WILEY-
BLACKWELL

Agricultural & Applied Economics Association

On the Timing and Application of Pesticides

Author(s): Darwin C. Hall and Richard B. Norgaard

Source: American Journal of Agricultural Economics, Vol. 55, No. 2 (May, 1973), pp. 198-201
Published by: Blackwell Publishing on behalf of the Agricultural & Applied Economics
Association

Stable URL: http://www.jstor.org/stable/1238437

Accessed: 23/04/2009 15:23

Y our use of the JSTOR archive indicates your acceptance of JISTOR's Terms and Conditions of Use, available at
http://www.jstor.org/page/info/about/policies/terms.jsp. JSTOR's Terms and Conditions of Use provides, in part, that unless
you have obtained prior permission, you may not download an entire issue of ajournal or multiple copies of articles, and you
may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of thiswork. Publisher contact information may be obtained at
http://www.jstor.org/action/showPublisher?publisherCode=black.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

JSTOR is a not-for-profit organization founded in 1995 to build trusted digital archives for scholarship. We work with the
scholarly community to preserve their work and the materials they rely upon, and to build a common research platform that
promotes the discovery and use of these resources. For more information about JSTOR, please contact support@jstor.org.

Blackwell Publishing and Agricultural & Applied Economics Association are collaborating with JSTOR to
digitize, preserve and extend access to American Journal of Agricultural Economics.

http://www.jstor.org


http://www.jstor.org/stable/1238437?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/action/showPublisher?publisherCode=black

On the Timing and Application of Pesticides*

Darwin C. HarL anp Ricaarp B. NORGAARD

The model developed by J. C. Headley to illustrate the entomologists’ concept of the economic
threshold is presented and criticized. A two-variable model directed at the problems of optimal
timing and pesticide application as well as optimal pest population level is presented.

sons, preventative spraying with heavy

doses of nonselective, persistent insecti-
cides is becoming obsolete. Pest resistance,
rapid pest resurgence due to a lack of natural
control by predators recently killed from appli-
cation of pesticides, socially unacceptable en-
vironmental costs, and other phenomena result-
ing from preventative spraying have gradually
led to more remedial spraying with selective
pesticides. Entomologists are now promoting
integrated control, i.e., using the best combina-
tion of all known inputs and techniques includ-
ing biological controls, cultural practices, and
chemical approaches. The philosophy of inte-
grated control is well established; but, due to
the disaggregated approach of past entomologi-
cal research and the limited attention paid by
economists to the problem, methods are still
ad hoc. The dichotomy between the state of the
philosophy and that of the practice is illustrated
by considerable concern over the ‘‘economic
threshold,” a term used by entomologists to de-
note the pest population level at which controls
should be initiated [3, p. 240]. Entomologists
advocate using all inputs in their best combina-
tion and simultaneously admit considerable un-
certainty as to when and how even a single
control input, such as an insecticide, should
be used.

FOR economic, ecological, and social rea-

The Headley Model

The definition of the economic threshold has
recently been investigated by J. C. Headley
within the framework of a simple pest popula-
tion growth model and a single application of a
pesticide [2]. The model relates crop damage
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comments on earlier drafts of this paper. The work reported
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systems.”
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in dollars to pest density and time. The eco-
nomic threshold is that population level where
the marginal benefit from damage prevented by
the control program is equal to the marginal
cost of realizing that population through a con-
trol program. The model has four basic ele-
ments: a pest population growth function
(equation 1.1), a pest damage function (equa-
tion 1.2), a product yield function (equation
1.3), and a pest control cost function (equation
1.4). Each of these elements is presented below.

(1.1) Py=P_,(1+n"
(1.2) D, =bP*— 4
(1.3) Y=N-—cD

h
(1.4) K = P
where

P,=pest population level at time period ¢,

the harvest time;
P,_,=pest population level » periods prior
to ¢,
r=net growth rate of the pest population
per time period;

D,=cumulative damage at time period {,
given as a function of P;, where the
pest population has grown from P,
to P, with no external interruption;

A =a constant related to the pest damage
tolerance level based on the recuperat-
ing potential of the crop;

b=a parameter relating units of pest pop-
ulation to units of crop damage;

¥ =realized product yield at harvest time
(¢) in dollars;

N =potential yield at harvest time if no
pest damage, expressed in dollars;

c=a parameter relating damage units to
dollars;

K =total cost in dollars of reducing the
pest population to P,_, at time {—#;

and
h=a parameter relating the inverse of
population units to dollar units of con-
trol costs.
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Combining the first three equations yields:
(1.5) ¥ =N —c{b[Pin(l + )72 — 4}.

The marginal change in yield due to an incre-
mental increase in the pest population level at
time period ¢—n is:

(1.6)

= — 2cb(1 4+ r)*P,_,.

t—n

The marginal change in the cost of pest con-
trol due to an incremental change in pest popu-
lation at time period ¢{—# is:

dK h

1.7
(L.7) P

Equating marginal revenue to marginal cost
determines the optimal level to which the popu-
lation should be reduced during time period
t—mn:

h 1/3
18) Pop=(——-—) .
(1.8) ‘ <2cb(1 + r)”)

This is Headley’s economic threshold. It indi-
cates the level to which the pest population
should be reduced during time period :—# such
that the damage due to the growing pest popu-
lation between ¢t—# and harvest time ¢ is mini-
mized subject to the cost of pest control.
Headley’s model nicely illustrates several of
the factors which must be considered in any
definition of the economic threshold. Neverthe-
less, it has several limiting assumptions. First,
Headley implicitly assumes that the period of
pesticide application ¢t—» is ‘“‘entomologically
determined.”* Thus pest damage prior to t—#
cannot be controlled and is not considered in
his model. Figure 1 illustrates the relationships
between pest population and time in the model.
The economic threshold, as defined by Headley,
is the level P,_, to which the population should
be reduced rather than the population level
P,_._a at which controls would be initiated.
Previous definitions of the economic threshold
by entomologists have emphasized this latter
population level. The vast majority of pests do
not have a crucial stage when they are vulner-
able to pesticides; hence, the question of when
to apply pesticides must be addressed. Indeed,

1 This assumption is not made clear in the original paper
but is implicitly stated in a later letter from Headley to the
authors dated February 3, 1972: “In fact, the population
level P,_, is entomologically determined as the crucial state
of the insect” (italics ours).
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Pest
Population
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P
t-n
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o t-n t
(planting) (application of (harvest)
pesticide)
Figure 1. Pest population levels over time

the effectiveness of most pesticides is fairly well
documented. The important issues are con-
cerned with when they should be used.

Second, the cost of control must be a function
of the level of population before controls are
initiated, P;—.—a, and the difference between
P, .—aand thelevel reached after control, P,_,.
Since P,n—a is a function of Py, the pest popula-
tion at the time of planting, Headley’s cost
function is valid only for a unique, unspecified
value of Po. It should be noted, furthermore,
that, if the time of pesticide applicationt—nisa
variable, the cost function must be considerably
respecified.

A Two-Variable Model

The following model corrects the above de-
ficiencies yet retains as much as possible of the
simple general form of Headley’s model. It con-
sists of five elements: a pest population growth
function (equation 2.1), a pest population kill
function (equation 2.2), a pest population dam-
age function (equation 2.3), a product yield
function (equation 2.4), and a pesticide cost
function (equation 2.5). These are presented
below.

Pest population growth and kill functions:

Pt forty <t <
(2.1) P(t) = (Portt — K)ot
fort; <t <ty
(2.2a) K = K*[X, P(t;))] = K*(X, Poe)
(2.2b) K = K'(X, t;, Py, 7)
where

r=rpest population growth,
lo=planting time,
t;=pesticide application time,
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t,=harvest time,
K = pests killed by pesticide application,
Py=initial pest population at ¢,

and
X = quantity of pesticides.

The kill function indicates that the number of
pests killed is a function of how much pesticide
is applied and how many pests are present when
the pesticide is applied. P(%) is a function of ¢;,
r, and Py; but, since the parameters P, and »
are assumed to be fixed for any given planting
period and pest, the abbreviation is as follows:

(2.2¢) K = K(X, t,).
Pest population damage function:
(2.32) a(t) = bP(1)
t2
t
where
d(f) =instantaneous rate of crop damage
in physical units due to pests (note
that d(f) is piecewise continuous
over {y to &);
b=a parameter which specifies the
rate of crop damage in physical
units per pest;
and

D(t,—t;) = cumulative crop damage between
time #; and time &.

Total damage at harvest time can be broken
into two parts, one before pesticide application
and one after:

(3 DW= ft o’d(z)dt + ft ‘hd(t)dt
= D1 + DQ.
b
D(t;. _ to) = _{(erth — )
(2.3d) §

Py — e K (X, t)]
+ Po(es — 1)}

when #,=0. This is derived by substitution of
equations (2.1), (2.2¢), and (2.3a) into equa-
tion (2.3¢).2

2 The pest population damage function may be rewritten
as:
B[PW) — AW]  for P(f) > A®)

@) = 30 for P(1) < A(1)

Am. J. Agr. Econ.

Product yield function:
(2.4) Y =N — D)

where
Y =physical yield at harvest,
to = 0,

and

N =physical yield if no damage occurs from
pests.
Pesticide cost function:

(2.5) C=aX

where

C = total cost of pesticides,
X =number of units of pesticides,

and
a=cost of purchasing and applying a unit of
pesticide.
Profit can now be written:

(2.6a) 7 =8Y — C =B[N — D, — D,] — aX.

Substituting equation (2.3¢) into (2.6a) re-
sults in the following:

b
T = BN — £ {(en — etd)
r

(26b) . [Po _ e—rh‘K(X, tl)]

+ Pyleti — 1)} — aX.

The economic threshold is the population
level P(t;) associated with the two decision
variables, the optimum application time ¢;, and
the optimum quantity of pesticide X, which
simultaneously maximize profits. Differenti-
ating equation (2.6b) with respect to X and ¢,
results in the first-order conditions:

b
(2.70) = —ak o [t~ 1]Kx(X, 1) =0.
r

where 4 (1) is the pest damage tolerance level, the maximum
pest population level which, at each point in time, results
in no discernible loss due to pest damage at harvest time.

Two cases must be investigated. The first is whether P,
is less than A (f,). The second is whether P,e'i —K is less
than A(%). For simplicity, suppose A is constant. 1f
P,<A, there exists some fx such that equation (2.3d) may
be rewritten as Poe* =4 or tx=1/r[In(A)—In(Py)]. Sim-
ilarly, if P,e'ti — K is less than 4, there exists some 44 such
that tgx=1/r [ln(A )—In(P,es —K) ]+t.‘.

Using equations (2.3) and (2.4), total damage can
be broken into two periods consisting of damage before
and after pesticide application: D{t—1,)=D[t;—max
«(t%, t) ]+ D[ti—max (tx, &) ]. The problem of applying
the above equation is that the max (f4x, ¢) is not known a
priori.
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w=[1—e O] K (X, ;)
Fre D K(X, 1) =0.

Equations (2.7a) and (2.7b) indicate that the
economic threshold is also a function of the
time of harvest, the rate of pest population
growth, the rate of damage to crops per pest,
the effectiveness of the pesticide, the cost of
pesticide, and the price of the crop. Rewriting
equations (2.7a) and (2.7b) results in the
following:

2.7b) "

ar
Bbler—t — 1]
rK(X, t;)ertrtd
ety — 1

(2.7¢) Kx(X, 1) =

(2.7d) Ko (X, 1) =

Since #, is greater than ¢; in both case 1, con-
dition 2, and case 2, e"(%~%)—1 is positive.
Therefore, since a, 7, 8, and b are also positive,
Kx(X, t;) is positive, indicating that more
pesticide indeed kills more pests. Since K (X, t.)
is positive for positive values of X, K, (X, t,) is
positive. This is intuitively appealing since, for
later ¢;’s, the pest population density increases,
and a fixed quantity of pesticide would kill a
larger number of pests when the pest density is
greater. It is rather interesting to note that
product and pesticide costs affect Kx but not
K. This means that, if the quantity of pesti-
cides to be applied is for some reason fixed, the
timing of application would not be affected by
changes in the prices of the pesticide or the
product. In this case the only determinants of
t; are the effectiveness of the pesticide and the
pest population growth rate. To solve explicitly
for the economic threshold, the form of the pest
population kill function must be specified.?

3 We note that profit maximization must be constrained
to exclude negative pest populations and applications of
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Conclusions

The foregoing model is an improvement on
Headley’s model in that both the timing and the
quantity of pesticide applied are variables.
Like Headley’s model, it provides rigor to the
definition of the concept of economic threshold
but is too simple for practical application. In
reality, the decision to spray is complicated by
the presence of more than one pest and inter-
relationships between pests, beneficial preda-
tors, and parasites which may also be killed by
the pesticide. Furthermore, the toxicity of some
pesticides is persistent; weather, pest density,
and the availability of food, among other fac-
tors, influence net population growth rates;
plants are sometimes more and other times less
sensitive to pest damage; biological control
inputs can be introduced into the system; and
the system itself can be manipulated to reduce
pest damage. Recent work by Carlson has
brought out the importance of uncertainty and
the risk preferences of pest managers [1]. As
these additional factors are introduced, mathe-
matical models rapidly become unmanageable.*
“Black box” approaches, which explicitly
recognize the uncertainty of future events and
the risk preferences of the decision—maker, will
be necessary in the next generation of models.

negative quantities of pesticide. The second-order condi-
tion rxx<O0 and the previous result ¢¢»~#%)—1>0 imply
that Kxx<0. This means additional increments of pes-
ticide must be less effective than previous increments.
Summarizing, this model has a unique interior solution if
the following three plausible assumptions are valid: the
number of pests killed increases with an increase in the
quantity of pesticide applied; the number of pests killed
increases at a decreasing rate; and a given quantity of
pesticide will kill more pests if the pest density increases.
4 The mathematical complexity of the simple pest-
predator relationship without the other factors discussed
above has been explored recently by Paul A. Samuelson [4].
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