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Additive ver sus Proportional Pest Damage Functions:
Why Ecology Matters
Abstract
Economic analyses of peststypicaly assume damage is ether additively separable from
pest freeyield or proportiona to it. This paper describes the ecological assumptions
required for additive and proportional damage functions to demongtrate that both
specifications are reasonable. Ecological research supports a proportiona damage
function for competitive pests such as weeds, while for insect pests the appropriate
damage function depends on the level of pest freeyidd. Theoreticd andyssidentifies
differences between additive and proportional damage functions in terms of the impact of

pest control on output variance and the concavity of output in the pest control input.
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Most economic anadyses of pests assume that pest damages are either additively
separable from potentia (damage free) output or proportiond to it. Additive damage
modds are of the generd form g =y — L, where q is redlized output, y is potentid output,

and L isdamage. Proportional damage modds assume L = yf , wheref isthe proportion

of output lost to damage, so that g = y(1 —f). Thekey differenceistha with additive
models, damage does not depend on potentia output while damage does depend on
potentia output with proportiona models.

Since the two function types imply a different correlation structure between
damage and redlized output, they can imply different impacts of damage control inputs on
output variance. Asaresult, when the effects of uncertainty are included, the assumed
functiond structure can significantly impact the estimated vaue of damage control and
the optima use of damage control inputs. In addition, these two damage functions differ
in terms of requirements for output to be concave in the damage control inputs, and hence
have different ranges of input and output prices with discontinuous input demand.

Lichtenberg and Zilberman demondirate that damage control inputs should not be
treated as standard inputs in a production function. Rather atwo-stage process is needed
that fird models damage abatement as a function of damage contral inputs, then uses
damage abatement as the productive input. Lichtenberg and Zilberman do not explicitly
preclude additive damage functions (p. 263-264), but discussion and andysis following
the genera specification in their paper assume only proportiona damages.

Subsequent research extending and refining the Lichtenberg Zilberman modd has
maintained this proportional damage assumption. Chambers and Lichtenberg extended

the modd to include multiple pest control inputs, while Babcock, Lichtenberg and



Zilberman extended the modd to include multiple pests. Carrasco-Tauber and Moffit
explored the sengtivity to abatement function specifications. Blackwell and Pagoulatos
developed agenerd dynamic pest modd to argue that the Lichtenberg Zilberman modd
omits state variables, and that the correct modd uses the proportion of pests surviving,
not the proportion of pests abated. Saha, Shumway and Havenar explored specification
issues induding interaction between pest control and direct inputs, separability between
pest control and direct inputs in damage abatement, and dternative sochagtic
specifications. Carpentier and Weaver aso explored separability issues and developed a
method to address heterogeneity bias when estimating pesticide productivity with pand
data. Fox and Weersink pointed out the possibility of increasing returns to scale for
damage control inputs and Hennessy developed asmple empirica test for concavity
violations and associated increasing returns to scae.

Other noteworthy papers in pest economics assume proportional damages.
Harper and Zilberman incorporate secondary pest impacts as an externdity and
Underwood and Caputo andlyze the impact of pesticide taxes and information subsidies
on adoption of informationbased pest control strategies. Marsh, Huffaker, and Long
develop amodd for management of a vector-borne virus pathogen in a crop system.
Sunding and Zivin andyze the regulation of pesticide use to reduce harvest worker
poisoning. Zivin, Heuth and Zilberman aso use a proportiona damage function in their
wildlife management modd. After Cousens work concerning yield loss due to weeds,
economic anayses of weed management assume a proportiond damage function

(Pannéell; Archer and Shogren; Swinton and King).



Additive pest damage models have aso been widdly used in pest economics.
Additive damage functions were used in models deriving action thresholds for optimal
timing of pesticide gpplication (Headley), optima timing and dose with sngle and
multiple applications (Hal and Norgaard; Tadpaz and Borosh), and optima timing and
dose in the presence of a pollution externdity and a common property resource (Regev,
Gutierrez and Feder). Shoemaker determined optimal pest and predator populationsin a
dynamic context with chemical control, while Feder and Regev derived optimdl
taxes/subgdies to implement socidly optima pest and predator populationsin the
presence of a pedticide pollution externdity. Regev, Shdlit and Gutierrez compared
socidly and individudly optima pesticide use when the pest develops resistance to
chemicd control. Feder studied optima pegticide use with uncertainty and risk aversion
in adatic context. Moffit, Hall, and Osteen and Marra and Carlson developed a
threshold gpproach in the presence of uncertainty. Roallins and Briggs assume an additive
damage function in their principa-agent mode of wildlife crop damage compensation.
Saphores applies real option theory to develop a pest trestment threshold in a stochastic
process modd.

This review indicates that both types of damage functions are well represented in
the pest economics literature. However, this dichotomy in assumed damage function
Sructure and its economic implications seems to have gone unexamined in a
comprehensive manner. Horowitz and Lichtenberg come closest to such an andlyss.

Horowitz and Lichtenberg develop a generd modd with multiple sources of
uncertainty to clarify the conditions under which pesticides reduce or increase output

variahility. Though they do not state the issue in terms of additive versus proportiond



damage functions, but focus on the sources of uncertainty, they redize that a pecid case
of their Case 1 encompasses what here is termed an additive damage function. They note
that pesticides are risk reducing when output and damage are uncorrelated, but because
they assume a proportional damage function, they conclude that this only occurs when
uncertainty about pest free yied is minima, such asfor irrigated agriculture in the

western United States. As shown below, ecological theory indicates that this need not be
the case—additive |oss can be independent of pest free yidd, regardless of the leve of
uncertainty in pest freeyield. Horowitz and Lichtenberg provide reasonable examples
and gpped to ecologica principlesto illugtrate the applicability of their three cases, but

do not utilize specific theoretical or empirica research from the ecologicd literature as
support, since such justification was not the purpose of their paper. Rather they
developed a modd to demondirate reasonable cases in which pesticides could be risk
increasing, as opposed to the conventiona view that pesticides must berisk reducing. In
addition, since Fox and Weersink had yet to publish their paper, Horowitz and
Lichtenberg did not address concavity and increasing returns.

This paper has two purposes. First it describes the ecological assumptions
required for additive and proportional damage functionsin order to demonstrate that both
specifications are reasonable. For competitive pests such as weeds, ecological theory and
empirical work support the use of a proportiona damage function. However, for insect
pests, ecologica theory and empirica work indicates that the structure of the damage
function depends on the level of pest freeyidd. Pest free yields below some criticd leve
imply a proportiona damage function, while above this critica levd, an additive dameage

functionisimplied.



Secondly, this paper identifies economic differences between the two damage
functionsin terms of the impact of pest control on output variance and the concavity of
output in the pest control input. With complete pest control or eradication, in generd an
additive damage function must stisfy a less redtrictive condition for output variance to
decrease with pest control. With incomplete pest control, the damage functions must
satisfy different conditions for pest control to decrease output variance, but which is more
restrictive cannot be determined except in afew special cases. Results concerning the
possibility of increasing returns to scale with each damage function are smilar—which
damage function is more redtrictive cannot be determined except for specia cases.

Results indicate that economic difference exist between the damage specifications
and ignoring these differences can lead to biases in economic analysis of awide variety
of agricultural pest issues, including the vaue of transgenic crops for pest control, the
cost of restricting the use of pesticides, the value of pest eradication programs, the cost of

pest invasions into new areas, and the impact of crop insurance on pesticide use.

Ecological Foundation for Additive and Proportional Damage Functions
Competitive and predator-prey systems are probably the most studied
interspecific relationships in population ecology (Begon, Mortimer, and Thompson;
Roughgarden; Gotdlli). The other ecologica relationships, commensalism, amensdism,
and mutualism, are important, but not as widdly studied. Predation is used broadly to
aso include herbivore-plant, host-parasite, host- parasitoid, and host- pathogen
relationships. To gpply this classfication to pest-crop systems, the pest and crop are

ether competitors, or the pest isthe predator and the crop its prey. The pest population



measures pest abundance as a species, harvested biomass or yield measures crop
productivity as a species, and pest damage as a function of the pest population reduces
harvested yield. This section describes the necessary assumptions for competitive and

predatory pest-crop systemsto exhibit additive and proportiona damage functions.

Competitive Systems

Theorigina LotkaVolterramodd of interspecific competition modified sSngle
gpecies population modds by using a constant proportiondity factor to convert a
competing species population to an equivaent population of the other species. Begon,
Mortimer, and Thompson review papers demongtrating the empirica validity of the
gpproach for awide variety of competing species and discuss refinements devel oped for
modding competition among plant species. The origina Lotka-Volterramodd assumes
that totd productivity lossis a constant proportion of the product of both species
populations, which in a pest-crop system implies a proportiona pest damage function.
Later refinements dlowed this proportiondity factor to change as afunction of the
competing species population. These refined modds imply ageneral damage function,
which in a pest-crop syssem means that damage is neither proportiona to nor additively
separable from productivity without competition.

Probably the most common example of a comptitive relationship in agricultureis
the weed-crop interaction. Cousens motivates his meta-anayss of yield loss due to
weeds by noting the largely arbitrary nature of the models chosen for estimating yield
loss and the generd lack of use of even smple biologica theory to guide model choice.

After providing ecologicd judtification for his derivation of a generd yield loss modd,



Cousens performs extensive datigtica testing of numerous functiona forms with severd
data sets to find that the hyperbolic proportiona model best fits these data. This result
implies that a proportional damage function is correct for the weed- crop system, so that

L = yf (p), wherey isweed free yield, p is some measure of weed dengity, and f (p) is
Cousens hyperbolic function. Cousens andysis has established the hyperbolic
proportional mode as the standard mode in weed science and weed economics

(Lindquit et d.; Swinton et d.; Pannell).

Predator-Prey Systems

Common predator- prey examples in agriculture include insect pests of crops,
livestock grazing systems (both predator attacks on livestock and livestock harvesting of
forage), and humans as predators harvesting populations such as fish or forest products.
This paper focuses soldy on the pest-crop system and leaves extensions to these other
systems unexplored.

Theorigind Lotka V olterra predator-prey mode assumed the average number of
prey captured by each predator was a constant proportion of the total number of prey. In
aseries of papers, Holling (1959, 1965, 1966) refined this origind modd to include the
effects of predator satiation, time for handling prey and smilar requirements. The
assumption isthat as prey become more available, other factors limit the predation rate so
that eventudly it reaches some maximum. Holling used the term “functiona response”
to denote the function determining how the predation rate (10ss per pest) increasesto this

maximum as a function of pest availability (pest free yied) and described three types.



For aType 1 functional response, the predation rate increases linearly with the
availability of prey until it reaches the maximum. For a Type 2 functiond response, the
predation rate asymptotically approaches the maximum, increasing at a decreasing rate.
For aType 3 functiona response, the predetion rate follows asgmoid curve as prey
become more available, first risng a an increasing rate, then asymptotically gpproaching
the maximum at a decreasing rate of increase. Figure 1 illugtrates each functiona
response and Begon, Mortimer, and Thompson review empirical examples of each.

Crop loss due to pest damage can be ether proportiona or additive for these
functional responses, depending on pest-freeyidd. When pest free yield is sufficiently
low so that loss per pest is below the plateau, crop loss per pest is proportiond to pest
freeyield. Some proportion f (p) of pest freeyield islost, where f (p) isthe product of
the pest population and the dope of the functional response curve at the given pest free
yied. When pest free yidd is sufficiently high so that loss per pest reaches the plateau,
crop loss per pest is some constant independent of pest freeyield. Crop lossis a(p),
where a(p) isthe product of the pest population and the loss per pest a the functiona
response curve s plateau. The firgt case implies aproportiona damage function

L = yf (p) while the second case implies an additive damage function L =a(p).

Agriculturd systems are typicaly managed for the crop to be highly productive.
Furthermore, the common practice of planting monocultures of geneticdly smilar and
phenologicaly synchronized plants can creete a habitat favorable for pests. Asaresult,
in some pest-crop systems it seems possible for pest free yield to be sufficiently high and
the conditions right for each individua pest to cause the maximum amount of damage. In

these Stuations, an additive damage function is correct, otherwise a proportiona damage



function is correct. When pest free yield is stochadtic, the correct damage function
gpecification depends on the redlized vaue of the pest freeyidd. Theissueisfurther
complicated because the functiona response depends on environmentd factors, so that
the critica pest free yield changes (Begon, Mortimer, and Thompson).

Additive and proportiona damage functions are appropriate for different
Stuations. If the predominate pest or pest of concern is aweed, assuming a proportiona
damage function can be judtified by apped to the ecologica theory for interspecific
competition. For insect pests, ecological theory does not provide a definitive damage
function specification, but does indicate an gppropriate function to estimate to guide
model choice, i.e. the functiona response. The correct pest damage functionisan
empirical issue specific to each pest-crop system, depending on the pest free yield

relative to the threshold defined by the functiona response.

Economic M odel

The andlys's here focuses on the implications of additive and proportional damage
functionsin terms of the impact of pest control on output variance and the concavity of
output in the pest control input. Output variance changes determine the risk benefits or
costs of pest control, while output that is localy norconcave in the pest control input
implies localy increasing returns to scae and so discontinuities for input demand. The
andysis seeksto identify conditions that indicate whether pest control reduces output
variance and whether output is concave in the pest control input, then to examine how

these conditions differ for additive and proportional damage functions.



For smplicity, assume a single output g, asingle pest control input X, and that al
other inputs are at optima levels and so can be ignored. Two sources of uncertainty
exid¥a pest free yidd y and the pest population p. Pest freeyield is stochagtic Since it
depends on arandom variable g where for example g measures climatic factors that
increase crop yield, and the pest control input x may affect pest freeyield. Assuch,

y=f(x,q),where f () isadifferentible function, y, = f, >0, and single (and
double) subscripts denote first (and second) derivatives. The pest control input reduces
the pest population, but the pest population is aso stochastic since it depends on the
random variable w, where for example wis some measure of weether factors such as
degree-days that benefit the pest population. Assuch, p = g(x,w), where g(-) isa
differentiable function. Assume p,, = g,, (x,w) >0 and p, =g,(x,w) <O0.

In many cases, the same random westher factors affecting crop growth also affect

the pest population, implying that qand w(and hencey and p) are correlated. To model

this correlation, assume q = z(w) , so that z, determinesthe sgn of the Cov[q,w] .
However, to reduce model notation and complexity, use y,, to denote the complete
derivativeof y withrespecttow; i.e. y, = f,z,. Since p,, >0, thesgnof vy,
determinesthesignof CoVy, p] . If z, >0, then gand ware positively correlated and
Y, >0,sothat Cofy, p] >0. Thereverseistrueif z, <0. If z, =0, then qand ware
uncorrelated, sothat y,, =0 and CoV y, p] =0.

Outputis q = y- L, whereL isether additiveand L =a(p) or proportiond and

L = yf (p). AssumeL drictly increasesin the pest population, whether the damage

10



function is additive or proportiond, and that no loss occurswhen p =0, i.e. a, (p) >0,

a(0)=0,f (p)>0,andf (0) =0.

Risk Management I mpact of Pest Control
Complete Pest Control or Pest Eradication

Complete pest control eiminates the pest from the crop before damage occurs or
in some manner prevents al pest damage, but control is required each season since fidds
are potentidly re-infested. Pest eradication diminates the pest from the region so that
contral isno longer needed. Examples of complete pest control include Bt corn active
againg European and Southwestern corn borers and the Roundup Ready and Liberty Link
herbicide resstant crops. Klassen (1989) and Myers, Savoie, and van Randen (1998)
review severd examples of past and current eradication programs for pests such as
screwvworm, boll weevil, gypsy moth, Mediterranean fruit fly, codling moth, and
imported fire ant.

This specid caseignores dl use of the pest control input X, and hence concavity
issues, and focuses solely on the impact of complete pest control or eradication on output
variance. Assuch, pest control becomes abinary choice. Before pest control g =y- L,
while with pest control g =y. With additive damage, totd lossis L =a(p) sothat L and
y are only correlated when y and p are correlated (i.e. both functions of w). With
proportiona damage, totd lossis L = yf (p) sothat L and y must be corrdlated, evenif y
and p are not correlated.

Proposition 1. Complete pest control or pest eradication changes output

variance by DV =-V[L]+2CoVy, L], which is negative only if V[L] > 2Cov[y, L].
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Proof. Output variance after complete control or eradication is V[y], the variance
of pest freeyield. Output variance before control isV[y — L] = V[y] + V[L] —2Covly, L].
The effect of pest control on output varianceis DV = V[y] —V[y —L]. Thisamplifiesto
DV =-V[L]+2Cov[y,L],whichisonly negetiveif V[L]>2CoV[y,L].

With additive pest damage, thesign of CoVy, L] isthe same asthe sign of
Covy, p], since L =a(p) isapogtive monotonic trandformation of p. If yand p are
uncorrelated, then CoV y, L] = 0 and complete pest control or pest eradication must
reduce output variance. If y and p are negatively corrdated, then CoVy, L] <0 and again
complete pest control or pest eradication must reduce output variance. If y and p are
positively correlated, then Covy, L] >0 and complete pest control or pest eradication
has an ambiguous effect on output variance. Unlike the case of additive damage, with a
proportional damage function, DV has an ambiguous sign regardless of the correlation
between y and p, implying that complete pest control or eradication has an ambiguous
effect on output variance.

The primary implication of Proposition 1 isthat in the case of complete pest
control or eradication, an additive damage function is more gpt to decrease output
vaiance. Thisisclearly the casewhen y and p are uncorrdated. For the additive case
Covy,L]=0 sothat DV =-V[L]<0. For the proportional case CoV y, L] =
Covy, yf]=V[y]E[f] >0, sothat DV =-V[L]+2CoV[Y,L], which must exceed
- V[L]. Asaresult, the decrease in yield variance must be smaler for proportiona
damage than for additive damage.

Assuming or imposing an additive damage function when the true damage

function is proportiona creates an upward bias on estimates of the output variance
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reduction occurring with complete pest control or eradication. Similarly, assuming or
imposing a proportiona damage function when the true damage function is additive has
the opposite effect—output variance reduction occurring with complete pest control or
eradication is underestimated. Care must be taken when sdlecting or assuming a damage
function if changes in output variance matter for the andyss of complete pest control or
eradication, as for example when including risk effectsin the evauation of pest
eradication programs, the invasion of pest species to new aress, or the value of complete

pest control using transgenic crop varieties.

Incomplete Pest Control

Incomplete pest control occurs when use of the pest control input x does not
prevent al pest damage to the crop, for example because the pesticide does not iminate
every individud pest, or because new individud pests continualy hatch, emerge, sprout,
immigrate, eic. The anadyds here assumes asingle perfectly divisble pest control input
and leaves extensons of the andysis to pest threshold model s for future research.

Mogt anayses assume the pest control input is homothetically separable from the
inputs determining pest free yield, i.e. that the pest control input does not affect pest free
yied. Notable exceptions include Harper and Zilberman, Carpentier and Weaver, and
Saha, Shumway, and Havenar. However, many pest control inputs affect potentia crop
yidds, and crop inputs can affect pest populations. Some herbicides damage both crops
and weeds, or have carry-over effectsthat reduce yields of cropsthat follow. Mechanica
control of weeds can damage crop roots and reduce yields, while mechanicd control of

insects can reduce yields, or cause bruises and blemishes. Chemica control of one insect
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pest can cause secondary pest outbreaks that reduce yields and/or further increase pest
control expenditures. Tillage not only reduces insect, weed and plant pathogen problems,
but aso increases soil aeration and early spring soil temperatures which increases crop
yields by dlowing earlier planting and establishment of better crop stands. Fertilizer and
irrigation water increase crop yield, but also supply nutrients and water to weeds and
affect insect and plant pathogen populations or crop ability to compensate for pest
damage. Assuch, the andlys's here assumes a nonseparable pest control input and
addresses a separable pest control input as a specia case.

Proposition 2 and its corollary express the condition for the pest control input to
be risk reducing in terms of the relative curvature of the lossfunction. Therdative
curvature of afunction normaizes the curvature (second derivative) by the margind (first
derivative) so that the resulting ratio is unit invariant.

Proposition 2: With an additive damage function the input x isrisk reducing if

L -
N +K,, where K, = Yo

. With a proportional pest damage function the
Lp px pw Lp px pW

L -
pest control input X isrisk reducing if L—pp > P, - f)K, +K, +K,, whereKy isas

p x Mw

previously defined, K, = - and K, = x|

YPw YPy

Proof: Theinput x isrisk reducing if the marginad damage reduction is larger
when pest damage islarger. For the modd as specified, since both the pest population

and damage are drictly increasing in w this requires that the margind product of x be
increeangin w—q,,, >0. Thissgn requirement is opposite that typically required since

here increasing the pest population through wdecreases, instead of increases, outpuit.
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For an additive damage function, g = y- a(p), sothat g, = y, - a,p, ad
Qv = Yaw - @pp P Py - @, P, - Divide both sdes of the condition q,,, >0 by - p, p,,

- appxw

whichis postivesince p,, >0 and p, <0. Rearrangetoobtan a , >
P P

Yw
Pu Py

+

and divide both sidesby a, >0. To obtain the reported expression, note that

snce L=a(p), L, =a, and L, =a,,.

For a proportiona damage function, q = y- yf (p), sothat g, = y, - v,f
-yfopoand a,, = Vi - Ve - Vo Pu - WF 0P Y P P, - VB, - Divideboth
Sdes of the condition q,,, >0 by - p, p,, whichispostivesnce p, >0 and p, <O.

Rearangeto obtain yf  >——— T P +(1-f) - f §—+—- and divide both

Pu P IOW IOX

sidesby yf , >0. Tocomplete the proof, notethat since L = yf (p), L, = yf , and
Lo =Y 0

Corallary 1. If pest free yield is separable from the pest control input and pest
free yield and the pest population are uncorrelated, then K, =K, = K, =0 and no
difference exists between an additive and proportional damage function. If pest freeyield
is separable from the pest control input, then K, =K, =0. If pest free yield and the pest
population are uncorrelated, thenK, = K, = 0.

Proof. These are specia cases of Proposition 2. If x and y are separable and

Covy, p] =0,then y =y, =V,, =0 sothat Ky, Ky, and K3 are zero. If x andy are
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separable, then y, =y, =0, sothat Ky and K3 are zero. If CoVy, p] =0, then
Y. =Y. =0, s0that K; and K are zero.

Proposition 2 and Corollary 1 indicate that the condition for a pest control input to
be risk reducing generdly differs for additive and proportiona damage functions because
with proportional damages, loss dso depend on pest freeyield. Only in the specia case
wheny is separable from x and y and p are uncorrelated does the condition not differ. As
aresult, just as with complete pest control, care must be taken when assuming or
imposing the generd form of the damage function since an incorrect specification can
bias estimates of the variance effect resulting from changesin pest control.

Unfortunately the termsin the proposition do not lend themsdves to intuitive
interpretations. As aresult, discussion begins with the more restrictive casesin Corollary
1 before addressing Proposition 2.

Proposition 2 and its corollary imply that, depending on the sign of the right hand
Sde, for apest control input to be risk reducing, the loss function must ether be
sufficiently convex, or not too concave. The curvature of the lossfunction isan
empirica issue for each pest-crop system, but concavity seems more likely, snce it
implies the reasonable result that the margina increase in damage due to each additiond
pest is decreasing.

Wheny is separable from x and y and p are uncorrelated, the condition for x to be

: o L - P
rlskreducmgsmpllflestoL—> w

p x Mw

, Whether the damage function is additive or

- P

X Fw

proportiond. Since p, >0 and p, <0, p,, determinesthe sgn of

. Thesggnof
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p,., dependson how westher affects pest control, the pest control’s mode of action, and
the pest’sbiology. A negative p,, impliesthat westher conditions favorable for pest
growth make pest control more effective¥s wand x are complements for pest control. A
postive p,, impliesthe opposte. If p,, <0, aconvex or linear loss function ensures
that x isarisk reducing input, while a concave lass function cannot be too concave. If

P, > 0, aconcave or linear loss function implies that the pest control input isrisk
increasing; for X to berisk reducing requires that the loss function be sufficiently convex
to satisfy the condition. Thesgnof p,, isanempirica issue for each pest—crop system.
However, p,, <0 seemslikely for most systems, though this need not be the case for dl

systems.
If y and p are correlated, but y is separable from x, the condition for a proportiona

damage function to berisk reducing dso includestheterm K. Sinceboth y and p,, are
postive, y,, determinesthesign of Ko, andthesign of y,, isthe same asthe sgn of

Covy,p]. If Covy,p] >0, then K, <0, which impliesthat the condition for a pest
control input to be risk reducing is more redrictive for an additive damage function than
for aproportional damage function. If CoVy, p] >0, then K, > 0, and a proportional
damage function has amore restrictive condition for a pest control input to be risk
reducing.

The sign and magnitude of the correlaion between y and p isan empiricd issue
specific to each pest-crop system, but positive, negative and no correlation are observed.
For example, European corn borer populations can be decimated during the brief adult

mating period by dry weether (no rainfdl and low rdative humidity) and by wet weather
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at larva hatch (Mason et d.). Because corn yield depends on cumulative weather over
the season, these acute events during critica periods for the insect have little impact on
yidd. Asaresult, no correlation exists between y and p for this sysem (Showers et d.).
However, populations of problematic grasshopper species generdly rise during drought
conditions when crop yidlds are below average (Hein and Campbdll; Petrick), which
impliestha Covy, p] <0. On the other hand, phytophageous insects are limited by
dietary nitrogen (White; Evans), so that populations of pests such as silverleaf whitefly,
corn earworm/cotton bollworm, and cotton gphids generdly increase when crop hosts
have more nitrogen available (Bi et d.; Broadway and Duffey, Nevo and Coll). Since
crops are aso nitrogen limited, pest free yields dso increase with nitrogen availability so
that CoVy, p] > 0.

If y isnot separable from x and y and p are uncorrelated, the condition for a
proportional damage function to be risk reducing dso includestheterm Kz. Sincey >0

and p, <0, y, determinesthesign of Ks. If the pest control input aso reduces the pest

freeyidd, then K3 < 0 s0 that the condition for X to be risk reducing is more restrictive for
an additive damage function. However, if the pest control input also incresses the pest
freeyidd, or the yied augmenting input aso reduces the pest population, then Kz > 0 so
that the condition for x to berisk reducing is more restrictive for a proportional damage
function. Thesgnsof y, and K3 depend on the specific pest control input and crop, and
as previoudy discussed, avariety of relaionships can exist so that it is not possble a
priori to assumeasgnfor y, and Ks.

Proposition 2 addresses the most general case when y is not separable from x and

y and p are correlated. Not only are the terms K, and K3 present, with sgns and
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implications as discussed, but aso theterm K;. K arises because of the interaction

between x and win determining pest free yield and its Sgn depends on the cross partia
derivaive vy, . Regardlessof itssgn, K1 has the same effect for both additive and
proportiona damage functions, but with proportional damagesit is reduced by the factor
@-f).

Usngthesgnof y,, to determine whether x and ware substitutes or
complements for the production of y dependsonthesignsof y, and y,, . For example, if
y, and y, arepodtiveand y,, negative, then weather good for the crop decreases the
productivity of x for producing the crop so that x and ware subtitutes for producing .
However, if again y,, <Oand y, >0, but now vy, isnegative, weather good for crop
production increases the productivity of x for producing the crop so that x and ware
complements. Themain point isthet thesgnof y,, cannot be interpreted in isolation,
but must be placed in context of the whole pest crop system. If vy, >0,then K1 <0s0

that the condition for x to be risk reducing is more restrictive for a proportiona damage

function. Thereverseistrueif y,, <0 and Ky > 0.

Theggn of K1 depends on the interaction between x and win determining pest
freeyidd (thesgnof y,, ), thesgnof K, depends on the correlation between y and p
(thesgnof vy, ), andthesign of K3 depends on whether x increases or decreases pest free
yidd (thesgnof y,). Asaresult, for the genera case addressed by Proposition 2, a

variety of relationships are possible in which various positive and negative effects offsat

one another. As such, whether an additive or proportional damage function isless
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redrictive in terms of risk reducing or risk increasing effects of the pest control input isin
generd ambiguous. Only in two cases can the difference between an additive and
proportiona damage function be clearly identified.

If y and p are negatively corrdated (y, <0, Kz > 0), x increases pest free yield
(y, >0, Ks>0), and weather bad for the crop (but good for the pest) increases the
productivity of x for pest freeyield (y,, >0, K1 <0), then aproportional damage

function must satisfy a more redtrictive condition for the pest control input to be risk

reducing. If y and p are positively corrdated (y,, > 0, K2 < 0), x reduces pest free yield
(y, <0, K3 <0), and westher good for the crop (and the pest) makes x even more
damaging to pest freeyidd (y,, <0, K1 > 0), then an additive damage function must

satisfy amore redtrictive condition for the pest control input to berisk reducing. All

other combinationsof v, , vy, and y,, create an ambiguous difference between an

additive and proportional damage function in terms of the risk reducing/increasing effects
of the pest control input.

In summary, Proposition 2 and Corollary 1 express as aredtriction on the rdlative
curvature of the loss function the condition necessary for the pest contral input to be risk
reducing when the damage function is elther additive or proportiond. In only the most
restrictive case (y and p uncorrdated and x separable from y) is the condition the same for
both an additive and a proportional damage function. However, it is not possible except
for afew specid cases to determine whether an additive or proportiona damage function
ismore redtrictive in terms of the condition that must be satisfied for the pest control

input to be risk reducing. These results indicate that the assumed genera form of the
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damage function has impacts on the risk management benefits of pest control and that
assuming an incorrect genera form can bias estimates of these risk benefitsin an
unpredictable manner. As such, specification testing isin order before imposing the form

of the damage function for estimation.

Returnsto Scale and Pest Control

As demongtrated by Fox and Weersink and Hennessy, the concavity of output in
the pest control input becomes more difficult to ensure because of the damage and pest
control functions. A lack of concavity implies the possibility of increasing returnsto
scale and a discontinuity in the demand for the pest control input over some range of
input and output prices. Following Hennessy, a condition ensuring the concavity of
output in the pest control input X is expressed in terms of the relationship between the
relative curvatures of the loss function and the indirect control function. The indirect

contral function h(-) istheinverse of the pest control function p = g(x,w). Since g(-)
isdrictly decreasing in X, it can beinverted to obtain x = h( p,w).

Proposition 3: With an additive damage function, output is concave in the pest

L h h?
control input if ﬂ>ﬂ+31, where J, = YTy
L h
p p p

. With a proportional damage

L h
function, output is concave in the pest control input if L—pp > h—p" +@-f)J, +J,, where
p p

- 2yxh
y

p

Jiisaspreviously definedand J, =

Proof: The proof follows the method used by Hennessy. Express output in its

parametric form, i.e. asafunction of the pest population p, then use the rules for
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differentiating a function in its parametric form to obtain the first and second derivatives
of output in the pest population. Because p = g(x,w) and x = h(p,w) areinverses,

p, =1/x, and g, =1/h, . For an additive damage functionrearrange q, = y,h, - a,

+a
toobtain y, = qph ® . Substitutetheseinto q, =y, - a,g, and smplify to obtain

q, = g_p . Using the quotient rule, making substitutions, and smplifying gives
p

-q,h,, /h
q, = Gov qr:2 ® P Thenumerator determinesthesignof g, . Subdtitute
3

q, = yxhp -a, and Ay = yxxhﬁ + thpp -a,, into the numerator, then rearrange to
obtain the reported expression, notingthat L, =a, and L, =&, . Repeat the process

Upp - qphpp /h
2
P

®  but now

for aproportiona damage to again obtain q,, =

dp = Yih, - yhof - ¥ and g, = yeh (- F)+y,h (- F)- 2y,hf - yF
Subdtitute these into the numerator and rearrange to obtain the reported expression,
notingthat L, =yf jand L, = yf  tocompletethe proof.

Corollary 2: If pest free yield is separable from the pest control input, output is

L h
concave in the pest control input if —= > whether the damage function is additive
p p

or proportional.

Proof: Thisisaspecia case of Propostion 3. If y isseparable from X, then

Y, =VY,, =0 s0tha J, =0 and J, =0, whether damage is additive or proportional.
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Proposition 3 indicates that in genera the condition for ensuring the concavity of
output in the pest control input differs for additive and proportional damage functions.
Only in the specid case when y is separable from x does the condition not differ, as
reported by Corollary 2. In this pecia case, the concavity requirement is that the loss
function be relatively more convex or less concave than the indirect control function.
This requirement has been previoudy reported—Caorollary 2 is equivdent to the
proposition devel oped by Hennessy. However, Proposition 3 extends Hennessy's
proposition to address the more genera case in which x affects pest free yield.
Proposition 3 finds that the concavity condition must be adjusted to account for the
impact of x on 'y and that this adjustment differs for additive and proportiond damage
functions Snce 'y aso appearsin the proportional damage function.

Concavity of output in the pest control input isimportant Snce it defines the range
of input and output prices over which demand for the pest control input is continuous.
The limits of continuous input demand impact the use of taxes or subsidies for addressng
pest control externdities. Discontinuities can aso cregte difference between the
efficiency of taxes and standards for addressing pest control externdities. Because of the
difference between additive and proportiona damage functions, imposing an additive
damage function when the true damage function is proportiond, or vice versa, implies
that the range of continuous input demand will be incorrectly estimated. Errors of this
sort imply potentia errors when developing policies to address pest control externdities.
As such, depending on the god of the andlysis, care must be taken when assuming or

imposing the generd form of the damage function.
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Whether or not the concavity condition is satisfied is an empirical question for
each pest-crop system. As such, discussion here does not address this issue, but rather
focuses on identifying the requirements that indicate whether the concavity conditionis

more redtrictive for an additive or proportiona damage function. Given the resultsin
Proposition 3, thisrequires determining thesign of - fJ, + J,,, Since the concavity
condition for additive and proportional damage functions differ only by this expresson.
If - £J, +J, >0, then the condition is more regtrictive for a proportional damage
function, since the loss function for a proportiond damage function must be more convex
or less concave than is required for an additive damage function. Smilarly, if - fJ, +J,
< 0, then the condition is more restrictive for an additive damage function.

Thedgnsof y, and y, determine whether the requirement is satisfied for the

concavity condition to be more redtrictive for a proportiona damage function. To see
this, use the definitions of J; and J,, subdtitutein f = L , and rearrange the condition

-fJ,+J, >0 toobtain

2y. L
M oyl

p

-2y.L
If y, >0and y_ <0, then (1) becomes L>&. ThenaslongasL >0, a

X< 'p
proportiona damage function has a more redtrictive condition. Thisisthe sandard case
for a productive input—that it have a positive and diminishing margind product. Thus

any typica input that o has pest reduction properties will satisfy this condition. For
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example if gpplication of nitrogen fertilizer as anhydrous ammonia aso reduces corn

rootworm larva populations or tillage also reduces weed populations.

2y L

If y, <Oand y,, >0, then (1) becomes L <_—;]”,Which impliesthat L < 0

! p
is needed for a proportiona damage function to have a more redtrictive condition. Thus
aslong asL > 0, an additive damage function must satisfy a more redtrictive condition.
This caseimplies apest control input that damages the crop, with the margind damage
decreasing as use of the input increases.

If y, >0and y, >0, then (1) impliesthat the concavity condition is more

- 2yXLp

restrictive for a proportiona damage functionif L < . This puts an upper bound

! p
on L sncetheright hand sdeis pogtive. Thuslosses beow this critical point imply that
aproportiona damage function has a more redtrictive condition to satisfy, but losses
abovethis critica vaue imply the opposite. This case seems unlikely, sSince it requires
that the input x not only reduce the pest population, but also increases pest free yield at an
increasing rate.

If y,<0and y,, <0, then (1) impliesthat the concavity condition is more

- 2yXLp
Yoy

redrictive for a proportional damage functionif L > . Thuslosses above this

critical level imply that a proportiona damage function has amore redtrictive condition,
but losses below this critica vaue imply the opposite. Thisisthe case of a pest control

input that damages the crop, with the marginad damage increasing with use of the input.
Insummary, if y, and y,, have opposite Sgns, then whether the concavity

condition is more redtrictive for an additive or proportional damage function can clearly
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be determined. If y, and y,, have the same sign, then whether the concavity condition

is more regtrictive for an additive or proportiona damage function depends on whether
loss L isabove or below acriticd level. Thelack of concavity and associated increasing
returns only become a concern if policy changes or other factors imply moving prices
into the range of input demand discontinuities. As such, ignoring concavity problems can

cause unexpected outcomes for policies meant to aleviate pesticide problems.

Conclusion

A review of the literature in pest economics indicated that most analyses assume
ether an additive or a proportiond damage function. However, this dichotomy in
assumed damage function structure and the associated economic implications has
generdly gone unexamined in a comprehensve manner. This paper described the
ecologica assumptions required for additive and proportiona damage functionsin order
to demondirate that both specifications are reasonable. For competitive pests such as
weeds, ecologicd theory and empirical work support the use of a proportiona damage
function, but for insect pests, the level of pest free yield determines the appropriate
dructure of the damage function. A proportional damage function is appropriate when
pest freeyidd is below some critica leve, while pest free yield aove this criticd leve
implies an additive damage function.

In three propositions and two corollaries, this paper identified economic
differences between the two damage functions in terms of the impact of pest control on
output variance and the concavity of output in the pest control input. When complete

pest control or eradication is possible, an additive damage function must in genera
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satisfy aless redtrictive condition for output variance to decrease with pest control.
When pest control isincomplete, the conditions for pest control to decrease output
variance differ for each damage function structure and which is more redtrictive cannot
be determined andyticaly except in afew specid cases. Results are Smilar concerning
the concavity of output in the pest control input—uwhich damage function is more
restrictive cannot be anayticaly determined except for specia cases.

These theoreticd results indicate thet difference exist between the damage
function structures and that ignoring these differences can lead to biasesin economic
andyds of awide variety of agricultura pest issues, induding the value of transgenic
crops for pest control, the cost of restricting the use of pesticides, the vaue of pest
eradication programs, the cost of pest invasions into new areas, and the impact of crop
insurance on pesticide use. Empirical andyssis needed to determine the magnitude of
the biases that result from imposing an incorrect damage function structure—these biases
may remain theoretical possibilities with little empirica importance, or may be quite
subgtantid. Also, empiricd andyss can indicate which pests of which crops exhibit
additive or proportiona damages so that one or the other damage function can be
eiminated as empiricaly unlikely for some pest crop systems.

In addition to empirica gpplications, other areas remain unexplored. Hennessy
has developed a concavity test for the case of multiple pest control inputs and it islikely
that his method can be extended to develop a concavity test that alows interaction
between pest contral inputs and pest free yield and that indicates differences between
additive and proportional damage functions. Furthermore, the impacts of using data that

aggregate across multiple control inputs and/or pests when some pests cause additive
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damage and some cause proportiond damage isnot clear. 1t may be that the damage
function should include both an additive and a proportional component. Also, optimal
use of apest contral input may differ for additive and proportional damage functions,
even after accounting for differences due to output variance impacts and concavity.
Smilarly, optima thresholds may differ for additive and proportional damage functions.
Another interesting issue not pursued here is additive pest surviva functions.
Most pest andyses assume that the pesticide kill or survival function is proportiond to
the pest population. The ecological research of DeWitt and Y ashimuraimplies that
additive kill/surviva can occur and that additive and proportiond kill/surviva functions
imply differences in terms of species evolution to adapt to environmental changes. For
agriculturd pedts, thisimplies differences between additive and proportiond kill/surviva
functionsin terms of the development of pesticide resstance. Possible impacts on

optima pesticide use, output variance, or concavity remain to be explored.
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Type 1 Functiona Response

Loss per Pest (L/p)

Pest Free Yield (y)

Type 2 Functiona Response

Loss per Pest (L/p)

Pest Free Yield (y)

Type 3 Functiona Response

Loss per Pest (L/p)

Pest Free Yield (y)

Figure 1. Plotsillustrating the genera shape of the three types of functiona response
curves describing the loss per pest (L/p) as afunction of the pest freeyidd (y).

29



Refer ences

Archer, D.W., and JF. Shogren. “Endogenous Risk in Weed Control Management.”
Agric. Econ. 14(1996):103-122.

Babcock, B.A., E. Lichtenberg, and D. Zilberman. “Impact of Damage Control and
Qudity of Output: Estimating Pest Control Effectiveness” Amer. J. Agric. Econ.
74(1992):13-172.

Begon, M., M. Mortimer, and D.J. Thompson. Population Ecology: A Unified Study of
Animals and Plants, 3" ed. Blackwell Scientific, Cambridge, MA. 1996.

Bi, JL., G.R. Bdlmer, N.C. Toscano, and M.A. Madore. “Effect of Nitrogen Fertility on
Cotton-Whitefly Interactions.” 2000 Proceedings Beltwide Cotton Conference.
(2000):1135-1138.

Blackwell, M., and A. Pagoulatos. “The Econometrics of Damage Control: Comment.”
Amer. J. Agric. Econ. 74(1992):1040-1044.

Broadway, R.M., and S.S. Duffey. The Effect of Dietary Protein on the Growth and
Digedtive Physiology of Larva Heliothis zea and Spodoptera exigua. J. Insect
Physiol. 32(1986):673-680.

Carpentier, A., and R.D. Weaver. “Damage Control Productivity: Why Econometrics
Matters.” Amer. J. Agric. Econ. 79(1997):47-61.

Carrasco- Tauber, C., and L.J. Moffit. “Damage Control Econometrics. Functiona
Specification and Pesticide Productivity.” Amer. J. Agric. Econ. 74(1992):158-
162.

Chambers, R.G., and E. Lichtenberg. Simple Econometrics of Pesticide Productivity.”
Amer. J. Agric. Econ. 76(1994):407-417.

Cousens, R. “A Smple Method Relating Yield Lossto Weed Density.” Ann. Appl. Biol.
107(1985):239-252.

DeWwitt, T.J, and J. Yoshimura. “The Fitness Threshold Mode: Random Environmenta
Change Alters Adaptive Landscapes.” Evolutionary Ecology 12(1998):615-626.

Evans, H.E. “Phytophagous Insects.” In Insect Biology, pp. 216-235. Addison-Wedey,
Reading, MA. 1984.

Feder, G. “Pedticides, Information, and Pest Management under Uncertainty.” Amer. J.
Agric. Econ. 61(1979):97-103.

30



Feder, G., and U. Regev. “Biologicd Interactions and Environmentd Effectsin the
Economics of Pest Control.” J. Environ. Econ. Manag. 2(1975):75-91.

Fox, G., and A. Weersink. “Damage Control an Increasing Returns.” Amer. J. Agric.
Econ. 77(1995):33-39.

Gotdli. N.J. A Primer in Ecology, 2" ed. Sinauer Associates, Inc. Sunderland, MA.
1998.

Hall, D.C., and R.B. Norgaard. “On the Timing and Application of Pesticides. Amer. J.
Agric. Econ. 55(1973):198-201.

Harper, C.R., and D. Zilberman. “Pest Externdities from Agricultura Inputs” Amer. J.
Agric. Econ. 71(1989):692-702.

Headley, J.C. “Defining the Economic Threshold.” In Pest Control Strategies for the
Future. Nationa Academy of Sciences, Washington, DC, 1972.

Hein, G.L., and JB. Campbell. A Guide to Grasshopper Control in Cropland. Nebraska
Cooperative Extenson Publication NF97-328. University of Nebraska, Lincoln,
NE 1997.

Hennessy, D.A. “Damage Control and Increasing Returns: Further Results.” Amer. J.
Agric. Econ. 79(1997):786-791.

Holling, C.S. “Some Characteristics of Simple Types of Predation and Parasitism. Can.
Entomol. 91(1959):385-398.

Holling, C.S. “The Functiond Response of Predatorsto Prey Availability and ItsRolein
Mimicry and Population Regulation.” Memoirs Entomol. Soc. Can. 45(1965):43-
60.

Holling, C.S. “The Functiona Response of Invertebrate Predators to Prey Dengty.”
Memoirs Entomol. Soc. Can. 48(1966):1- 86.

Horowitz, JK., and E. Lichtenberg. “Risk-Reducing and Risk Incressing Effectsf
Pedticides.” J. Agric. Econ. 45(1994):82-89.

Klassen, W. “Eradication of Introduced Arthropod Pests: Theory and Historical
Practice” Miscdlaneous Publication of the Entomologica Society of America,
No. 73, November 1989.

Lichtenberg, E., and D. Zilberman. “The Econometrics of Damage Control: Why
Specification Matters.” Amer. J. Agric. Econ. 68(1986):261-273.

31



Lindquigt, J.L., D.A. Mortensen, P. Westra, W.J. Lambert, T.T. Bauman, J.C. Fausey, J.J.
Kdls, SJ. Langton, RG. Harvey, B.H. Busder, K. Banken, S. Clay, F. Forcdla
“Stahility of Corn (Zea mays)- Foxtail(Setaria spp.) Interference Relationships.”
Weed Sci. 47(1999):195-200.

Marra, M.C., and G.A. Carlson. “An Economic Threshold Model for Weedsin Soybeans
(Glycine max).” Weed <ci. 31(1983):604-6009.

Marsh, T.L., R.G. Huffaker, and G.E. Long. “Optima Control of Vector-Virus-Plant
Interactions. The Case of Potato Leafroll Virus Net Necrosis” Amer. J. Agric.
Econ. 82(2000):556-569.

Mason, C.E., M.E. Rice, D.D. Cavin, JW. Van Duyn, W.B. Showers, W.D. Hutchison,
JF. Witkowski, R.A. Higgins, D.W. Onstad, and G.P. Divley. “European Corn
Borer: Ecology and Management.” North Centrd Regiona Extension Publication
No. 327. lowa State University, Ames, I1A 1996.

Moffit, L.J,, D.C. Hdl, and C.D. Osteen. “Economic Thresholds under Uncertainty with
Application to Corn Nematode Management.” S J. Agric. Econ. 16(1984):151-
157.

Myers, J. H., A. Savoie, and E. van Randen. “Eradication and Pest Management.” Ann.
Rev. Entomol. 43(1998):471-491.

Nevo, E., and M. Coll. “Effect of Nitrogen Fertilization on Aphis gossypii (Homoptera
Aphidae): Variation in Size, Color and Reproduction. J. Econ. Entomol.
94(2001):27-32.

Pannell, D.J., “Responsesto Risk in Weed Control Decisions under Expected Profit
Maximization.” J. Agric. Econ. 41(1990):391-403.

Petrick, C.D. Grasshoppersand Their Control. Texas Agriculturd Extension Service
Bulletin L-5201, College Station, TX, 1998.

Regev, U., A.P. Gutierrez, and G. Feder. “Pests asa Common Property Resource: A
Case Study of AlfalfaWeevil Control.” Amer. J. Agric. Econ. 58(1976):186-197.

Regev, U., H. Shdit and A.P. Gutierrez. “On the Optima Allocation of Pesticides with
Increesng Resistance: The Case of AlfdfaWeevil.” J. Environ. Econ. Manag.
10(1983):86-100.

Rallins, K., and H.C. Briggs, I1l. “Mord Hazard, Externdities, and Compensation for
Damages from Wildlife” J. Environ. Econ. Manag. 31(1996):368-386.

Roughgarden, J. A Primer of Ecological Theory. Prentice-Hall, Upper Saddle River, NJ.
1998.

32



Saha, A., C.R. Shumway, and A. Havenar. “The Economics and Econometrics of
Damage Control.” Amer. J. Agric. Econ. 79(1997):773-785.

Saphores, JM. “The Economic Threshold with a Stochastic Pest Population: A Redl
Options Approach.” Amer. J. Agric. Econ. 82(2000):541-555.

Shoemaker, C. “Optimization of Agriculturd Pest Management 1: Biologica and
Mathematical Background. Math. Biosci. 16(1973):143-175.

Showers, W.B., M.B. DeRazari, G.L. Reed, and R.H. Shaw. “Temperature Related
Climatic Effects on Survivorship of the European Corn Borer.” Environ.
Entomol. 16(1961):1071-1075.

Sunding, D., and J. Zivin. “Insect Population Dynamics, Pesticide Use, and Farmworker
Hedth.” Amer. J. Agric. Econ. 82(2000):527-540.

Swinton, SM., and R.P. King. “The Vdue of Pest Information in a Dynamic Setting:
The Case of Weed Control.” Amer. J. Agric. Econ. 76(1994):36-46.

Swinton, SM., D.D. Buhler, F. Forcdla, JL. Gunsolus, and R.P. King. “Estimation of
Crop Yidd Loss Due to Interference by Multiple Weed Species.” Weed Sci.
42(1994):103-1009.

Tdpaz, 1., and |. Borosh. “Strategy for Pesticide Use: Frequency and Applications.”
Amer. J. Agric. Econ. 56(1974):769-775.

Underwood, N.A., and M.R. Caputo. “Environmenta and Agriculturd Policy Effectson
Information Acquisition and Input Choice” J. Environ. Econ. Manag.
31(1996):198-218.

White, T.C.R. “The Abundance of Invertebrate Herbivoresin Relaion to the Availability
of Nitrogen in Stressed Food Plants.” Oecologia 63(1984):90-105.

Zivin, J,, B.M. Heuth, and D. Zilberman. “Managing a Multiple Use Resource: The Case

of Ferd Pig Management in Cdifornia Rangedland.” J. Environ. Econ. Manag.
39(2000):189-204.

33



