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Pest Management Modeling

A pest can best be defined as any species that disturbs human activity.  More specifically, an agricultural pest is one that causes damage to a crop.  The damage that agricultural pests cause in the United States alone is astonishing.  The USDA suggests that plants only produce one half of their full potential because of environmental stress, disease and plants; pests are pointed out as being the main cause (USDA, 2006).  Other sources suggest that the United States loses one-third of everything grown to pest damage, an average loss of about 4 billion dollars (Chatterjee, 1973).  Obviously some form of pest control needs to be administered, but the question remains of what is the optimum method.  


Current pest control methods focus mainly on chemical insecticides.  Kogan describes the current control as an “immediate response to perceived need to control pests at any cost, usually involving the ‘magic bullet’ approach of pesticide application” (Kogan, 1986).  Chemical insecticides have many downfalls.  First, the efficiency is decreasing due to resistance by insects and the resistance is likely increase over time.  Second, they are not selective; they damage the pest as well as the pest’s natural enemy.  Usage leads to more and new different types of pests and destructive surges. Finally, the chemicals also have many environmental issues that include chemical residues in crops and in the agricultural ecosystems. These problems have led to environmental pressure.  To counteract, the U.S. government has created restrictive legislation to reduce the use of chemical insecticides and have increased research for the development of new, safer methods.  (Rafikov, 2005)


Scientists are beginning to use mathematical modeling to develop safer, more effective means of pest control; modeling is being used increasingly because it can simulate the crop system.  The method that has received the most support is integrated pest management (IPM).  According to the USDA, “the goal of IPM research is to design systems for controlling pest damage that are appropriate for the site while reducing reliance on chemical pesticides” (USDA, 2006).  Ultimately, it strives to maintain pests below damaging levels while keeping human affects beneath destructive levels to the environment.   There are several other types of pest control that will also be discussed throughout the paper.  First is classical control, which includes importing and establishing natural enemies to the pest.  Preservation and periodic releases of the natural enemy is also practiced.  Another is environmental manipulation where alternative prey, attractants, and the pest itself are introduced to the system.  Together, all of these methods are being combined and modeled with mathematics to create effective pest control programs. (Rafikov, 2005)


Examining the agricultural ecosystem shows that there are many factors that affect the pest population.  Schematically, the agricultural ecosystem is shown pictorially below:

[image: image1.wmf]
Here, the primary direction of the interaction is represented by the direction of the arrows.  The grower, crops, natural controls and the environment influence pests.  All of these contacts interact together and must be considered in the mathematical modeling.  (Plant, 1987)


Chatterjee presents a theoretical model that is intended to describe “the relationship of the frequency, timing, and intensity of control” for an optimal pest control program (Chatterjee, 1973).   This model is intended to optimize pre-existing chemical methods.  The mathematical model developed by Chatterjee focuses mostly on the assorted costs that are associated with an effective pest control program.  The model considers the loss due to crop damage, the cost of administration, and the effect on the ecosystem; the program is considered optimum when “it minimizes the sum of the previously named costs” (Chatterjee, 1973). (Chatterjee, 1973)


First, the model is formulated as 
[image: image2.wmf].  Here, tk+1 represents the time between the last control action and the end of the control period.  The length of the control program is represented as the time T, and the sum of ti represents the times that the controlling action is taken.  Next, the total cost of the program is denoted by 
[image: image3.wmf] where f is the administrative costs, g is the cost due to crop damage and h is the damage caused by the action to the environment.  The following examines these costs in further detail.  (Chatterjee, 1973)


The cost of administration is examined and expresses simply.  Assuming the cost requires an initial setup cost (a) and the rest of the cost is proportional to the number of plants (where the cost per unit is b), then 
[image: image4.wmf]. (Chatterjee, 1973)


The cost of crop damage is slightly more complex.  This model assumes that the damage is proportional to the average number of insects present during the given time period.  The average insect population is dependent on both the growth and the controlling action.  The average number of insects is described as 
[image: image5.wmf]where ( is the death rate, ( is the birth rate, v is the immigration rate, ( is the birth rate minus the death rate, and no is the initial population size. The cost of crop damage is 
[image: image6.wmf].  The cost of damage caused by an insect is c.  The number of insects at a given time is given as 
[image: image7.wmf].  The new variable pi is the probability of surviving after the ith controlling action.  The previous equations make several assumptions.  The control action yields a probability (p) that an exposed insect survives, and a probability (q) that the insect either dies or is removed from the population.  The two probabilities are used to determine the probability of x survivors, which is given by 
[image: image8.wmf].  (Chatterjee, 1973)


Even more complex is the environmental cost resulting from control.  First, the amount of control an organism retains is given by 
[image: image9.wmf].  Qi is the amount the organism retains until period i + 1.  The dosage fraction for the given time period is l and e will give the fraction expelled.  The probability that an organism survives the ith controlling action depends on the intensity of the action and the retention amount; therefore, 
[image: image10.wmf].  K1 is a monotonic decreasing function and k2 is a monotonic increasing function.  Using the previous two questions, the environmental cost is 
[image: image11.wmf] where h is a monotonic function of p.  This can be modified for a more realistic approach that considers the impact negative only if the intensity is greater than an assigned threshold value.  This is given by 
[image: image12.wmf]. (Chatterjee, 1973)


Overall, the cost is then 
[image: image13.wmf].  This system must then be examined to find the optimum probability of survival and the intensity.  An effective control program could be developed using the previous system and mathematical computation.  Unfortunately, this system is only theoretical and has not been tested on any real agricultural system. (Chatterjee, 1973)


Plant and Mangel have tried to provide a collaborated account of the many types of mathematical modeling that are available for agricultural systems.  The duo breaks the types down into three sections: strategy, tactics and state estimation.  Several models are provided for each section.  (Plant, 1987)


The strategy section provides a simple model for the release of sterile males.  It assumes that the population of females in a generation is 
[image: image14.wmf] where Pn is the number of females.  Adding sterile males to the system changes the equations to 
[image: image15.wmf].  S is the number of sterile males released and r is the intrinsic growth rate.  Further examination of this model shows that over time the population is greatly reduced.  Unfortunately, there are other factors that would need to be considered in real life such as migration and real time.  The model would require many generations to lower the population to a non-threatening level, which is not practical in most agricultural situations.  (Plant, 1987)


The tactics section provides information on the scheduling of pesticide application.  This section integrates genetics and the Hardy-Weinberg law.  The Hardy-Weinberg law states that the ratio of genotypes is 
[image: image16.wmf] and is related to the gene frequencies p and q.  The general idea is that the survivors, after pesticide application, have the resistant R gene.  Denoting the genotypes RR, RS and SS as An, Bn, and Cn respectively, the frequency of the R gene is calculated as 
[image: image17.wmf].  Assuming that pn is less than 1, the system is expanded to 
[image: image18.wmf]. The following assumptions are then made to the system:  
[image: image19.wmf]. Here, ( is 0 if the gene is dominant and 1 if the gene is recessive.  Collaborating all of the equations implies that 
[image: image20.wmf].  This shows that the frequency of the resistance gene will increase with each application; concluding that the “pesticide should be applied in such a way that the damage done to the crop is roughly the same for each pest generation” (Plant, 1987).  (Plant, 1987)  


Estimating the state of infestation via scouting and trapping is also important because IMP suggests that intervention should only occur after the pest population has reached the economic threshold.  This is important because it makes the application economically valid.  Equations, that use limited data from samples to estimate the entire pest population, are created.    The equation for the population distribution is 
[image: image21.wmf].  The two parameters are n and k, which are the mean and an exponent respectively.  This model helps to determine when a controlling action should be taken based on sample collection.  (Plant, 1987)


Murdoch takes a different approach to pest control; he strives to design crop systems that minimize active control.  The main focus is designing crop systems for IPM and to establish pest control by natural enemies.  For this, Murdoch utilizes three separate mathematical models that describe predator prey interactions and crop separation. (Murdoch, 1975)


The first model attempts to stabilize predator-prey interactions.  Breaking the classical Lotka-Volterra model into two different, yet weakly linked environments and then adding terms to account for time lags and immigration creates this system.  The system is 
[image: image22.wmf].  P is the predator population, H is the number of prey, a is the prey’s birth rate, b is the predator’s attack rate, c is the predator’s death rate, d is the efficiency which prey are converted to predators, and (t is the length of the time lag.  The third term is added to account of immigration into each sub-system.  The subscripts refer to the two systems that are designed for stabilization.  A key aspect in the stabilization is that the variables all have subscripts, which represent that the two areas have different environmental conditions from one another, meaning that patchiness would not increase stability. (Murdoch, 1975)


The second model concerns the effect of patchiness on stabilization.  Examining the predator’s functional response, which will change briskly as pest density changes, does this.  The functional response that is the number of prey eaten at density h is 
[image: image23.wmf].  Here, b is the time the predator takes to handle the prey, G(h) is the average number of prey eaten in a random patch, and S(h) is the average amount of time spent searching in a random patch.  The risk that each individual prey has of being eaten is f(h)/h.  This response is considered stable for a Holling’s type three response.  Further examination of the functional response shows that “the functional response becomes stabilizing because the pest population is distributed among patches separated in space […] the further apart these patches are, the greater is the range of pest density that can be stabilized”(Murdoch, 1975).  (Murdoch, 1975)


The third model explores patch separation when there are two species of pests.  An important aspect of this model is that predators switch back and forth between the two prey species.  Switching is most likely to occur when the prey species occupy different areas in the predator’s habitat; therefore, transit time must also be taken into consideration.  This is modeled by a generalized version of the Holling disc equation 
[image: image24.wmf].  Ni is the prey species eaten, ai is the rate the predator searches for prey i, and bi is the handling time.  Assuming ( is the time spent searching in area 1 and 1-( is the time spent in area 2, the model becomes 
[image: image25.wmf].  This model gives the stabilizing parameters needed for 2 prey species.  All of the models by Murdoch can be used to create one system that will predict the predator population needed to keep the prey species below damaging levels.  (Murdoch, 1975)


Ravfikov presents another perspective to optimal pest control.  Creating two systems to analyze the control plan.  The first part finds equilibrium for the predator-prey system that is below economically damaging levels.  The second part stabilizes the ecosystem at this level. Overall, Rafikov presents a mathematical model that helps create a plan for optimal pest control.  The model is quite complex and contains nearly 50 equations.  The reader is referred to Ravfikov’s original work for the complete system of equations. (Rafikov, 2005)


Together, these models provide much assistance to growers when used appropriately.  They provide ways to optimize and reduce chemical control methods as well as employ biological methods.  Unfortunately, “it is unlikely that a ‘general theory’ will ever be developed.  Each specific problem requires an in depth study and detailed understanding of its unique features”.  The models must be manipulated and integrated to be effective for each individual crop system.  For this reason, most of the modeling is theoretical and there are no real examples available at this time.  Growers will begin to utilize mathematical techniques more as pesticide use becomes increasingly limited.
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