependence of effectiveness of larvae of Harmonia axyridis on the population
levels of Myzus persicae. Here we calculated the minimum number of ladybeetle larvae

required to eventually eliminate the green peach aphids on a single colony in relation to the
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aphid population level at which the ladybeetles are released. We illustrate some observed

patterns concerning this issue with the results from the simulation using a single constant

temperature of 15 °C. For the first three larval instars of H. axyrids, at the left part of the

x-axis representing the aphid population level, the minimum number of individuals

required to ensure a complete elimination of the aphids on a single colony increases

sharply as the aphid population level at which the ladybeetle larvae are released increases.

Then this value slowly decreases as the aphid population level increases (Fig. 5-7). For the

fourth instar, the minimum number of individuals required to ensure a complete

elimination of the aphids increases continually as the aphid population level increases (Fig.

5-7).
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Fig.5-8. Simulated population change of green peach aphid under varible temperature when no
Harmonia axyridis are released throughout the season. Temperature data are generated using
CLIMGEN, a climate data generator developed by USDA-ARS, with parameters calculated from
the local meteo record maintained by INRA-Station de Agroclimatologie at Montfavet.
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Fig.5-9. Simulated population change of green peach aphid under varible temperature when the 3¢
instar larvae of Harmonia axyridis are released at different population level of green peach aphids.
The aphid population level at which the predator is released -—- a: 25 aphids/colony, b: 100
aphids/colony, c¢: 0.5 larvae/colony, d: 500 aphids/colony. Quantity of 3rd instar larvae of
Harmonia axyridis released --- a: 0.25-0.25-0.25, b: 1-0.5-0.5, c: 1.5-1-1, d: 2.5-2-2. Temperature
data are generated using CLIMGEN, a climate data generator developed by USDA-ARS, with
parameters calculated from the local meteo record maintained by INRA-Station de

Agroclimatologie at Montfavet.

Dynamical behavior of the simulation model. The computer simulation model
generated the following dynamic behaviors: when no ladybeetles are released, the green

peach aphid population appears in peach orchards in late February or early March and
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disappears from the orchard in mid-June. During the whole course, the population of
green peach aphid undergoes fluctuations with 3-4 peaks and is most abundant from April
to May (Fig.-8). This pattern conforms somewhat the common sense. However, no field
data is available at the moment to perform valid comparison.

Fig. 5-9 shows simulation results concerning the consequence of releasing larvae of H.
axyrids for biological control against M. persicae. The number of larvae required to be
released increases with the aphid population level at which the ladybeetle larvae are
released. When the predator is released once the aphid population reaches 25 per colony, a
very satisfactory result is obtained by releasing the 3™ instar larvae three times each at
0.25 larvae /colony (Fig. 5-9 a). When the predator is released once the aphid population
reaches 100 per colony, a similar result is obtained by releasing the 3™ instar larvae three
times with each at 1, 0.5, 0.5 larvae /colony respectively (Fig. 5-9 b). If the aphid
population level at which the predator is released is set at 250 per colony, the three times
releases of 3" instar larvae with each at 1.5, 1, 1 larvae /colony, the total number of
predator to release is much biger than that released at lower prey population levels results
in a less satisfactory control over the aphid population (Fig. 5-9 c). If the predator is
released at 500 aphids per colony, the three releases of the 3" instar larvae with each at
2.5, 2, 2 larvae /colony, an almost unrealistic number, gives an almost unacceptable result
(Fig. 5-9 d). These simulations also shows that a biger number of predator need to be
released at a early time of the season when the temperature is low, than at a late time of
the season. Now we can ask the question that whether a better result, in the sense of
reducing the releases and the total number of predator released, can be obtained by
releasing for the first release a greater number of predator. Fig. 5-10 illustrates the
simulation results concerning this question. When the predator are released at the aphid
population level of 250 aphids/colony, the number of releases are reduced from three
releases to two releases, if a big number of predator are released for the first release. The
number of predator released for the first time is 5 larvae for the 1 instar (Fig. 5-10 a), 4
for the 2™ instar (Fig. 5-10 b), 3 for the 3™ and 4" instar (Fig. 5-10 ¢, d). For the second
release, 1 predator is released for all the cases. Increasing the number of predator for the

first release is not likely to reduce the total number of predator released, while it do reduce
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the number of releases. It is very unlikely to reduce the number of releases any further as

to a single release by increasing the numper of predator released for the first release bwithin

a meaningful extent.
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Fig.5-10. Simulated population change of green peach aphid under varying temperature when
increasing the number of larvae of Harmonia axyridis for the first release at the the aphid
population density of 250/colony. The Instar and quantity of larvae of Harmonia axyridis released
— a: 1* instar 5-1; b: 2™ instar 4-1, c: 3 instar 3-1, d: 4" instar 3-1. Temperature data are
generated using CLIMGEN, a climate data generator developed by USDA-ARS, with parameters
calculated from the local meteo record maintained by INRA-Station de Agroclimatologie at

Montfavet.

Discussion

This simulation model is intended to reveal qualitative properties concerning the

temperature- and density-dependence in the predator-prey interactions between f.
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axyridis and M. persicae. The results from this model are not attempted to possess much
quantitative significance, since a lot of biological and physical details are neglected either
for keeping tractability of the behavior of the model or for the lacking of required
information. Anyway, this kind of model do generate some qualitative properties which
provide insight into the mechanisms underlying various overall behaviors of the predator-
prey interactions. And some of the properties may have general implications to a broader
context and may serve as testable hypotheses and may eventually add to the accumulation
of scientific knowledge.

Two aspects, i.e. the minimum number of predator required to ensure an eventual
depletion of aphids and the length of the elapse of time from the day when the predator are
released to that when the aphids are completely depleted from the colony, are used to
measure the relative effectiveness of larvae of H. axyridis in suppressing population of M.
persicae, since for innundative release, we do not expect the predator to act as a long-
term regulator of the prey population, but, in most cases, as depletor of the prey. For all
the four larval instars of H. axyridis, the minimum number of predator required to ensure
an eventual depletion of aphids approaches to zero as temperature approaches the highest
extreme for the population growth of the aphids, and it increases to the highest quantity at
the other extreme of the range of effective temperature. Within the range of suitable
temperature for both species (for example, 15-24°C), the minimum number of the 1*, and
2™ instar larvae of H. axyridis required to eventually eliminate the aphids decrease
monotonously as temperature increases. Within the same range of temperature, this
pattern flattened out for the 3™ instar. For the 4™ instar, within the temperature range of
15-24 °C the effectiveness decreases as temperature increases, just the reverse order of
that for the 1* and 2™ instars. Within this scenario, the relative order of the effectiveness
of different stages of H. axyridis switches from L,<L,<L3<L, under 12°C to L,<L3;<L<L,
under 27°C, with a series of transition at temperatures in between. The elapse of time from
the time when the predator is released to the time when the aphids are depleted from the
colony also depends on temperature and the age of the predator. For all the four larval
stages of the ladybeetle, the length of this elapse of time decreases as temperature

increases, and the decrease in the length of this time elapse as temperature increases is



sharper for the younger instar larvae than for the older instar larvae. The length of this
time elapse is longer for younger instar larvae than for older instar larvae, and the
difference is much greater at lower temperatures than at higher temperatures. Based on
at;ove, it is suggested that at lower temperatures, older instar larvae (L3 and L) are more
effective because the number of larvae required to release is smaller and they can eliminate
the aphids in a much shorter time, and thus are more preferable when the release of
predator is required at low temperature. At higher temperature, younger instar larvae (L
and L) are usually at least not less effective than the older instar larvae since the number
of the younger instar larvae that are required to be released is similar (compared with Ls)
or smaller (compared with Ly) number and they spend only a little longer time to wipe out
the aphids, and thus are more preferable when the release of predator is required at high
temperatures. These suggestion may reinforced by practical considerations. At low
temperatures, it takes a much longer time for the young instar larvae to wipe out the
aphids, which allows a greater chance for the aphids, being frequently disrupted by the
predator, to move around and transmit virus diseases. Also, a longer course gives greater
probability of predator loss due to dropping on the ground, being died of wind or rain, or
being preyed on by general predators, so the risk of failure is greater and in practice a
larger number of larvae than that is expected may need to be released. Under high
temperature, the older instar larvae can usually quickly end up their development of active
stage(s) before wiping out the aphids.

The minimum quantity of ladybeetle larvae required to be released also depends on the
population level at which the larvae are released. In most cases, the minimum number of
individuals required to ensure a complete elimination of the aphids on a single colony
increases sharply as the aphid population level at which the ladybeetle larvae are released
increases before it reaches a peak value. Then this value slowly decreases as the aphid
population level increases (Fig. 5-7). The left part of the curves Fig. 5-7 describing a sharp
increase in the minimum number of larvae that need to be released is most relevant to our
practical problem since we expect to suppress the aphid population before it gets very
high, and thus, it will be more effective and more economy to release the ladybeetle larvae

at a low aphid population level. However, this condition may be limited by two factors: 1)
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‘The temperature dependence of the effectiveness may conflict with this condition --- to
release the predator at low aphid density usually implies to conduct the first release at low
temperature which usually requires a large number of predator. 2) The behavioral
constraints may put limit on the condition. As with many other predators, the ladybeetle
may need a minimum rewardable density of prey to initialize and then concentrate its
predation on this prey, it is especially true for the ladybeetle larvae like H. axyridis from
mass production which has grown on food different from the prey.

The left part of the curve in Fig. 5-7 describing a sharp increase in the minimum number
of predator required for L, - L is fairly easy to understand. However, the right part of the
curve in Fig. 5-7 describing a slight decrease in the minimum number of predator réquired
for L; - L3 may be in contradiction with our intuition. The mechanism underlying this is
that when aphid population size is beyond K72, the half of the maximum population size,
the rate of population change dN/df of the aphids actually decreases as NV increases, .

The simulation also shows that the number of releases of larvae of H. axyridis required
to ensure the aphid population under check throughout the season may be reduced by
increasing the number of individuals released each time, but the total number of larvae that
need to be released throughout the season is not reduced by doing this way. In any case,
the number of releases of larvae of H. axyridis required to ensure the aphid population
under check throughout the season is not likely to be reduced to less than two releases.

The feasibility of biological control of green peach aphids using H. axyridis depends
highly on the level of tolerance to aphid infestation. If the tolerance level is low, once the
infestation get intolerablely high, interventions with immediate aphid elimination are
usually required. When H. axyridis is to be used as a biocontrol agent against the green
peach aphids in this case, a large number of 3™ or 4™ instar larvae will be required for the
release, which may be economically unfeasible. In addition to this, behavioral limits, such
as the fact that a considerably high aphid population density may be required for
initializing and maintaining a concentrated searching for the aphids by the ladybeetle, or
risks of failure due to the randomness and stochasticity of the events that happens after the
release may deny the possibility of using H. axyridis as a control agent for innundative

release if the level of tolerance to aphid infestation is low. In case that the level of
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tolerance to green peach aphids is high, the utilization of H. axyridis as a biocontrol agent
for innundative release seems a feasible alternative to the current control methods.

The most important factor among those which are not incorporated into the model is
probably the searching behavior of the ladybeetle larvae. A significant loss of the larvae
released was usually the explanation for the failure of almost all of the open-air field
release trials that have been conducted. The most satisfactory result of release came
probably from the experiment carried out under semi-controlled condition for which full
sized peach trees were each caged with fine screen, and the ladybeetle larvae released
were confined in the cages (see Chapter 6). The behavioral and demographic fate of the
ladybeetle larvae are still greatly unknown at the moment. In this case, we expect our

results from the simulation model represent an upper bounds of the effectiveness of H.

axyridis as a biocontrol agent against M. persicae.
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Appendix. Q-Basic program of the simulation model
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* Simulation Model for Evaluating the Effectiveness of

"* Harnonia axyridis as a Biocontrol Agent against Green Peach Aphid
%

* Author: Xin Chen
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' MAIN PROGRAM

DEFINT I-J, L-N
DEFDBL A-H, K, O-Y

'Declare subprograms

DECLARE SUB RungcKutta (i, Xave#, r#, SX#, AR#(), Th#(), Totsum, To(ThermReq)

DECLARE FUNCTION TotalConsum# (AR#(), Th#(), Dx#, Yk#())
DECLARE SUB ComputcY (Stage%, i%, Temp#())
DECLARE SUB RmlLag (i, DayEmer%)

COLOR 15, 1: CLS

‘Defince dimension of arrays

DIM X(300), Y4, 300), Temp(366), Yncw(4)

DIM DevRatY(4), SurRatY(d), AR(4), Th(4), DmY(4), Bt(4)

DIM FiY(4). RoY(4), TmY(4), DIY(4), BUl(4), Bi2(4)

DIM Scl1(4). Sc12(4). Sc13(4), Sc21(4), Sc22(4), Sc23(4)

DIM Aul(4), Au2(4), Au3(4), Aud(4), Avi(4), Av2(4). Av3i(4), Av4(4)

‘Parameter values:

'Parameters for Green Peach Aphids:

‘(1) Thermal and population thresholds:

ThermReqEmer = 365: TotThermReq = 1740: TbX = 4.5
Threshold = 250: ColonSize = 2!

'(2) Developmental rate of M. persicae as a function of temperature:

! DevX(T)=FioX*(EXP(RoX*Temp)—EXP(RoX*TmX-(TmX—Temp)/DlX))

FioX = .673: RoX = .1856: TmX =29.477: DIX = 5.37
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'FioX = .009: RoX = .185: TmX = 27.476: DIX = 1.368
'FioX = .04: RoX =.103: TmX = 27.3: DIX = 1.702
'(3) Population growth rate of M. persicae as a function of temperature:

' dX/dt=r(Temp)*(Tave(t-z))*X-SX*X*Xm(t-z) (2)

' K(Temp)=AIXX*((1+KaXX*EXP(-RoX*Temp))*(-1)-EXP({TmX-Temp)/DIX)) (3)

AIXX = .845: KaXX =30.121: RoXX = .142: TmXX = 27.92]: DIXX = 1.364
SX = .00006: Em= 10

'‘Parameters for ladybeetles:

‘(1) Developmental rate as a function of temperature and prey density.

' DevRatY(X)=DmY(Temp)*(] -EXP(-B[Y(Tcﬁp)*X) 4)
' DmY(Temp)=FiY*(EXP(RoY*Temp)-EXP(RoY*TmY~(TmY-Temp)/DIY))
' BtY(Temp)=Bt1*EXP(-B12*Temp) (6)

FiY(1) = .02594: FiY(2) =.00261: FiY(3)=.00482: FiY(4)=.01056
RoY(l)=.25413: RoY(2)=.28842: RoY(3)=.30675. RoY(4)=.17957
TmY(1) = 29.69785: TmY(2) = 29.80001: TmY(3) = 29.46918: TmY(4) = 29.28088
DIY(1) = 3.70503: DIY(2)=2.92329: DIY(3) = 3.02091: DIY(4)=3.77412
Btl(1)=.31911: BtI(2)=.47988: Btl1(3)=.39625: Btl(4)=.19067

B12(1) = .04432: B12(2) = .08924: Bt2(3)=.12118: B12(4) =.07064

'(2) Daily survival ratc as a function of temperature and prey density.

* SurRatY(X)=1/(1+Sc1(Temp)*EXP(-Sc2(Tcmp)) N
' Scl(Temp)=Sc11*(1-Sc12*EXP(-Sc13*Temp)) 8)
' Sc2(Temp)=Sc21*(1-Sc22*EXP(-Sc23*Temp)) 9

Scll(l)=.19146: Sc11(2) =.21412: Scl1(3)=.21579: Scl1(4) = 31085
Scl2(1) = 955000; Scl2(2) = 1555555: Sc12(3) = 1.38611: Sc12(4) = 1
Scl13(1) = 1.21777: Sc13(2) = 1.19604: Sc13(3) = .13231: Sc13(4) = .04479
Sc21(1) =.01258: Sc21(2)=.01315: Sc21(3) = .00846: Sc21(4) =.00964
Sc22(1) = 7.5E+08: Sc22(2) = 7.5E+08: Sc22(3) = 7.5E+08: Sc22(4) = 32.42401
Sc23(1) = 1.62623: Sc23(2) = 1.67645: Sc23(3) = 1.67415: Sc23(4) = 31312

'(3) Temperature-dependent functional response:

" ConsumY(X)=AR(Temp)*X/(1+AR(Temp)*Th(Temp)*X) (10)
' AR(Temp)=(Aul*Temp*EXP(-Au2/Temp))/(1+Au3*EXP(-Au4/Temp)) 11
' Th(Temp)=(1+Av1*EXP(-Av2/Temp))/(Av3*Temp*EXP(-Av4/Temp)) (12)

Aul(1)=.198: Aul(2)=.102: Aul(3)=.087: Aul(4)=.049
Au2(1)=31.78: Au2(2)=16.236: Au2(3)=9.18: Au2(4)=-2.701

Au3(l) = 1369.94: Au3(2) = 2138.877: Au3(3) = 1369.701: Au3(4) = 12636.851#
Aud(1) = 202.034: Aud(2) = 255.308: Au4(3) =210.091: Au4(4) = 284.557
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AvI(1) = 3.3E+09: Av1(2) = 3.3E+09: Av1(3)=3.3E+09: Avi(4) = 3.3E+09
Av2(1) = 619.451: Av2(2) = 603.417: Av2(3)=610.031: Av2(4) = 620.522
AV3(1) = 97.693: Av3(2)=215.471: Av3(3)=255.433: Av3(4)=636.077
Av4(1) = 55.661: Av4(2) = 59.203: Av4(3)=52.979: Av4(4)=52.137

'Get weather data and compute phenological date:

‘Input temperature data,

———— -

PRINT "Do simulation with constant temperature or variable temperature?”
INPUT "Type 'C' for constant temperature or 'V for variable temperature : ", CV§
IF UCASE$(CVS$) = "C" THEN

' Input a constant temperature:

INPUT "Constant temperaturc = "; TempC
FOR day% = 1 TO 366
Temp(day%) = TempC
NEXT day%
ELSE

'Input weather data from a data file:

'INPUT "Input the name of the file where your weather data is put”; Weather$
wceadata = FREEFILE
Weather$ = "c:\xin.bas\modclavig2000.dat"
OPEN Wecather$ FOR INPUT AS #wecadata
day% =1
WHILE NOT EOF(wcadata)
INPUT #weadata, day%, ol, Temp(day%), 02
day% = day% + 1
WEND
END IF

‘Estimate phenological date:

"Time when aphids emerge in the orchard.

'

DayEmer% = 1
DaydegEmer =0
DO UNTIL DaydegEmer >= ThermReqEmer
IF Temp(DayEmer%) > TbX THEN
DaydegEmer = DaydegEmer + Temp(DayEmer%) - TbX
ELSE
DaydegEmer = DaydegEmer
END IF
DayEmer% = DayEmer% + 1
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LOOP
PRINT " The aphids emerged in the orchard on the "; DayEmer%, " th day."

'Input the initial values of the system.

‘Initialize the population of green peach aphids:

'PRINT "Numder of aphid eggs emerge in the orchard on the "; DayEmer%; " th day=";
'INPUT X(DayEmcr%)
INI=RND * 1.5
X(DayEmer%) = INI

'Initialize the number of ladybugs.

FOR Stage®=1TO 4
DcvY(Stage%) =
Y (Stage%. DayEmer%) = 0
NEXT Stage%

’ Print output hcading to the screen.

a$ =" HEH HHH M GHSEREE RRRRHREE BT HERE
PRINT " TIME TEMP GPA HALl HAL2 HAL3 HAL4"

PRINT " "

‘Beginning of the main loop:

Totsum = 0: Dayend% = DayEmer%: i = DayEmer%
DO UNTIL Totsum >= TotThermReq
Totsum = Totsum + Temp(i) - TbX
IF INKEY$ = CHR$(27) THEN STOP
‘Goto subprogram RamLag to compute the parameters r(Tave(t-z)) and Xave.

CALL RmLag(i, DavEmer%o)
'Check whether aphid population exceeded the threshold of tolerance

If "Yes", ask if ladyvdeetle larvae are to be released.
IF X(i) >= Threshold THEN
PRINT "GPA population has exceeded the economic threshold, take actions?"
INPUT "Yes or no? (Y/N)", act$
'Input the larval stage of and the number of ladybeetle to be released.
IF UCASE$(act$) = "Y" THEN
INPUT "Which larval stage of ladybeetle do you want to release (1,2,3,4)?", LS
INPUT "How many do you want to release (Number per colony)?", Ynew(LS)
FOR Stage%=1TO 4
IF Stage% = LS THEN Y/(Stage%, i) = Y(Stage%, i) + Ynew(LS)
CALL ComputeY(Stage%, i, Temp())
NEXT Stage%
Ynew(LS)=0:LS=0
ELSE
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FOR Stage%=1TO 4
CALL ComputeY(Stage%, i, Temp())
NEXT Stage%
END IF
'If the aphid population did not exceed the threshold of tolerance
‘No released will be conducted
ELSE
FOR Stage%=1TO 4
CALL ComputeY (Stage%, i, Temp())
NEXT
END IF

‘Goto subprogram RungeKutta to solve differential cquations.

CALL RungeKutta(i, Xave#, r#, SX#, AR#(). Th#(), Totsum. TotThermReq)

'Write output 1o the screen:

PRINT USING a$; i+ I; Temp(i + 1); X(@ + 1): Y(1, i+ 1), Y(2,i+ 1); Y(3,i+ 1), Y@, i+ )
i=1+1

LOOP

Dayend% =1 -1

'End of main loop.

'Wrilc output to a data filc.

OPEN "c:\xin.bas\data\SV4-.dat " FOR OUTPUT AS #2
FOR i = DayEmecr% TO Daycnd%
PRINT #2, 1, Temp(i). X(1): Y(1. i); Y(2,1); Y(3,1). Y(4,1)
NEXT i
CLOSE

END 'End of main program

' SUBPROGRAKM ComputeY

SUB ComputeY (Stage%, i. Temp())

SHARED X(), YO, FiY(), RoY(), TmY(), DIY(), Bt1(), Bt2()
SHARED Scl11(), Sc12(), Sc13(), Sc21(), Sc22(), Sc23()
SHARED Aul(), Au2(), Au3(), Aud(), Av1(), Av2(), Av3(). Av4()
SHARED DevY(), AR(), Th(), SurRatY(). ColonSize

J = Stage%

IF Y(J, i) > 0 THEN

'Compute intermediate parameter values related to the ladybeetle.
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'(1) Development Rate as a funcion of temperature and density of prey

TauY = (TmY(J) - Temp(i)) / DIY(J)

DmY = FiY(J) * (EXP(RoY(J) * Temp(i)) - EXP(RoY(J) * TmY(J) - TauY))
BtY = Bt1(J) * EXP(-Bt2(J) * Temp(i))

DevRatY = DmY * (1 - EXP(-BtY * X(i) / Y(J, i) * ColonSize))

DevY(J) = DevY(J) + DevRatY

'PRINT "Dev", DevRatY, DevY(J)

'(2) Survival rate as a function of temperature and density of prey

Scl = Scl1(J) * (1 - Sc12(J) * EXP(-Sc13(J) * Temp(i)))
Sc2 = 8c21(J) * (1 - Sc22(J) * EXP(-Sc23(J) * Temp(i)))
IF Scl <0 THEN Scl1 =0
IF Sc2 <0 THEN Sc2=0
SurRatY(J) =1/ (1 + Scl * EXP(-Sc2 * X(i) / Y(J, i) * ColonSizc))
'PRINT "Surv", SurRatY(J)
'(3) Temperaturc-dependent functional responsc

TT = Temp(i)
IFTT<=0THENTT = .5
Numeritorl# = Aul(J) * TT * EXP(-Au2(l) / TT)
Denominatorl# =1 + Au3(J) * EXP(-Au4(]) / TT)
AR(J) = (Numeritor1# / Denominator1#) / ColonSize
Numcritor2# = 1 + Avi(]) * EXP(-Av2(]) / TT)
Decnominator2# = Av3(J) * TT * EXP(-Av4(J) / TT)
Th(J) = Numecritor2# / Dcnominator2#
'PRINT "Func". AR(J), Th{J)

ELSE DevY() =0

END IF

END SUB ‘End of subprogram ComputY

DEFSNG M-N
DEFDBL Z

' SUBPROGRAM RamlLag

"

SUB RmLag (i, DayEmer%)

SHARED r#, Xave. X(). Temp(), Tb, TempAcum

SHARED FioX, RoX, TmX, DIX, AIXX, KaXX, RoXX, TmXX, DIXX
TempAcum = 0: DevAcumX = 0: XAcum = 0: Lag =i

‘Compute developmental rate and the backward time interval for finishing the
‘development of the immature stage.

DO WHILE DevAcumX < 1 AND Lag >= DayEmer%
IF Temp(Lag) > Tb THEN
TauX = (TmX - Temp(Lag)) / DIX
DevX = FioX * (EXP(RoX * Temp(Lag)) - EXP(RoX * TmX - TauX))
TempAcum = TempAcum + Temp(Lag)
ELSE
DevX =0
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TempAcum = TempAcum
END IF
DevAcumX = DevAcumX + DevX
XAcum = XAcum + X(Lag)
Lag=Lag-1
LOOP

'‘Compute the average daily temperature and daily count of average population
‘of aphids over the last interval for finishing the development of immatures

Tave = TempAcum / (i - Lag)
Xave = XAcum /(i - Lag)

'‘Compute the intrinsic ratc of population increase of the green peach aphids

r=AIXX * ((1 + KaXX * EXP(-RoXX * Tave)) ~ (1) - EXP(~(TmXX - Tave) / DIXX))

END SUB 'End of subprogram RamLag

DEFINT M-N

' SUBPROGRAM RungeKutta

SUB RungeKutta (i. Xave, r. SX, AR(). Th(), Totsum, TotThermReq)
SHARED SurRatY (). X(). Y(). Stage%, DevY()

REDIM Y0(4), Yk(4), ky 1(4), ky2(4). ky3(4), ky4(4), kavc(4)

h=.1

'Assign valucs to intermediate variables

X0 =X(1): Xk = X0

FOR Stage% =1 TO 4
Y0(Stage%) = Y(Stage%, 1)
Yk(Stage%) = Y(Stage%, i)

NEXT Stage%

‘Main loop for the solution of differential equations

FORT=iTOi+1STEPh

TotNa = TotalConsum(AR(), Th(), Xk, Yk())
kxl=h* (r * Xk - SX * Xave * Xk - TotNa)
Xk=X0+kx1/2
FOR Stage% =1TO 4
ky1(Stage%) = h * (1 - SurRatY(Stage%)) * Yk(Stage%)
Yk(Stage%) = YO(Stage%) + kyl(Stage%) / 2
'‘PRINT "Sur", SurRatY(Stage%), Yk(Stage%)
NEXT Stage%

TotNa = TotalConsum(AR(), Th(), Xk, Yk())
kx2=h* (r * Xk - SX * Xave * Xk - TotNa)



Xk=X0+kx2/2

FOR Stage%=1TO 4
ky2(Stage%) = h * -(1 - SurRatY(Stage%)) * Yk(Stage%)
Yk(Stage%) = YO(Stage%) + ky2(Stage%) / 2
'PRINT “Sur", SurRatY (Stage%), Yk(Stage%)

NEXT Stage%

TotNa = TotalConsum(AR(), Th(), Xk, Yk(Q))

kx3 =h * (r * Xk - SX * Xave * Xk - TotNa)

Xk = X0 + kx3

FOR Stage% =1TO 4
ky3(Stage%) = h * ~(1 - SurRatY(Stage%)) * Yk(Stage%)
Yk(Stage%) = YO(Stage%) + ky3(Stage%)
'PRINT "Sur", SurRatY(Stage%), Yk(Stage%)

NEXT Stagc%

TotNa = TotalConsum(AR(), Th(), Xk, Yk())

kx4 = h * (r * Xk - SX * Xave * Xk - TotNa)

FOR Stage% =1TO 4
ky4(Stage%) = h * (1 - SurRatY(Stage%)) * Yk(Stage%)
IF Yk(Stage%) < 0 THEN Yk(Stage%) = 0
'PRINT "Sur", SurRatY(Stage%). Yk(Stage%)

NEXT Stage%

X0=X0+(kxl+2*kx2+2*kx3 +kx4)/6

IFX0 <O THEN X0=0

FOR Stage%=1TO 4
kave(Stage%) = (ky1(Stage%) + 2 * ky2(Stage%) + 2 * ky3(Stage%) + ky4(Stage%)) / 6
YO(Stage%) = YO(Stage%) + kave(Stage%o)
IF YO(Stage%) < 0 THEN Y0(Stage%) = 0

NEXT Stage%

NEXTT

'Random immigrantion of aphids into the orchard
RANDOMIZE TIMER

IMM% = (1 -RND *2) *.75
IF IMM < 0 AND X0 - X0 * RND * (Totsum / TotThermReq) * 10 < 1 THEN IMM =0
X(@ + 1) = X0+ IMM - X0 * RND * (Totsum / TotThermReq) ~ 10
IFX(i+1)<=0THENX@{i+1)=0
FOR Stage%=1TO 4
Y(Stage%, i + 1) = YO(Stage%o)
NEXT Stage%
FOR Stage%=1TO0 4
IF DevY(Stage%) >= 1 THEN
IF Stage% + 1 <= 4 THEN
Y(Stage% + 1,1+ 1) = Y(Stage%, i + 1)
Y(Stage%,i+1)=0
DevY(Stage%) =0
ELSE
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Y(Stage%,i+1)=0
END IF
END IF
NEXT Stage%

END SUB 'End of subprogram RungeKutta

' FUNCTION TotalConsum

FUNCTION TotalConsum (AR(), Th(), Xk, Yk())
SHARED ColonSize
tmp=10
FOR Stage%=1TO 4
IF Yk(Stagc%) > 0 AND Xk > 0 THEN
ConsumY = AR(Stage%) * ColonSize * Xk * Yk(Stage%) / (Yk(Stage%) + AR(Stage%) * ColonSize
* Th(Stage%) * Xk)
ELSE
ConsumY =0
END IF
tmp = tmp + ConsumY
NEXT Stage%
TotalConsum = tmp
‘PRINT "total", tmp

END FUNCTION ‘End of Function TotalConsum
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Chapter 6:
Evaluating the effectiveness of Harmonia axyridis Pallas

as a biocontrol agent against Myzus persicae (Sulz.)
with field cage release trial

Introduction

Experimental exclusion techniques have been widely used to assess the effectiveness,
especially the short-term performance, of a natural enemy in suppressing a target pest
population (Valley and Gradwell 1971, Luck et al. 1988). In the early stage of developing
a biological control program, these techniques are particularly useful, for they usually yield
a larger amount of useful information because the fate of both the predator and the prey
can be traced in details; they may bring to end researches on a species that is unlikely to be
a effective natural enemy before much effort and expense are devoted; they may narrow
the range of options for large-scale open-air field release trials; and most importantly,
some specifically designed experiment can answer specific questions. In our study of
evaluating Harmonia axyridis as a biocontrol agent against Myzus persicae, this kind of
experiment was found to be required in several places. Our simulation model predicted
that under a suitable temperature and at a relatively low aphid population level, the larvae
of H. axyridis could be more or less quite effective in eliminating the green peach aphids,
even though the overall evaluation of the predator is not quite encouraging. For example,
suppose that intervention is carried out whenever the aphid population reaches an average
of 25 aphids/shoot, complete depletion of aphids can be obtained by releasing as few as
0.25 ladybeetle larvae of the third instar per shoot, corresponding to 75 individuals/tree
for a peach tree with 300 shoots (Chapter 5, Fig. 5-9). However, none of the large-scale
open-air field releases carried out by us at several locations demonstrated the predicted
consequence, in spite of the fact that sometimes as many as 300 larvae of the 3" instar
were released to each tree. Actually little obvious effects on the aphid population were
witnessed in open orchard releases, and little was known concerning what happened to the

predator released, since it was extremely difficult to follow the fate of the released cohort
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of the predator in the open field conditions. In this case, it is suggested that either the
model prediction is totally nonsensical, which implies that some serious mistakes were
made during the model construction or numerical computation, or some factors that
resulted in an significant loss of the released ladybeetle larvae, other than the normal
temperature- and prey density-dependent mortality, existed in open fields. Some suspected
causes are: 1) a large number of the ladybeetle larvae were preyed upon by some
generalist predators such as birds, ants, etc.; 2) the larvae dropped down the trees
passively because they cannot hold on the foliage of the peach tree very well; 3) the larvae
fell down the tree in search of more suitable habitats or food because the larvae reared on
eggs of Iphestia kuehniella Zeller cannot adjust well to the new habitat and food. The
objectives of this experiment are two folds: a) to compare qualitatively the observed
pattern of population change of M. persicae resulting from releasing larvae of H. axyridis

with the pattern from simulations; b) to acquire some hints about the cause of the loss of

released larvae of the predator.

Materials and Methods

Eight peach trees of similar size were selected and pruned to leave approximately the
same number of shoots (approximately 250 new shoots/tree). Each of these trees were
encaged in a 2.5x2.5x2.5 m fine screen (1 mm) cage. The cages were well closed to
prevent insects outside the cages from getting in and the insects inside the cages from
getting out. Each tree was infested with green peach aphids from laboratory colonies on
the 17" of May. Fifty new shoots from each tree were marked as samples for observation.
On the next day, four of the encaged trees were randomly chosen, and onto each of them
were released 50 third instar larvae of H. axyridis, corresponding to an average of 0.2
larvae per shoots. The larvae of H. axyridis came from the mass-rearing with eggs of
Ephestia maintained by INRA-Laboratory of Population Biology at Antibes. The 50 larvae

were put in a petri dish which were placed at the major branching site of the tree.
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Monitoring the populations of green peach aphids and the released cohort of AH.
axyridis on the marked shoots was carried out every or every other day. For the ladybeetle
larvae, the number of individuals found on the marked shoots was counted. For the aphids,
the degree of aphid infestation of each shoot was used as an index of aphid population
level. Leclant’s classification (Leclant 1967) of tree-level aphid infestation degrees was
adapted to colony-level infestation degrees here:

degree 0: no aphids at all, N =0,

degree 1: slightly infested, number of aphids 0 <N < 5",

degree 2: obviously infested, 5' <N<5%,

degree 3: top 2-3 leaves become curled, 52'<N<53;

degree 4: 3-5 leaves curled, aphids crowd the top of the shoot 5'<N<5*,

degree 5: aphids crowd all over the top of the shoot and more than 5 leaves, 5°<N.

An index of relative infestation was calculated for each tree using the following formulas:

_Zod. fa (6-1)

IF 5
S'Z()fd

where /F is the index of relative infestation, d: ¢ € [0,1,2,3,4,5] is the degree of

infestation; f7 : is the frequency of d.
It is obvious that the maximum value of /F is one, and the minimum zero. The IF value

was calculated for each of the trees either with or without ladybeetle larvae. The average
IF of the trees with ladybeetle larvae and the trees without were compared.
The data on aphid infestation degree can also be used to estimate the average

population density of the aphids on a colony:

- Z3/a5° (6-2)

where N is the estimated average of population density of green peach aphids per colony;,

d 4 e[0,1,2,3,4,5] is the degree of infestation; fi : is the frequency of shoots with a
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degree of infestation d. Here, for each degree of infestation, we used the upper limits of
the range of population density, since we found that in actual observation, the upper limits
usually gave much more weight in determining the degree of infestation, for example, 150
aphids/colony is a density falls in the range represented by degree 4 (53<150<5*), but this
density may often be judged as degree 3 since it is closer to 5°. Moreover, according to
our classification of the degree of infestation, for the degree 5, the corresponding range of
population density has only a lower limit (N>5%). We just simply used d=5 in the
estimation of population, a survey we carried out indicated that this value (5%) does set an
upper limit for the aphid population on a single colony. The estimated aphid populations
for both control and treatment were then compared with simulation conducted using
temperature data recorded in one of the cages using a self-recording thermometer which
was placed in a wooden box. Average daily temperature was calculated from temperatures

recorded at 0, 6, 12, 18, and 24 o’clock (see table 1 for data on average daily

temperature).

Table 1. Air temperature measured using a sclf-recording thermometer placed at the height of 76
cm under the tree in the cage.

Date Temperature (°C)
17-May 19.4
18-May 19.2
19-May 18.8
20-May 18.6
21-May 16.2
22-May 16.5
23-May 17.6
24-May 19.4
25-May 228
26-May . 230
27-May 232
28-May 213
29-May 21.9
30-May 21.1

31-May 22.6
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Results

The Index of aphid infestation of all the four peach trees onto which the 3" instar larvae
of H. axyridis were released was observed to have a continuous decline following the
release of the predator on May 18 and eventually fell down to zero in about 8-10 days
after the release of the predator (Fig. 6-1), while that of the four trees without the
ladybeetle larvae kept increasing (except for one tree on which the /F had a slight decline)
(Fig. 6-2). The comparison of the average value of /F for the treatment with that for the
control demonstrated more clearly the effect of the released predator on the population
change of green peach aphids (Fig. 6-3). On the day prior to the release of predator, both
the two group of trees had basically the same average degree of infestation of green peach
aphids. And the rate of increase in the average degree of infestation from the first day to
the second day had almost the same slop for the two group of trees (Fig. 6-3). Even the
frequency distribution of the infestation degree was basically the same for both the
treatment and control prior to (May 17) and on the day (May 18) of the release (Fig. 6-4).
After the release, for the treatment, the frequency of high degree of infestation declined
continuously until all shoots fell into zero degree of infestation, while for the control, the
frequency of high degree of infestation kept increasing (Fig.. 6-4). The overall average
infestation, as was measured by the index of relative infestation, diverged between the
treatment and control after the predator was released (Fig. 6-3). The impacts of the
predator on the population of the aphids was well manifested by this method.

The fact that the green peach aphids on the trees with ladybeetle larvae were eliminated
while those on the trees without the ladybeetle larvae kept increasing suggests that an
effective number of active ladybeetle larvae must have well persisted to the moment of the
aphid depletion, otherwise there might have been chance for the recovery of the aphid
population. The data form observation showed that the larvae of H. axyridis had persisted
even after the aphids were depleted. Although the relative density of the ladybeetle larvae
declined with aphid population (Fig. 6-5), some 4™ instar larvae still survived and

remained active when green peach aphids had been effectively wiped out from the trees

(Fig. 6-6).
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Fig. 6-2 Evolution of index of relative infestation of green peach aphids on encaged peach trees
onto each of which 30 3™ instar larvae of Harmonia axyridis were released on the 18™ of May.
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Fig. 6-3 Average of the index of relative infestation (sce Eqn. 6-1) of green peach aphids for
control (no ladybectle larvac released) and treatment ( 50 larvae of Harmonia axyridis of the 3™
instar were released on the 18™ of May). Error bars are standard errors.

The average per-colony population density of green peach aphids were estimated from
the degree of infestation for both control and treatment and plotted against time (Fig. 6-7
a). The observed population changes for both control and treatment were then compared
with results from computer simulation using temperature data recorded in one of the
cages. The pattern of population change due to the release of the ladybeetle larvae is
qualitatively identical for the simulated populations and real populations (Fig. 6-7). The
observed population of green peach aphids for the control did not reach as high as the
corresponding simulated population (Fig. 6-8 a). The observed declining of aphid
population after the release of 3" instar larvae was much slower than that in the simulation
(Fig. 6-8 b), which may partly be owing to the fact that the predator survival rate in the
real system is lower than that in the simulation system through most of the course (Fig 6-

9). But this is probably not the only cause, since the retardation in the declining of the
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aphid population in the real system is more obvious at the beginning (Fig. 6-8 b) when the

survival rate of the predator was even higher than that in the simulation (Fig. 6-9).
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Fig. 6-4 Comparason of frequency of degree of infestation green peach aphids on peach trees with
3rd instar larvae of Harmonia axyridis released with that on trees without lady beetle larvae. a: on
17-May; b: on 18-May; c: on 19-May; d: on 21-May; e: on 24-May; f: on 28-May. For the
treatment, 50 3rd instar larvae of Harmonia axyridis were released on the 18 May.
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Harmonia axyridis (HA) per peach after being released in relation with the declining of population
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Fig. 6-6 Change in the average number of remaining individuals (including larvae, pupae) of
Harmonia axyridis (HA) per peach after being released. Showing the succession of the cohort to
successive stages. Fifty 3" instar larvae were released onto each tree on the 18 May.
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Fig. 6-7 Comparison of the pattern of population change of Myzus persicae due to release of
larvae of Harmonia axyridis. a: observation (30 larvae of 3™ instar released to each tree on the 18
May); b: simulation (0.2 larvae was simulated to be released to each shoot on the same day,
coresponding to 50 larvae per tree since there were about 250 new shoots on each tree.).
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instar/colony were released on the 18 May.
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Fig. 6-9. Comparison of change in the number of individuals (the sum of all stages) of Harmonia
axyridis in the simulation with that in the real system. Release of the predator was carried out on

the 18 May.

Conclusion and Discussion

The results from the exclusion experiment showed that a complete depletion of green
peach aphids was obtained by releasing 50 third instar larvae and H. axyridis at the aphid
population level of average 20 aphids/shoot, which is qualitatively coincident with the
simulation results. However, the simulation results deviated numerically from the
observations to a considerable extent, which shows again that the prediction of the model
has only qualitative significance and is meaningful onl}_.' under certain restricted conditions.
The model population of green peach aphids at the absence of H. axyridis increased to a
much higher level than did the real population. The difference may result from factors
limiting the population growth of green peach aphids existing in the real system, such as
generalist predators, physiological state of the peach trees, etc. The elimination of aphids
is much slower in the real situation than that predicted by the simulation, which may

partially be owing to the lower survival rate of the ladybeetle larvae in the real system than
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in the simulation, but it is suspected that the major reason may lies in the fact that the
ladybeetle larvae must disperse onto the shoots and adapt to the new prey, M. Persicae,
and may spend a large amount of time traveling around along branches of the tree. That
behavioral element was not incorporated into the model. Spatial patchiness and
heterogeneity can also result in great deviation of the behavior of the real system from that
of the simulation. Even for the best case as was displayed in the results of this chapter, the
prediction, even in the qualitative sense, can only be acceptable for short-term time scale,
since the deviation may be magnified by orders as time proceeds.

In fact, it will certainly be naive to try to verify a model built mostly upon general
biological principles and laboratory experiments by seeking numerical conformities
between the model outputs and the trajectories of the field population, since the model
system involves much less complexity than the real system. Because of this, here we do
not even bother trying to make such numerical comparisons or to claim any credibility for
the predictive capacity of this model in predicting field populations. However, a model is
useful only if it can reveal at least some properties of the real system or represent, in
certain aspects, the characteristics of behaviors of the system. From the results presented
above, we can see that the qualitative compatibility of the model output with the behavior
of the real system is satisfactory. What was expressed above should not be mistaken as a
statement that the validation of a model by comparing the numerical trajectories of the
model system with those of the real system is unnecessary or impossible. What is meant
here is that delicately designed experiments or observations should be carried out under
strictly controlled conditions to test well-defined specific predictions or hypotheses.

Another matter that makes the experiment significant is that the results showed
that the ladybeetle larvae reared on eggs of Ephestia kuehniella Zeller can indeed get
adjusted to their new habitat and food, even though one may argue that this adjustment is
the results of being confined within the cagé. One critical question is how greater is the
probability for a larva dropped on the ground to relocate and get back onto the tree in a
cage than that in an open orchard, and whether this probability is sufficiently greater to
account fully for the difference between the consequence of releasing the ladybeetle larvae

in the cage and that in the open orchard. We may suspect a greater probability for a larvae
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dropped on the ground to get back onto the tree, because the larvae were witnessed
several times to remount the tree from the sides of the cages which are usually touched by
branches of the trees. But the exclusion of general predators of the ladybeetle larvae such
as birds by using the cages, may also contribute to the fact that ladybeetle larvae released
in the cages wiped green peach aphids while that released in open orchards did not,
although a usually much greater number of ladybeetles are released. More experiments
need to be carried out concerning this point.

The experiment was carried out in late May, when the aphid population growth
rate usually drops down because the peach foliage is becoming less favorable for aphid
population growth than that at an earlier time, and a large number of aphids develop into
allate forms to move out of the orchard. At this time of the year, naturally occurred
enemies of green peach aphids also become more abundant. Under the same condition, the
ladybeetle larvae can be very active and voracious. All those contribute to the elimination
of the green peach aphids by the ladybeetle. This kind of consequence may have not been
obtained if the release was carried out early in the season when the temperature is lower.

It will be of great significance to make such an experiment early in the season.
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CONCLUDING REMARKS

This study is a part of the research effort on the potential use of Harmonia axyridis

Pallas for biological control against Myzus persicae (Sulz.). Our emphasis is on the

evaluation of the effectiveness of H. axyridis as a predator of M. persicae. Modeling and

simulation were used in the attempt to improve the understanding of the basic processes in

the predator-prey interactions of this system, and to reveal general qualitative patterns

concerning the temperature- and density dependence of the effectiveness of the predator.

From the laboratory and field experiments as well as the simulation and analysis of the

model system, the following information were extracted:

1.

N

(V8]

The intrinsic rate of population increase of M. persicae augments as temperature
increases before a maximum value is attained at 24°C. Then a phase of declining in this
value follows. It was also shown that the maximum values for the intrinsic rate of
populatiori increase, the developmental rate, the net reproductive rate, and age-specific
survival rate, are reached at somewhat different temperatures. The optimal
temperature for a maximum survival and net reproduction (20°C) is lower than that for
maximum development and population increase (24°C).

The number of green peach aphids consumed per individual of H. axyridis increases
monotonously with prey density following Holling’s type II functional response. With
a fixed prey density, the prey consumption also increase with temperature until an
optimal temperature, beyond which the prey consumption decreases, is reached. The
optimal temperature for gaining the maximum prey consumption with a fixed prey
density is about 25-27.5°C. Larvae of an older instar are more voracious than those of
a younger instar.

The developmental rate of larvae of H. axyridis augments with the number of prey
(green peach aphids) present following a saturation curve - a maximum value is
asymptotically approached as the prey density increases. With a fixed prey density, the
developmental rate of H. axyridis responds to temperature following a typical pattern
of developmental response of poikilothermal animals to temperature. The average age-

specific daily survival rate of H. axyridis increases with prey density following a
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sigmoid curve with the asymptote - maximum survival rate being 1. With a fixed prey
density, this rate increases with temperature following approximately a saturation
curve.

Simulation suggested that the effectiveness of young larvae (L1-L3) of H. axyridis in
eliminating green peach aphids augments as temperature increases, but this pattern
does not hold for the 4" instar. From another angle, older instar larvae are always
more effective than the younger ones under low temperatures, but this pattern
switches to the reverse order at the other end of the effective temperature range, with
a series of transition in this patter as temperatures increases within the range of then
two extremes.

The simulation also suggested that the number of larvae of H. axyridis required to
eliminate the green peach aphids augments with the aphid population level at which the
predator are released, which implies that better results can be obtained by releasing the
ladybeetle larvae at a lower prey density.

Satisfactory results was obtained in suppressing the population of M. persicae using
H. axyridis by releasing an acceptable number of 3" instar larvae (50 larvae/tree) at an
aphids density of average 20 aphids/shoot. Simulation run with temperature data
recorded during the experiment generates results qualitatively consistent with the
observation. But the cause underlying the failure of most of the release trials in open-
air orchards is not explained by anything from the exclusion experiment as well as the
simulation.

The overall evaluation of the potentials of using H. axyridis for the biological control of
green peach aphids is not conclusive before the economic cost of releasing such
coccinellid and the tolerance level to green peach aphid infestation are defined. However,
it appears that the inundative release of this coccinellid is unlikely to be used singly for
controlling green peach aphids, at least not so for controlling the aphids in commercial
gardens, based on the following facts: 1) H. axyridis is not very effective under low
temperatures, and thus the gréen peach aphids that appear early in the Spring cannot be
controlled very quickly by releasing an feasible number of the predator. 2) the tolerance

level for green peach aphids is perceived to be low at present time, so a quick and ensured
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depletion of aphids is usually desired. At the present time, this predator may be usede in
backyard gardens or as an alternate method to be incorporated into an integrated pest
management program, for example, using pesticide spray at the early season, and release
the ladybeetle when the aphids resurge later under a higher temperature, so as to minimize
the use of spray which may conflict with the integrated control of the other orchard pests,
and as a consequence, to reduce the development of pesticide resistance of green peach
aphids.

As was emphasized in earlier chapters, the model prediction in Chapter 5 and
Chapter 6 has mainly qualitative implication, it should not be surprised if a considerable
quantitative deviation from the observation appeared. In fact, it is not our main purpose
to build a quantitative predictive model, because it requires more empirical data, which are
not available, and by gaining quantitative preciseness and predictability of specific
processes, the model’s ability in revealing general explanatory, qualitative patterns or
properties may be sacrificed. However, this model can serve as a framework for more
realistic models. The most required elements to enhance the realism of the model are
probably the behavior of H. axyridis in responding spatial patchiness and heterogeneity

and the mortality of both the predator and aphids due to generalist predators and other

non-random events.
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