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ABSTR.\CT 

A temperature-dependent biological control model for the suppression of Russiaui 

wheat aphid in resistant and susceptible wheat varieties is developed. The model 

takes into consideration the extreme temperature-dependence inherent in the RWA 

intrinsic rate of increase and the development rate of the parasitoid wasp Lysiphlebus 

testaceipes. Simulations are run for varying levels of refuge availabiltiy and pesticide 

efficiency. These simulations and results suggest that the parasitoid may be a viable 

means of biological control in resistant wheat varieties such as Hcdt. Results cdso 

suggest that a complementary parasitoid-pesticide control regime may limit RWA 

populations to acceptable numbers in susceptible wheat varieties. 
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CHAPTER I 

INTRODUCTION 

1.1 Introductory Comments 

Russian wheat aphid, Diuraphis noxia (Mordvilko), has been a prevalent pest in 

small grains in Russia since 1912 [7]. Only recently has Russian wheat aphid (RWA) 

been introduced to Central and North America. In 1980, RWA was found in central 

Mexico [3]. Over the next six years, it spread northward through the state of Coahuila 

and was detected for the first time in the United States on March 17, 1986, near 

Muleshoe, Texas [3]. Within the following three years, RWA spread throughout the 

western United States and eventually into three Canadian provinces. Consequently, 

small grain crops such as wheat and barley have fallen subject to massive infestations 

that result in extremely low yields. Directly related economic losses and increased 

pesticide expenses have taUied to nearly $500 miUion from 1987 to 1994 [7]. 

Environmental issues and the cost effectiveness of pesticides have recently given 

rise to the development and implementation of biological control programs. Produc

ers of small grains have historically depended upon the application of pesticides to 

keep RWA in check. However, biological control does not pose the environmental 

and human health concerns associated with the use of chemical pesticides. Biological 

control is the use of natural enemies to control insect pest populations. Such natural 

enemies, or biocontrol agents, are classified as predators, pathogens or parasitoids. A 

predator simply feeds upon the pest population. Pathogens reduce pest populations 

by subjecting the pest to diseases caused by viruses, bacteria, nematodes and fungi. 

Parasitoids are beneficial insects that lay their eggs within an insect host and the 

maturing larva feeds on the host and in so doing, kills it. While the exact eff"ective-

ness of biological control in small grains is not completely determined, the continued 

improvement of biocontrol agents and their applications prove promising. 

Understanding the dynamics of the biocontrol agent-host relationship is essential 

to the efficient utilization of the selected biocontrol agent. The remainder of this 



paper wiU deal solely with the use of a parasitoid wasp, Lysiphlebus testaceipes, and 

its effectiveness in controlling RWA. Investigation into the relations between L. tes

taceipes, RWA and their responses to the environmental conditions in which they live 

is necessary to increase the efficiency with which a biological control regimen may be 

carried out. To this end, the life cycles, interactions and environmental responses are 

discussed and modelled in this paper. 

In concluding the introduction, adequate discussion will be made concerning the 

primary participants within the model. In the following section, the life cycle and 

population dynamics of RWA are detailed. Section 1.3 discusses the roles of biological 

control and integrated pest management programs. This section specifically addresses 

the parasitoid Lysiphlebus testaceipes as a biocontrol agent. Section 1.4 poses the 

debate between traditional reliance upon chemical pesticides and the emergence of 

biological control. The last section, 1.5, contains a brief definition of the model and 

its objectives. Chapter II gives a motivation for host-parasitoid models and discusses 

the Nicholson-Bailey model. Chapter HI contains the model, parameter estimations 

and simulations. Finally, Chapter IV gives a brief discussion of the model's results 

and its possible applications. 

1.2 Russian Wheat Aphid 

Prior to the introduction of RWA to the United States in 1986, the aphid was 

already a dominant pest throughout Europe, central Asia, the Middle East and North 

Africa. RWA has been a small grains pest in Russia since 1912 (Fig. 1.1). RWA was 

found in North Africa in 1978 and has been a serious insect pest since its introduction. 

In some areas, RWA has decreased the harvest of wheat, barley and other grains by 75 

percent. Damage reports have been gathered from regions around the Mediterranean 

Sea and various areas of Asia [8]. 

The RWA's life cycle is fairly weD understood, though the complete cycle has not 

been observed in the United States [8]. Aphids appear on crops in spring after eggs 

having overwintered, hatch. The aphid population in the spring and summer consists 



Figure 1.1: Russian Wheat Aphid [11] 

of immature RWA, adult parthenogenetic wingless females and winged colonizing 

females. The population reaches a maximum as the host crop approaches maturity 

with numbers decreasing very quickly after harvest. Groups of RWA subsist in crop 

residue and grasses for the rest of the season. By the first of October, sexual forms 

(males) begin to appear, mating occurs and adults live until the first frost. Eggs are 

laid which overwinter until spring when the next generation will hatch and begin to 

reproduce [8]. 

The primary hosts for the aphid are wheat and barley, although other hosts include 

oats, corn, rice, sorghum and other native grasses. RWA tend to be found on the tillers 

and the newest growth on the wheat plant. Tillers arise between the stem and the 

main leaves. The plant left damaged by RWA has a purplish tinge. Infested leaves 

tend to spiral shut, giving the aphid an ideally protected habitat in which to feed. The 

damage associated with RWA infestations is the most destructive when peak aphid 

populations and the ripening of the crop occur simultaneously [7]. Immature wheat 

and barley plants that suffer damage may not continue to fully develop, resulting in a 

greatly diminished yield. The magnitude of the damage caused by RWA populations 

in the western United States has lead to heavy dependence upon chemical pesticides to 



control infestations. Consequently, the increased use of pesticides and their negative 

impact on the environment has given rise to other methods of control, in particular, 

biological control. 

1.3 RWA Biological Control 

As stated previously, biological control is the rearing and systematic application of 

natural enemies to suppress and control insect pest populations. The USDA/APHIS/ 

PPQ RWA Biocontrol Project began as the C7 Project in 1985. The program's first 

success was the redistribution of the beneficial sevenspotted lady beetle (Coccinella 

septempunctata [C7]) from established eastern populations to the western United 

States. A large number of adults were released in Cadifornia, Nevada, Oregon and 

Washington where establishment was confirmed in 1990. By 1989 the scope of the 

project was narrowed to include solelv- the biocontrol of RWA. Expeditions began into 

Asia and Europe to find natural enemies of RWA in its natural environment. Attempts 

were successful and several biocontrol agents were imported into the United States [8]. 

1.3.1 Parasitoids 

The project's concentration upon RWA included the rearing and release of para

sitoids. The adult parasitoid is mobile and often times predacious. A beneficial char

acteristic of parasitoids is that they are extremely specific in their choice of hosts [2]. 

Parasitoids have an immature life stage that develops on or within the body of insect 

pests. The immature parasitoid develops within the insect pest and feeds internally 

on the host's fluids and organs. Eventually the immature makes its way out of the 

host and begins its reproductive life stage. 

Lysiphlebus testaceipes is a minute (3mm) parasitoid wasp used to control RWA 

populations. The wasp lays its egg inside an RWA host and within two days a grub 

hatches and begins feeding on the living aphid. The grub completes feeding in six 

to eight days, resulting in the death of the host. At this point the aphid is swollen 

discolored and commonly referred to as a mummy. The mummy consists of the 
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modified outer skin of the RWA that serves as a protective cover for the developing 

wasp [9]. After another five to seven days, the adult wasp cuts its way out of the dead 

aphid host and begins to reproduce. The adult parasitoid has a reproductive life-span 

of four to five days and can parasitize 100 RWA during that period. L. testaceipes 

overwinters as a grub within a parasitized aphid [6] (Fig. 1.2). 

Figure 1.2: Lysiphlebus testaceipes Parasitoid Wasp [9] 

The use of wasp parasitoids in biological control suppresses aphid populations 

in two separate ways. The primary mode of suppression is direct mortality caused 

by the maturation of the parasitoid grub within the aphid. Additionally, RWA that 

have been parasitized have decreased rates of reproduction. A parasitized aphid will 

discontinue reproduction in 1-5 days [9]. The combination of these two factors can 

significantly decrease the growth of an aphid population. 

Due to the size of L. testaceipes, the wasp is rarely seen in the field. Evidence 

of the parasitoid's presence is usually denoted by the presence of the brown, swollen 

mummies left on the crop's leaves. Generally, the infestation declines rapidly once 



20 percent of the aphid population are mummies. By that time, the majority of the 

population has been parasitized [9]. 

1.3.2 RWA-Resistant Wheat 

The development of varieties of wheat that are resistant to RWA has helped to 

control RWA infestations (Fig. 1.3). The wheat variety 'Halt' has been developed 
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Figure 1.3: RWA Growth on Halt (resistant) and TAM-107 (susceptible) [4] 

by Colorado State University and is the only resistant winter wheat variety that is 

commercially available. Along with its successful resistance to RWA, Halt continues 

to meet the quality requirements to be a competitive commercial wheat [4]. In the 

future, the development and use of RWA-resistant varieties will play a major role in 

the suppression of RWA. 

Halt has been tested in Nebraska and Colorado and results show that this variety 

demonstrates a high level of resistance to RWA. Often the numbers of RWA that 

survive on Halt are equal to those associated with susceptible varieties [4]. However, 

the leaves do not curl or streak. The fact that the leaves do not furl provides the 

aphid with less protection from the weather, predators and parEisitoids. Additionally, 



the reproductive rate of RWA on Halt is decreased resulting in lower spring popu

lations [4]. Perhaps the resistance of Halt to RWA and the increased efficiency of 

Lysiphlebus testaceipes in Halt will lead to an enhanced method of RWA biological 

control. 

1.4 Pesticide versus Biological Control and IPM 

The current pest control system in the United States is heavily reliant upon the use 

of synthetic organic pesticides to kill pests such as RWA. From 1987 to 1989, pesticide 

application rates remained fairly constant. Pesticides were applied to approximately 

2.2-2.4 million acres. Following 1989. pesticide use dropped from 1.8 million acres in 

1990 to a low 276 thousand acres in 1991 [8]. Although pesticide use has declined, 

there are still human health concerns and environmental questions related to pesticide 

application. 

Complications surrounding pesticide use normally arise when chemicals are ap

plied in excess or incorrectlv-. In general, chemical pesticides are not targeted at a 

specific pest [2]. Instead, the pesticide may prove detrimental to the entire community 

of insects within the treated region. Thus, beneficial insects, such as predators and 

parasitoids, may be eliminated simultaneously. Furthermore, this excessive depen

dence upon chemical pesticides leads to the development of pesticide-resistant pest 

populations [2]. A resistant population is one that has become resistant to a particu

lar chemical through an evolutionary process of natural selection. The pest develops 

a tolerance or a means by which the pesticide is detoxified. Pesticide application even 

has the potential to affect the upper end of the food chain. Pesticide residues may 

pose dangers to animals and humans. Herbicides, in particular, have a tendency to 

work their way through the soil and eventually contaminate groundwater reserves [2]. 

Despite the multitude of problems related to the use of chemical pesticides, pesti

cides continue to be applied as the primary means of pest control. Biological control 

and integrated pest management programs (IPM's) are seldom considered as a viable 

alternative. However, attention is beginning to be given to the role that biological 



control and IPM can play in the attempt to suppress insect pests. Proponents of 

IPM do not expect that these programs will completely replace the use of pesticides, 

though it is hoped that IPM and pesticide use can be implemented as complements 

of one another. 

Numerous advantages are associated with biological control programs. Unlike pes

ticides, biocontrol agents are highly specific in searching for pest targets. The release 

of a particular organism will most likely only affect the target population, therefore 

the native biological diversity of the area is maintained [9]. Additionally, the regular 

use of a biological control program may extend the effective lifespan of a pesticide by 

decreasing the rate at which a pest population develops resistance [2]. With these 

advantages in mind, one can understand that a partnership between pesticide use and 

biological control may benefit the environment as well as the overall cost efficiency of 

pest control. 

1.5 Definition of the Model 

The aim of this model is to analytically represent the interactions between RWA 

and the wasp Lysiphlebus testaceipes over time. The responses of each species to 

environmental factors, particularly temperature, is also of concern. The population 

growths of both RWA and the parasitoid are modelled with modified approximate 

logistic difference equations sharing a common time step of one day. The population 

dynamics of both species are density and temperature dependent. An additional 

component within the model is the consideration of pesticide application and the 

associated effects upon both populations. 

Having modelled the populations, the main objective is to determine the efficacy 

of biological control in an RWA-resistant wheat variety. In particular, the roles of 

Lysiphlebus testaceipes and Halt in suppressing the growth of the RWA. The com

plementary use of biological control and chemical pesticides in a susceptible wheat 

variety will also be examined. Simulations will focus on the states of populations and 

their individual recoveries following pesticide application. 
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CHAPTER II 

FUNDAMENTALS OF HOST-PARASITOID SYSTEMS [10] 

2.1 A Basic Host-Parasitoid System 

In preparing to discuss the more general model, it is helpful to consider a simpler 

model. Before building a system of equations, it is necessary to first consider the 

assumptions that are relevant to the system. For the simplest model, the following 

assumptions are made: 

1. Parasitized hosts give rise to the next generation of parasitoids. 

2. Hosts that are not parasitized give rise to there own progeny. 

3. The fraction of hosts that are parasitized is dependent on the rate of encounter 

of the two species. 

With these assumptions in mind, the basic components of the model may be 

defined. In keeping with the simple nature of the model, only the primary and most 

obvious interactions are considered. The state variables and parameters are defined 

as follows: 

Ht 

Pt 

f{HuPt) 

1 -

A 

c 

f{Hu Pi) 

Host population in generation t. 

Parasite population in generation t, 

Fraction of hosts that are not parasitized, 

Fraction of hosts that are parasitized. 

Reproductive rate of the host, 

Number of eggs laid per parasitoid per host. 
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These assumptions and definitions lead to a system of two equations that describes 

the densities of the two species from generation to generation. The system has the 

form: 

Ht+i = XHJ{HuPt), (2.1) 

Pt^i=cHt[l-f(Ht,Pt)]. (2.2) 

This basic model sets the foundation for an elementary investigation into the primary 

dynamics of the two populations. 

2.2 The Nicholson-Bafiey Model 

In order to make the model more cohesive, it is necessary to consider the parameter 

f(Ht,Pt) more carefully. As stated previously, f(Ht,Pt) is the fraction of hosts that 

are not parasitized. By assumption, this fraction depends on the rate of encounter of 

the two species. Most often, this fraction will depend on the densities of one or both 

of the species. Nicholson and Bailey made two additional assumptions, numbers 4 

and 5, about the host-parasitoid system. 

1. Parasitized hosts give rise to the next generation of parasitoids. 

2. Hosts that are not parasitized give rise to there own progeny. 

3. The fraction of hosts that are parasitized is dependent on the rate of encounter 

of the two species. 

4. Encounters occur randomly. 

5. Only the first encounter between a parasitoid and a host is significant. 

The first assumption made by Nicholson and Bailey, assumption 4, is known as a 

law of mass action. Since the encounters are assumed to be random, it is true that 

10 



the number of encounters NE of hosts by parasitoids is proportional to the product 

of their densities. That is, 

NE = aHtPt. (2.3) 

This equation introduces the constant a. This parameter represents the searching 

efficiency of the parasitoid. 

Nicholson and Bailey's second assumption, assumption 5, also dealt with encoun

ters between hosts and parasitoids. This assumption states that only the first en

counter between a host and a parasitoid is significant. That is, once a parasitoid 

has parasitized a particular host, that host wiU produce c parasitoids. Any further 

encounters between any parasitoid and the same host will not result in more or less 

parasitoid progeny. 

2.2.1 The Poisson Distribution 

When examining discrete, random events, it is useful to discuss the Poisson dis

tribution. The Poisson distribution is a probability distribution that describes the 

occurrence of discrete, random events. The successive terms of this distribution give 

the probability that a particular number of events will occur in a determined time 

interval. For this reason, the Poisson distribution is a perfect candidate for describing 

the number of encounters between a host and parasitoids within the hosts lifespan. 

The probability of n encounters is given by 

V{n) = —f-, (2.4) 
lb* 

where p is the average number of events in a given time, or in particular, the number 

of encounters between a host and a parasitoid during the host's lifetime. 

Considering encounters within the host-parasitoid system, p is the average number 

of encounters between a host and a parasitoid within one generation. The parameter 

p is expressed as 

NE 
^ = ^ - (2.5) 

11 



However, it can be seen that since 

NE 
NE = aHtPt - ^ - ^ = aPu (2-6) 

p can be rewritten as 

M = ^ = aP,. (2.7) 

Consequently, it follows that 

p(„) = £1!^ = £ ! ^ ( ^ . (2.8) 
n! n! 

It is important to note here that the probability of escaping daily parasitism is equiv

alent to the probability of zero encounters during a host's lifetime. That is, escaping 

parasitism is the same as p{0). 

2.2.2 Escaping Parasitism 

It is directly from the Poisson distribution that it is now possible to interpret 

f{Ht, Pt) in a meaningful manner. In the previous subsection, it was determined that 

the term p(0) is an excellent means for describing the probability that a host will 

avoid parasitism throughout its entire lifespan. Thus, 

f(Hu P.) = p(0) = Q\ '̂  = e-"^' (2.9) 

and 

1 - f{Ht, Pt) = l - P(0) = 1 - e-'̂ ^*. (2.10) 

Taking into consideration that parasitoids search independently, randomly, and 

that the efficiency with which they search is constant, the Nicholson-Bailey equations 

take the form: 

12 



Ht^, = \Hte-<^''\ (2.11) 

Pt^, = cHt{l-e-^''^). (2.12) 

Now that the basic model has been established, it is necessary to conduct an analysis 

of the model by examining its equUibria, if any exist, and the stability of those 

equilibria. 

2.2.3 Analysis of the Nicholson-Bailey Model 

The analysis of the Nicholson -Bailey model consists of three steps. First, if any 

equilibria exist they are calculated. Once the equilibria are found, it is necessary to 

determine the stability of each. For this, the Jacobian is computed. The eigenvalues 

of the Jacobian are found and an analysis is performed. 

2.2.3.1 Solving for Steady States 

Steady states, or equilibria, of the form (x, y) are defined as the solutions satisfying 

the relations 

X = Xn = Xn-\-\ (2.13) 

y = yn = Vn+l (2.14) 

such that no change occurs from generation n to generation n-\-l. In the case of the 

Nicholson-Bailey model, the steady state (H, P) is sought such that the relations 

F(H,P) = XHe-'''' (2.15) 

G(i / ,P) = c i / ( l - e - ° ^ ) (2.16) 

are solved simultaneously. That is, the steady state (H, P) must satisfy 

13 



H = F(H,P) = AHe-"^, (2.17) 

P = G(H, P) = cH(l - e"'^^). (2.18) 

Proceeding to solve for the steady states, it is easily seen that 

(H,P) = (0,P) (2.19) 

where H = 0, is the trivial solution. Working towards the non-trivial solution, consider 

finding P by the foUowing steps: 

H-AHe-'^P implies \ = e'"^ and P = — . (2.20) 
A a 

Having found P, it is simple to determine H by 

TS T-T/I -aP\ T-T ^^X In A A A In A /^^.x 
P = cH 1 -e ''^) or H = ^ = — ^-T = —T\ 7T- (2-21) 

a c ( l - e - « P ) ac{l-{)\ ac(A - 1) ^ 

Now that H and P have been determined, it is clear that the Nicholson-Bailey model 

has one steady state other than the trivial one, namely 

(fi. p) = ( J^' ¥ ) • 
Notice that it is necessary that A > 1 in order for H and P to be positive. 

2.2.3.2 Determining the Jacobian Matrix Coefficients 

It is now necessary to find the coefficients of the Jacobian matrix in order to 

determine the stability of the single equilibrium. The Jacobian for the Nicholson-

Bailey model has the form 

ail «i2 \ ^ / F^(H,P) Fp(H,P) \ ^ / 1 ^ 

021 a22 / I G H ( H , P ) Gp(H,P) ] U ( l - i ) i ^ 

14 



2.2.3.3 Stability of the Equifibrium 

The stability of the Nicholson-Bailey model can be determined by the application 

of a basic theorem. 

Theorem 2.2.1. The equilibrium (x,y) of the nonlinear system 

xt+i = f{xt,yt) (2.22) 

yt+i = g{xt,yt) (2.23) 

is locally asymptotically stable if the eigenvalues of the Jacobian matrix J satisfy 

\Xi\ < I if and only if \Tr{J)\ < 1 -\- det{J) < 2. The equilibrium is unstable if some 

I Ail > 1, that is, if one of the above inequalities is reversed. 

Therefore, according to the above theorem, the only quantities that need to be ex

amined are Tr(J) and det( J) . Consider the second half of the following inequality: 

\Tr(J)\ < l + det(J) < 2. (2.24) 

Recall that A > 1. Then if A = n > 1, substituting for det(J) implies that 

1 + det(J) = 1 + ^^^^^^ > 1 + 1 = 2. (2.25) 

n — 1 

Therefore, the second inequality does not hold, thus the equilibrium is unstable. It 

has been determined that the Nicholson-Bailey model has one non-trivial, unstable 

steady state. 
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CHAPTER III 

RWA HOST-PARASITOID MODEL 

The model contained in this chapter is assumed to take place in an uncontrolled 

environment, that is in a real wheat field. A number of aphids have overwintered 

in a stand of winter wheat and it is this population that will be solely responsible 

for the growth of the RWA population. The grain is harvested before RWA flights 

(migration) peak in July. For this reason, the model makes no allowance for migration 

in or out of the wheat. The model runs for 63 days from April 4 until June 6. Table 

3.1 presents the state variables and parameters used in the model. 

Table 3.1: State Variables and Parameters 

Ht 

Pt 

r 

k 

a 

E 

RWA population 

Parasitoid population 

RWA intrinsic rate of increase 

RWA carrying capacity 

Parasitoid searching efficiency 

Fraction of RWA population without refuge 

The focus of the model is the appfication of parasitoid wasps to control RWA pop

ulations in two different varieties of winter wheat. One variety. Halt, is RWA-resistant 

while the other, TAM-107, is not. The model wiU try to show that parasitoid use is 

more efficient in resistant wheat than in a non-resistant variety. Investigation is also 

done to determine the efficiency of a complementary parasitoid-pesticide treatment 

regimen. 

3.1 Modifications to the Nicholson-Bailey Model 

The motivation for host-parasitoid models and the Nicholson-Bailey model given 

in the previous chapter is the basis for the model. However, some modifications must 
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be made to the Nicholson-Bailey model in order to realistically simulate the RWA-

wasp system. The two major alterations are an inclusion of a density-dependent 

growth parameter in the RWA population and a compensation for the fact that the 

two species do not share a common generation length. 

As shown in the previous chapter, the Nicholson-Bailey model consists of the 

following system of equations: 

Ht^i = Ai/.e-'^^S (3.1) 

Pt+i = cHt{l-e--''^). (3.2) 

In order to accurately depict the growth of the RWA population, it is necessary to 

assume that the host population will grow to some specific density in the absence 

of parasitoids. This limited density is determined by the carrying capacity of the 

environment in which the RWA grow. The following term is chosen to represent the 

RWA density-dependent growth [10]: 

X{Ht) = e'^'-^\ (3.3) 

Having incorporated this term into the model, the RWA population grows to a 

population Ht = k in the absence of parasitoids and declines if Ht > k. Therefore 

the modified Nicholson-Bailey equations are 

Ht^i = Hte'^'-i^^~'''^, (3.4) 

Pt+i=cHt{l-e-^''^). (3.5) 

Notice that c = 1 in this particular case, since each wasp deposits only one progeny 

in each aphid. 

The second alteration concerns the generation length of each population. The 

two species do not have equal generation lengths, therefore some adjustment must be 

made for the interval of time that the wasp spends maturing inside of the aphid. The 
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development time of the wasp from oviposition to emergence from the aphid mummy 

ranges from 9.3 to 49.1 days [1]. Parasitoids are present in the model in May when the 

average temperature is assumed to be 57.3°F. At this temperature the development 

time for the wasp is approximately 22 days [1]. Therefore, the next generation of 

parasitoids is dependent on the numbers of RWA and wasps afive 22 days prior. To 

incorporate this into the model, the foUowing term is adopted for the number of RWA 

parasitized and giving rise to the next generation of parasitoids: 

^//,_2i(l-e-'^^-2^) (3.6) 

where E is the fraction of the aphid population without refuge. 

The fact that RWA reproduce for 1-5 days [9] after having been parasitized must 

also be accounted for in the model. The model assumes that RWA reproduce for four 

days after an encounter with a wasp. This is reflected by using the following term to 

describe RWA death by parasitization: 

£;ift-3(l-e-"^*-^). (3.7) 

With these two alterations taken into consideration, the equations are modified 

in the following manner with wasps added to the system on the twenty-eighth day: 

Ht^i = i/.e'"^^-^)-"^* —> Ht+i = if,e^(^-^) - EHt-3{l - e '"^-^), (3.8) 

p , , 0 t < 28 
Pt^r = cHt{l - e-'^''^)-^ Pt+i = { 

Pt-Pt-z^EHt-2i{l-e-'-'''--'') t>2S 

(3.9) 

Notice that since the values of r will be chosen sufficiently small, that Hte^^^~~i^^ will 

not exceed k. That is, host population growth will be logistic. This being the case, 

it can be seen that Ht > 0 for afi t since EHt-z{l - e-"^'-^) < Hte"^^-^^ for all t. 

Safeguards are placed in the programming to ensure that P« > 0 for all t. 
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3.2 Assumptions 

A number of assumptions are also needed to adequately explain the model. The 

following assumptions apply: 

1. Parasitized hosts reproduce for four days after having been parasitized. 

2. Parasitoids have a four-day reproductive lifespan after emerging from the RWA 

mummy. 

3. The host population grows to a limited population in the absence of parasitoids. 

4. Encounters between hosts and parasitoids occur randomly. 

5. Only the first encounter between a parasitoid and a host is significant. 

6. All births, deaths, applications and encounters occur at the beginning of each 

day. 

7. All RWA are apterae (wingless) aphids. 

3.3 Parameter Estimation 

It is necessary to approximate the parameters in the model's system of equations. 

Two sets of parameters are established, one for TAM-107 non-resistant wheat and 

another for Halt RWA-resistant wheat. As seen in the following graphs, the most im

portant components within the model are highly temperature-dependent. The RWA 

intrinsic rate of increase and the development time required for the wasp to mature 

from oviposition to emergence are both contingent upon the average temperature 

(Fig. 3.1). For this reason, attention wfil be given to these parameters. 

3.3.1 RWA Carrying Capacity and Intrinsic Rate of Increase 

The aphid carrying capacity in winter wheat is based on the amount and acces

sibility of fluid that the aphid can extract from the plant. Aphids are almost always 

found on the tillers and leaves, specifically on the newest growth on the wheat plant. 

As the wheat matures and becomes drier, the aphid is less capable to sap the fluids 

that it needs. For this reason, it is assumed that the carrying capacity does not 
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Figure 3.1: RWA and Lysiphlebus testaceipes Growth Parameters 

increase as the wheat continues to grow. In estimating the carrying capacity for the 

aphid population, information provided by John Thomas [4] and his associates is 

used. Recall from earlier discussion the graphs depicting RWA growth in two winter 

wheat varieties, one of which is RWA-resistant. The resistant wheat Halt and non-

resistant TAM-107 will be examined more closely. It will be necessary to approximate 

a carrying capacity and intrinsic rates of increase for each variety. Both wheat plots 

have a common area of 2.97m^ [4]. 

First consider the TAM-107 variety. The number of RWA per ten tillers in TAM-

107 can be estimated from the following graph in this section. The approximation 

for the number of tillers per square meter can be estimated from the information 

provided by Westra [5]. According to Westra, in 1995 there were approximately 

346 tillers per square meter of TAM-107 and in 1996 there were 517. In the model 

the average of these two values is used. Therefore, approximately 432 tillers can be 

found in one square meter of TAM-107. Referring to the graphs, it can be seen that 
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Figure 3.2: RWA Growth on Halt (resistant) and TAM 107 (susceptible) [4] 

maximum RWA numbers are achieved around day 63, when there are approximately 

1,650 RWA per ten tillers (Fig. 3.2). With this information available, a lower bound 

for RWA carrying capacity in TAM-107 (the total number of RWA present on day 

63) is calculated by the following formula: 

V iOtillers J \ m' J^ ' 
(3.10) 

It is reasonable to assume that the approximate carrying capacity is reached on, or 

about, the same date since RWA begin to migrate out of the wheat once populations 

approach capacity. That is, the parameter estimates for carrying capacity in TAM-107 

and Halt should be very close to the respective lower bounds. 

In the same manner, a lower bound for RWA carrying capacity can be estimated for 

Halt wheat. As of day 63, the number of RWA per ten tillers of Halt is approximately 

300 [4]. The number of tillers per square meter in 1995 was 234 and in 1996 was 

106 [5]. Therefore an average of 170 tillers per square meter is selected. Using the 

same formula, the following lower bound for RWA carrying capacity in Halt wheat is 
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established: 

, fSOORWA\ fUOtillers ^ , . , ^ ^ „ , , 

m^ 
(3.11) 

Research carried out by Kieckhefer and Elliott [3] in 1989 determined temperature-

specific intrinsic rates of increase for RWA in a controlled environment. Although the 

model is assumed to take place in an uncontrolled environment, it is assumed that 

RWA will grow in a somewhat similar manner in non-resistant wheat varieties such as 

TAM-107 since the aphid is provided refuge by the furling of the leaves. The following 

table (Table 3.2) shows the intrinsic rates of increase and the temperature ranges to 

which each applies. 

Table 3.2: RWA Intrinsic Rate of 

°F 

r 

43.5° - 63.7° 

0.134 

57.9° - 78.1° 

.231 

Increase(r) [3] 

70.5° - 90.7° 

0.279 

For use in the model, a spline is fit to the data above such that an intrinsic rate of 

increase may be determined for any temperature between 54°F and 80°F. However, 

in the model an intrinsic rate of increase is needed for a lower temperature. The RWA 

are reproducing in April when the average temperature is 47.1°F in Scottsbluff, NE, 

where the study by Kieckhefer and Elliott [3] is carried out. RWA has a developmental 

threshold of approximately 40° F [3]. For the intrinsic rate of increase of RWA in 

April values of r = 0.0800 in TAM-107 and r = 0.0020 in Halt are used. Notice that 

Table 3.3: Parameter Estimations for r in TAM-107 and Halt 

Wheat Variety 

TAM-107 

Halt 

r (April(47.1°F)) 

0.0800 

0.0020 

r (May(57.3°F)) 

0.1250 

0.1000 

r (June(67.5°F)) 

0.2310 

0.2300 

estimates for r in Halt are lower than those in TAM-107 (Table 3.3). According to 
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Hein [4] and others, the reproductive rate of RWA is decreased in Halt. Along with 

lower reproduction rates, the reduction of the values of r for RWA in Halt takes into 

consideration the increased exposure to the elements that the RWA must endure. 

Table 3.4: Parameter Estimations for k in TAM-107 and Halt 

Variety 

k 

TAM-107 

250000 

Halt 

20000 

To verify that the lower bounds placed on k (Table 3.4) and the approximations 

for r are indeed valid estimates, the approximate logistic equation can be examined 

in the absence of parasitoids. First consider aphid growth in TAM-107. Notice that 

the estimation k = 250,000 is weU above the lower bound for the RWA carrying 

capacity in TAM-107. The parameters are adjusted so that the model output mimics 

the TAM-107 data found in Hein [4]. The following equation describes RWA growth 

in TAM-107 in the abscence of parasitoids: 

Ht+i = \ i/,e°-^250(i-5^) j^^y (3.12) 

i/,eO-23io(i-25Soo) June 

If the same equation is considered using the approximations for r and k in Halt, 

the following equation for RWA growth in Halt is established: 

^̂ g0.02oo(i-2ookf) April 

Ht+i = { i/,eO-^°°°(i-2&) May 

^ ^ g 0 . 2 3 0 0 ( l - ^ ) j ^ ^ g 

(3.13) 

Graphing the equations against the data from Hein [4], it can be seen that the pa

rameter estimations are valid in both TAM-107 and Halt (Fig. 3.3). 

It is necessary to discuss the error between the model output and the actual data. 

The maximum error, \Ht^rn - Ht^a [ in the TAM-107 simulation is 13,755 RWA. In the 

Halt simulation there is a maximum error of 1,936 RWA. However, in both errors the 
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Figure 3.3: Validation of Values r and k in TAM-107 and Halt 

model predicts more RWA than the actual data confirms. The host-parasitoid model 

is concerned with the efficiency of the wasp Lysiphlebus testaceipes in controlling 

RWA infestations, therefore a surplus of RWA is allowable. 

3.3.2 Parasitoid Development Time and Searching Efficiency 

Similar to the intrinsic rate of increase of the RWA, the time in days required for 

a wasp progeny to mature from oviposition to emergence from the aphid mummy is 

for the most part determined by the temperature. In 1999, Efiiott, Webster and 

Kindler [1] determined temperature-specific development times for the parasitoid 

wasp Lysiphlebus testaceipes. The study revealed that at lower temperatures the 

wasp would most likely be very ineffective due to the lengthy amount of time that 

is required for the progeny to develop within the RWA mummy. The following table 

shows the development times and the respective temperatures (Table 3.5). 
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Table 3.5: L. testaceipes Development Time(Z^) 

°F 

D{days) 

50.0° 

49.1(3.08) 

57.2° 

24.1(1.13) 

64.4° 

15.2(0.54) 

71.6° 

10.6(0.53) 

78.8° 

9.3(0.54) 

For use in the model, a spline is fit to the data above such that a development 

time may be determined for any temperature between 50.0°F and 78.8°F. Wasps 

are applied in the first of May and are all dead by the first of June. Therefore it is 

2tssumed that the parasitoids will develop with respect to the average temperature in 

May of 57.3°F. According to Elliott [1], the time required for a parasitoid progeny 

to mature from ovisposition to emergence is approximately 22 days. 

The searching efficiency of the parasitoid wasp must also be discussed. The wasp 

Lysiphlebus testaceipes develops most rapidly when temperatures are above 65° F [9]. 

Therefore, the wasps present in this model will not be performing at peak efficiency. 

Under favorable conditions, the wasp can parasitize 80-100 RWA over its four-day 

reproductive lifespan. The searching efficiency parameter a is chosen such that the 

wasps in the model are only able to parasitize 10-12 RWA per day. 

3.4 Simulations 

The simulations in this section are applied to both TAM-107 and Halt. The 

following set of equations describe the RWA-wasp system: 

Hte''^^-^^-EHt-sil-e-^^'-^) April 

Ht+i={ Hte'^^-^^-EHt-^il-e-'-P'-^) May 

i/^e^d-^) _ EHt-z{l - e-"^'-3) June 

(3.14) 

Ft+i = 
0 t < 2 8 

Pt-Pt-z + EHt-2i[l-e-^''^-^^) t>=2S 

The parameters and initial conditions are shown in Table 3.6. 

(3.15) 
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Table 3.6: Initial Conditions, Parameter Values and Dates for Simulations 

Initial RWA 

RWA Carrying Capacity 

RWA Inrinsic Rate of Increase (April) 

RWA Inrinsic Rate of Increase (May) 

RWA Inrinsic Rate of Increase(June) 

Wasp Application Day 

Wasp Searching Efficiency 

Pesticide Application Day 

Pesticide Kill Rate 

TAM-107 

843 

250,000 

0.0800 

0.1250 

0.2310 

28 

0.50 

Varied 

Varied 

Halt 

575 

20,000 

0.0020 

0.1000 

0.2300 

28 

0.50 

Varied 

Varied 

3.4.1 Varying Refuge Availability with a Fixed Number of Parasitoids Appfied 

The simulations in this section consider the effects of limited refuge availability for 

the RWA population in non-resistant TAM-107 and resistant Halt. The initial wasp 

population is given by P28 = 50. TAM-107 allows the aphid to furl the leaves and 

form a protected feeding habitat, therefore it is assumed that the percent of aphids 

without refuge is relatively small. The initial 50 wasps appfied on day 28 are dead 

by day 32. The next generation of parasitoids emerge on day 50 and are all dead by 

day 57. Notice that the wasps' effectiveness increases as the fraction of unprotected 

aphids increases. This is a good indication that the wasp will be very effective in Halt 

where the RWA have very little refuge. 

The same simulations are run for RWA and wasp populations in Halt. The same 

number of wasps (50) are applied in the Halt simulation. RecaU that Halt is a winter 

wheat variety that is resistant to RWA in the sense that its leaves do not furl to 

provide a safe feeding environment for the aphids. For this reason, it is cissumed 

that the fraction of RWA that are unable to find refuge is higher than in TAM-107. 

The following graphs show the population growths for RWA and the parasitoid in 

26 



/' 
r 
It 

hi 

1 
1 

ii 

1 

c 
0 

« 

pu
l 

0 
0. 
•D 

? 

2000r 

1800-

1600-

1400 

1200 

1000-

S 800 
a. 

600 

400 

200 

1 -

-

-

—^-'— 

-

-

-

E = 1% 
E = 3% 
E = 5% 

1 / - 7 \ 

ii 

'i 
1 1 

1 1 

1 i 
1 1 
! 1 
1 1 

" ii 

" ii 

" A " 

20 30 40 
Days 

50 60 70 

Figure 3.4: Population Growths with Varying Refuge Availabfiity (TAM-107) 

TAM-107 at varying levels of refuge availability (Fig. 3.4). The graphs below depict 

the same populations in Halt (Fig. 3.5). 

2500 

2000 

5'500 

I 
0 
0. 
•D 
TS 

a 1000 
a. 

500-

20 30 40 
Days 

50 60 70 

Figure 3.5: Population Growths with Varying Refuge Availability (Halt) 

It is important to ensure that all physical limitations are preserved by the model. 
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In particular, the attack capabilities of the parasitoid must obey the assumptions that 

support the model. Previously, it was assumed that the wasps are only capable of 

attacking 10-12 aphids per day due to the constraints imposed by lower temperatures. 

As seen in the following tables, each individual parasitoid never attacked more than 

12 aphids in one day (Tables 3.7-3.8). 

Table 3.7: Parasitoid Attack Capabifity (TAM-107) 

E 

1% 

3% 

5% 

RWA Attacked/Day/Wasp 

1.6107-2.3116 

4.8320-6.9349 

8.0533-11.5581 

Table 3.8: Parasitoid Attack Capabifity (Halt) 

E 

33% 

36% 

65% 

RWA Attacked/Day/Wasp 

4.4064-5.8826 

4.8070-6.4174 

8.6793-11.5869 

Some considerations should be taken into account concerning this section. First, 

the same number of wasps (50) are appUed to both varieties. This is an obvious 

disadvantage for the non-resistant TAM-107. However, this does show that per unit 

area parasitoids are more efficient in Halt than in TAM-107. Second, the levels of 

refuge unavailabifity, E, are chosen such that the wasps do not exceed their physical 

capabifities as shown in the tables above. This correspondence between the number 

of wasps applied and the level of refuge unavaUabifity is the focus of the next set of 

simulations. 
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3.4.2 Varying Refuge Availabfiity and Number of Wasps Applied in TAM-107 

In the previous section, the initial number of parasitoids released was fixed at fifty. 

The simulations in this section explore the relationship between the lack of refuge 

availability (E) and the initial number of wasps applied (/) in TAM-107. These 

two parameters must be chosen such that the physical limitations of the wasp are 

modeled accurately. The following table shows the values for E and / that produce 

realistic results concerning the attack efficiency of the wasp (Table 3.9). That is, the 

number of aphids parasitized per wasp per day is between 8.0533 and 12.7140 for 

each corresponding E — I pair. 

Table 3.9: Parasitoid Attack Capability (TAM-107) 

E 

5% 

8% 

11% 

13% 

15% 

18% 

21% 

23% 

25% 

/ 

50 

75 

100 

125 

150 

175 

200 

225 

250 

RWA Attacked/Day/Wasp 

8.0533-11.5581 

8.5902-12.3287 

8.8587-12.7140 

8.3755-12.0205 

8.0533-11.5581 

8.2834-11.8884 

8.4560-12.1361 

8.2323-11.8150 

8.0533-11.5581 

The values for E in the above table range from 5% to 25%. The highest value of 

E = 25% may be a bit ambitious for TAM-107 since this wheat variety is not resistant 

to RWA. If a spline is fit to the same model output that is displayed in the above 

table, one can see that the model requires that the initial number of wasps applied 

increase as the fraction of RWA without refuge increases. That is, / must increase if 

E increases in order to maintain legitimate parasitoid attack numbers (Fig. 3.6). 

Consider the following F - / p a i r s : (.05,50), (.15,150), and (.25,250). Each of these 
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Figure 3.6: E-I Correspondence Spline in TAM-107 

pairs produce the same number of RWA attacked per wasp per day. It is apparent 

that the (.25,250) pair yields the best results (Table 3.10). The final aphid population 

under this E — I pair is 84,190, which is an RWA reduction of approximately 61% 

when compared to no treatment at all (7 = 0). 

Table 3.10: E-I Comparison (TAM-107) 

(EJ) 

(-,0) 

(.05,50) 

(.15,150) 

(.25,250) 

Final RWA Population (Day 63) 

214,180 

197,820 

151,370 

84,190 

The model yields the following aphid and wasp population growths in TAM-107 
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for the three mentioned E-I pairs. Notice again that the parasitoid population 

growth increases as the number of RWA without refuge increases (Fig. 3.7). The 
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Figure 3.7: Varying Refuge Availability and Initial Number of Wasps (TAM-107) 

model suggests that parasitoids might be a viable RWA treatment if an E-value of 

25% can be achieved in a non-resistant wheat such as TAM-107. 

3.4.3 Varying Refuge Availability and Number of Wasps Applied in Halt 

The following simulations examine the population growths of RWA and the par

asitoid in Halt resistant wheat. Simulations are run for several E — I pairs that 

produce realistic parasitoid attack numbers. As in the last section, the following ta

ble displays several E — I pairs and the respective number of aphids parasitized per 

wasp per day. The number of RWA attacked per wasp per day ranges from 7.7891 

to 12.2554. Therefore, the number of RWA that each wasp parasitizes per day is in 

agreement with the assumption that each wasp can parasitize 10-12 RWA each day. 

Tables 3.11-3.12 show that more wasps are required if more aphids are without 

refuge. That is, if E increases then / must be increased to achieve 10-12 attacks per 

wasp per day and maximize the biocontrol effort. As a sample, consider the following 
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Table 3.11: Parasitoid Attack Capabifity (Halt) 

E 

35% 

45% 

55% 

65% 

75% 

85% 

/ 

30 

35 

40 

50 

60 

70 

RWA Attacked/Day/Wasp 

7.7891-10.3985 

8.5839-11.4596 

9.1800-12.2554 

8.6793-11.5869 

8.3455-11.1413 

8.1070-10.8230 

three E-I pairs: (.35,30), (.65.50) and (.85,70). 

Table 3.12: E-I Comparison (Halt) 

(E^I) 

(-.0) 

(.35,30) 

(.65,50) 

(.85.70) 

Final RWA Population (Day 63) 

14.756 

122 

0 

0 

Immediately, one notices that between E — 35% and E — 65% the parasitoid 

becomes so effective that the RWA population is completely wiped out by the first 

generation of wasps. The first E — I pair that achieves this is (.37,32), which has a 

range of attacks per wasp per day of 7.7196 to 10.3057. The following graph (Fig. 3.8) 

shows the RWA growths for three E — I pairs. The last pair being (.37,32), it is seen 

that it is at this point that the first generation parasitoids achieve total eradication 

of the RWA population. Recall that the model does not allow for repopulation by 

migration into the wheat since the wheat is harvested before the first RWA flights. It 

is also worth noting that the parasitoids that wiped out the RWA deposited progeny 

that will emerge on day 50. Therefore, if a number of RWA do subsist or migrate into 
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the wheat, there will be a second wave of wasps already established in the field. 
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Figure 3.8: RWA Eradicated by First Generation of Parasitoids (Halt) 

The model suggests that a biological control program consisting of parasitoid 

wasps and an RWA-resistant wheat variety may be a viable means of controlling 

RWA in winter wheat in the early spring. That is, the biocontrol program does not 

need to be complemented by an application of pesticide. However, the next round of 

simulations takes into consideration a complementary biocontrol-pesticide treatment 

of RWA in TAM-107. 

3.4.4 A Complementary Biocontrol-Pesticide RWA Treatment in TAM-107 

It remains to be determined whether parasitoid wasps can efficiently control RWA 

infestations in a non-resistant wheat variety such as TAM-107. The following simu

lations address the idea of a treatment program that uses complementary biocontrol 

and pesticide applications. The goal is to apply the pesticide in such a way that 

the majority of the damage is done to the aphid population. This is accomplished 

by applying the pesticide after the first generation of wasps have parasitized RWA 

and the progeny are safe within the dead aphid mummies. It is assumed that if the 
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pesticide is applied after a parasitized aphid dies, then the mummy shields the grub 

from the effects of the pesticide. 

If the first wasps are introduced into the RWA population on day 28, then the last 

parasitized aphids die on day 35. This generation of wasp progeny emerge from the 

aphid mummies on days 50 through 53. Therefore, the pesticide is applied on or after 

day 36 and runs its course for a particular number of days through day 49. Malathion 

SEC has a seven-day pre-harvest interval (PHI) for grain and is recommended for 

controlfing RWA in wheat [11, 12]. It is assumed that the pesticide has a potency 

period of eight days. That is, the pesticide continues to kill RWA over an eight day 

period, though its potency decreases over that interval. The application date and 

efficacy, or kill rate, of the pesticide are varied to optimize results. All simulations in 

this section use a common E — I pair, specifically (.15,150). 

Since pesticide is introduced into the model, it is necessary to modify the system 

of equations. A term to describe the daily number of aphids that die due to pesticide 

is needed. If D{t) is chosen to represent this term, the modified equations take the 

form: 

Ht+i = \ if,e0-i250(i-t) - 0.lhHt-z{l - e-°^'-3) - D{t) May (3.16) 

^^^0.2310(1-^) _ o.l5//,_3(l - e-^^*-^) - D{t) June 

0 t < 28 
Pt^i = { , (3.17) 

Pt - Pt-3 + 0.lbHt-2i{l - e-^^-^O t > 28 

where D(t) = 0 except on the application day and the following seven days, a = 0.50 

and k = 250,000 as usual. Now we define D{t). 

As stated earlier, the pesticide will assume an eight-day period of effectiveness. 

First consider the efficiency of the pesticide. Simulations are run for two application 

dates, namely days 36 and 42. Both of these dates allow suitable time for the pesticide 

to decrease in potency by the time the first wasps emerge on day 50. Associated 

with these two appfication dates are three efficiency levels(PF): 75%, 85% and 95%. 
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The term D(t) must be determined for each of the eight days that the pesticide is 

present. The following tables summarize the pesticide efficiencies and D(t) terms for 

the pesticide applications on days 36 and 42 (Tables 3.13-3.14). 

Table 3.13: Pesticide Efficiencies and D{t) for Application on Day 36 (TAM-107) 

D{3Q) 

D(37) 

L>(38) 

L>(39) 

D{40) 

D{41) 

D{42) 

D(43) 

75% 

.50H(35) 

.25H(35) 

.20H(35) 

.10H(35) 

.05H(35) 

.05H(35) 

.01H(35) 

.01H(35) 

85% 

.50H(35) 

.25H(35) 

.20H(35) 

.12H(35) 

.10H(35) 

.05H(35) 

.01H(35) 

.01H(35) 

95% 

.50H(35) 

.25H(35) 

.20H(35) 

.12H(35) 

.12H(35) 

.10H(35) 

.01H(35) 

.01H(35) 

Table 3.14: Pesticide Efficiencies and D{t) for Application on Day 42 (TAM-107) 

D{42) 

D{43) 

D{44) 

L>(45) 

D(46) 

D(47) 

D{4S) 

D{49) 

75% 

.50H(35) 

.25H(35) 

.15H(35) 

.13H(35) 

.05H(35) 

.05H(35) 

.01H(35) 

.01H(35) 

85% 

.50H(35) 

.25H(35) 

.19H(35) 

.15H(35) 

.05H(35) 

.05H(35) 

.01H(35) 

.01H(35) 

95% 

.50H(35) 

.25H(35) 

.20H(35) 

.20H(35) 

.05H(35) 

.05H(35) 

.01H(35) 

.01H(35) 

Notice that as of now there are no parasitoids present in the simulation. The 

only form of RWA treatment is the pesticide application. The first set of simulations 

is concerned with the performance of a pesticide alone in the treatment of RWA. 
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Once this is established, further simulations are run to determine the efficacy of a 

complementary treatment regime in which both the parasitoid wasp and pesticide are 

used to control RWA infestations. 

Now that D{t) is defined, the model is run for the two application dates (Fig. 

3.9). Recall that the parameter estimations for TAM-107 are used just as they were 

in previous simulations. The following graphs depict the population growths of RWA 

and the wasp in TAM-107 for three pesticide efficiencies and two application dates. 

It appears that the corresponding aphid populations for application days 36 and 42 

>10 Peshode Application on Day 36 xlO Pestode Acptcation on Day 42 

Figure 3.9: Three Pesticide Efficiencies and Absence of Parasitoids (TAM-107) 

reach equal final populations. However, by applying pesticide on day 36 a smaller 

RWA population is endured throughout the simulation. 

The remaining simulations (Fig. 3.10) examine complementary applications of 

parasitoids and pesticide. The attack numbers produced by the model for the para

sitoid are still within reasonable bounds under the assumptions that have been made. 

Individual wasps parasitize between 8.0533 and 11.5581 aphids per day. 

If the data yielded by the simulations contained in this section are arranged in 

a tabular form, a highly visible difference can be seen between the simulations that 
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Figure 3.10: Three Pesticide Efficiencies and Presence of Parasitoids (TAM-107) 

use pesticide only and those which employ complementary parasitoid-pesticide treat

ments. Without exception the final aphid population on day 63 under a parasitoid-

pesticide regime is less than the final RWA population that it is only treated with 

pesticide. In fact, according to Tables 3.15-3.16 the population that is treated with 

Table 3.15: RWA Populations(t=63) with Pesticide Applied at t=36 (TAM-107) 

PE 

75% 

85% 

95% 

Pesticide Only(PO) 

77,766 

51,227 

21,078 

Parasitoids and Pesticide(PP) 

38,344 

24,756 

11,100 

P O - P P 

39,422 

26,471 

9,978 

PP/PO 

49.3% 

48.3% 

52.7% 

Table 3.16: RWA Populations(t=63) with Pesticide Applied at t=42 (TAM-107) 

PE 

75% 

85% 

95% 

Pesticide Only(PO) 

75,454 

49,822 

19,122 

Parasitoids and Pesticide(PP) 

39,134 

26,024 

12,050 

P O - P P 

36,320 

23,798 

7,072 

PP/PO 

51.9% 

52.2% 

63.0% 
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a complementary regime is consistently 48.3% - 63.0% of the RWA population that 

is only controlled with pesticide. This being the case, it is reasonable to infer that a 

complementary parasitoid-pesticide treatment focused on suppressing RWA infesta

tions may be achievable. 
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CHAPTER IV 

CONCLUSION 

The focus of this paper was to mathematically model the attempted biological 

control of RWA in two varieties of winter wheat. The constructed model is derived 

from the Nicholson-Bailey equations with two significant modifications. The model 

also considers the extreme temperature-dependence inherent in some of the most 

critical parameters. Simulations were run for RWA and parasitoid populations in 

TAM-107 and Halt wheat varieties. 

The simulations that were run for a stand of Halt demonstrate that the parasitoid 

is a very effective means of biological control by which to suppress RWA infestations 

in a resistant wheat variety. Results suggest that if biological control agents, specifi

cally Lysiphlebus testaceipes, are applied correctly, they may be able to control RWA 

populations in Halt without the assistance of chemical pesticides. Similar simulations 

that were run in TAM-107 reveal that the parasitoid alone most likely would not sup

press RWA infestations in a susceptible wheat variety. The amount of refuge that 

is available to RWA in TAM-107 allows the aphid population to grow at a rate that 

renders the parasitoid ineffective. However, the model suggests that a complementary 

treatment of parasitoids and pesticide may limit RWA growth significantly. 

It should be noted that this problem should be pursued further in order to analyze 

the RWA-wasp relationship at any given temperature. That is, collaboration should 

be made among entomologists and modelers to accurately depict the growth of both 

populations under any given temperature scheme. In doing so, the model will have to 

make an allowance for RWA migration in and out of the wheat. Such a general model 

might be applied to many environments and altered to consider different parasitoids. 
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APPENDIX 

1. Temperature-dependent RWA Intrinsic Rate of Increase (RWAr.m). This pro

gram performs a spfine fitting to the data found in [3]. 

tempi = [54 68 80]; 

r l = [0.134 0.231 0.279]; 

temp = 54:80; 

r = sp l ine( tempi , r l , temp) ; 

p l o t ( t e m p i , r 1 , ' 0 ' , t e m p , r ) ; 

xlabelCTemperature ( F ) 0 ; y l a b e l ( ' I n t r i n s i c Rate of I n c r e a s e ' ) ; 

titleCRWA Temperature-dependent I n t r i n s i c Rate of I n c r e a s e ' ) ; 

2. Temperature-dependent L. testaceipes Development Time (waspdev.m). This 

program performs a spline fitting to the data found in [1]. 

tempi = [50.0 57.2 64.4 71.6 78 .8] ; 

devpl = [49.1 24.1 15.2 10.6 9.30]; 

temp2 = 50:79; 

devp2 = spline(tempi,devpl,temp2); 

p lot( tempi ,devpl , 'o ' , temp2,devp2); 

xlabel( 'Temperature (F ) ' ) ; y l abe l ( 'Days ' ) ; 

t i t l e ( ' L . t es tace ipes Development Time (from oviposi t ion to 

emergence)'); 

3. RWA Host-parasitoid Model (model.m). This model assumes that a number 

of RWA have overwintered in a stand of winter wheat that will be harvested 

before the first migratory RWA flights happen in June/July. That is, the RWA 

population is solely dependent upon the reproduction of the RWA that have 

overwintered in the crop. Mean April temperature is 47.09F, May is 57.3F and 
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June is 67.5F. RWA intrinsic rates of increase and parasitoid development times 

are adjusted according to the temperature. 

7, Parameters 

HIn i t i a l = #; 

P I n i t i a l = 0; 

appnumber = [# # #] 

A = 28; 

pestday = [ # # # ] ; 

k = #; 

a = .50; 

F = [ # # # ] ; 

R = [ # # # ] ; 

C = [50 22 13]; 

7, Initial RWA population. 

'/, Number of parasites at t = 0. 

'/, Initial pairasite application amount. 

•/, Parasite application date. 

y. Pesticide application date. 

y, RWA carrying capacity. 

y. Parasite searching efficiency. 

y. Fractions of RWA without refuge. 

y, RWA intrinsic rates of increase. 

% Parasite development times. 

y. The columns of the following two matrices are the D(t) 

for [75y. 85% 95%] . 

y. Pesticide matrix (day 36). 

y, d = [.5 .5 .5;.25 .25 .25;.2 .2 .2;.l .12 .12;.05 .1 .12;-05 

.05 .10;.01 .01 .01;.01 .01 .01]; 

y. Pesticide matrix (day 42) . 

d = [.5 .5 .5;.25 .25 .25;.15 .19 .2;.13 .15 .20;.05 .05 .05; 

.05 .05 .05;.01 .01 .01;.01 .01 .01]; 

for i = 1:length(F) 

E = F(i); 

PApp = appnumber(i); 

postdate = pestday(i); 

y. April, 

for t = 1:27 
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r = R(l); 

P(t,i) = PInitial; 

y, April RWA population growth. 

if t == 1 

H(l,i) = HInitial*exp(r*(l-(HInitial/k))); 

else 

H(t,i) = H(t-l,i)*exp(r*(l-(H(t-l,i)/k))); 

end 

end 

y. May. 

for t = 28:57 

D(t) = 0 

r = R(2) 

c = C(2) 

X = transpose(d(:,i)); 

y. Application of pesticide, 

if t == pestdate 

D(t) = X(l)*H(t-l,i); 

elseif t == pestdate+1 

D(t) = X(2)*H(t-2,i); 

elseif t == pestdate+2 

D(t) = X(3)*H(t-3,i); 

elseif t == pestdate+3 

D(t) = X(4)*H(t-4,i); 

elseif t == pestdate+4 

D(t) = X(5)*H(t-5,i); 

elseif t == pestdate+5 

D(t) = X(6)*H(t-6,i); 

elseif t == pestdate+6 
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D(t) = X(7)*H(t-7,i); 

elseif t == pestdate+7 

D(t) = X(8)*H(t-8,i); 

else 

D(t) = 0; 

end 

y. May population Growths, 

if t >= 28 & t < 32 

H(t,i) = H(t-l,i)*exp(r*(l-(H(t-l,i)/k)))-D(t); 

P(t,i) = PApp; 

elseif t >= 32 & t < 36 

H(t,i) = H(t-l,i)*exp(r*(l-(H(t-l,i)/k)))-(E*H(t-4,i)*(l-

exp(-a*P(t-4,i))))-D(t); 

P(t,i) = 0; 

else 

H(t,i) = H(t-l,i)*exp(r*(l-(H(t-l,i)/k)))-(E*H(t-4,i)*(l-

exp(-a*P(t-4,i))))-D(t); 

P(t,i) = P(t-l,i)+(E*H(t-22,i)*(l-exp(-a*P(t-22,i))))-

P(t-4,i); 

end 

y. Safeguard negative populations, 

if H(t,i) < 0 

H(t,i) = 0; 

else 

end 

if P(t,i) < 0 

P(t,i) = 0; 

else 

end 
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y. Safeguard rebuilding zero populations, 

if t >= 28 

if H(t-l,i) == 0 

H(t,i) = 0; 

else 

end 

else 

end 

end 

y. June, 

for t = 58:63 

P(t,i) = 0; 

r = R(3); 

y, June RWA population growth. 

H(t,i) = H(t-l,i)*exp(r*(l-(H(t-l,i)/k))); 

end 

y. Plots, 

if i == 3 

hold on 

plot(H(: ,1)) ;plot(H(: ,2) ,' —') ;plot(H(: ,3) , ' - . ' ) ; 

xlabel('Days');ylabel('RWA Population'); 

y.plot(P(:,l));plot(P(:,2),'--');plot(P(:,3),'-.'); 

y,xlabel('Days'); ylabel ('Parasitoid Population') ; 

title('Pesticide Application on Day 42') 

legend('75y. Pesticide Efficiency','85% Pesticide Efficiency' 

,'95% Pesticide Efficiency',2); 

else 

end 

end 
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