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THE ECO\OWETRICS OF DAMAGE COVTROL

I WHY SPECIFICATIO\I W\T’I‘ERS

;iOne of the most 1mportant classes of factors of productlon is that consisting
i'_ufpdamage control agents.~ Unllke standard factors of productlon (1and, 1labor,

i and_capital),pthese inputs do not increase (they may, in fact, decrease)

uotential output."Instead ‘their distinctive contribution lies in their

h'ahlllty to 1ncrease the share of potential output that producers realize by

'reduc1ng damage due to both natural and human causes. Many of the innovations

'”ff‘rn agr1culture over the past few decades have involved the 1ntroduct10n of

.d(iamage control agents, e. g., pest1c1des, w1ndbreaks, sprinklers for frost pro-
’d”tectlon, 1mmunlzat1ons and ant1b10t1cs in feedlot operatlons, ‘etc. Advances

"xn atorage technology (for 1nstance, the fumlgatlon of stored grains) have

”ged on 1mprovements in damage control agents. Other important examples of

’ d amage control agents include the use of smoke alarms and sprinkler.systems to

""”féduée;fifé‘aamaéé;'antithett/antivandéiiSm aéa§Ufé§“tiﬁ fact, the prevention

Jf crimes agalnst property 1s essent1a11y an exercise in damage control), etc.

The use of damage control agents also tends to subject producers to cer-

tain d1ff1cu1t1es whlch do not arise in connection w1th the use of standard

‘1nputs. The most 1mportant problem is that, in many cases, the damaglng

' agents involved (be they human, insect, or weed) adapt to the damage control
measures taken as time passes, rendering the latter increasingly ineffective.

‘Tnis problem of growing resistance to damage control has important economic

ramifications.
~In many situations, notably those involving natural systems (e.g., pest

control, immunization, etc.), the details of optimal damage control strategies
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farefbestAexﬁioréa ﬁsiﬁglsimuiation models. 1In positive studiés, however ,
Awhere the.éim‘is to explaiﬁ'pbserved behavior énd to estimate behavioral or
physical parémetérs, econometric methods are generally required. The computa-
tional complexities and data requirements of econometric methods restrict them
to specifications that are simpler and less detailed than the ones used for
simulatiohs. Thus, econometric methods are inevitably confined to a lower
level of precision than simulation models. The key to maximizing the accuracy
and information content of econométric models lies in incorporating as much as
possiblé the critical élements of thé availabie Scientific knowledge without
fatally‘cbﬁpfomising their generélity.and estimatability.

: To date, econometric investigations of damage control have ignored the
épecific contributions of the scientific community in quantifying production
"relationskips,;relying_instead_on_gene;ic_ecohometri;LmQQelsgto specify the

relevant functional forms. Specification errors arising in this way may

generate biases of considerable size in estimates of pfoductivity and, hence,

faulty conclusions about efficient input usage.

Economic analjsis of agricultural pesticide use is a prime example.of this
phenomehon. Theoretical (Feder and Regev; Regev, Shalit, and Gutférrez) and
nofmative.empirical (Shpemaker; Regev, Gutierrez, and Feder; Talpaz and
Borosh; Regev, Shalit, and Gutierrez) models of pest'managemént at the farm or
regional level have incorporated the available entomological knowledge in
their model specifications and have derived optimal management patterns and
pblicy recommendations on this basis. _By.contrast, econometric measurements
of pesticide productivity have been derived from standard production theory

‘models, notably using Cobb-Douglas specifications. It will be shown that
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prodUctivity estimates are flawed conceptually and, as g result, contain

':::significant'statistical biases.
Presented first_is_a general discussion of thé role of damaged abatement

in the,production process. It is argued that damage control inputs should be

'handles changes in damage control agent Productivity over time. In the case

of pesticides,'fbr éxémple, the spread of resistance through a pest population

is an important problem, Treating a damage control agent, such as g
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| pest1c1de, 1n the same way as an ordlnary factor of production has led
economists to predlct behavior contrary to observed fact. In a standard ’

: product10n funct1on, decre351ng factor effectiveness is reflected in decreas-
ing marginal factor product1v1ty and thus, in reduced levels of factor use.
In the spec1f1cat10n, decrea51ng effectlveness may increase factor demand;

- this is precisely the_phenomenon observed in pesticide use trends.

‘A Model of Damage Control

"'Damage control agents do not enhance productivity directly as do the standard
‘types of production factors. To the contrary, such inputs may even impede
productivity somewhat. The application of a pesticide, for example, may be

harmful to crop plants to a certa1n extent. The contrlbutlon to product1on o

" made b} these 1nputs come from their function as damage control agents.

Damage -control agents 1ncrease final output by 11m1t1ng damage. The role of
such inputs. 1s thus to lessen the difference between potential output (by
which is meant the max1mum level of output attainable from a glven comblnataon
of d1rect1y product1ve 1nputs) and actual output.

This characterization of the productive services prov1ded by damage con-
trol agents suggests that the proper way to specify their role in productlon
is through the use of a damage abatement function defined as the proportion of
damage avoided by application of any given amount of control agent. Damage
abatement functions naturally have the same characteristics as a probability
dlstrlbutlon. For the case of pesticides, for example, the damage abatement
function is u§ua11y called the pesticide effectiveness function or the kill
fhnction. _ItvmeaSUres the proportion of the target pest population killed by

-the application of any given amount of pesticide.
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gProduction functions that 1ncorporate such damage control agents thus have
. the fpllowing general form: ,output, Q, is a funct1on of regular inputs, Z,
and a damage control agent, X, through the damage abatement functlon G(X)

@ . s 601

As noted, _the damage abatement'function, G(X) has the usuval propertles of a
probability distribution def1ned on the interval (0, ») or, possibly, on the
.1nterva1 (o, Xm) for some finite Xm the control aoent effectiveness (or
marginal product1V1ty) function is simply the density of G(X)
What is the 1mpact of such a specification on production analysis? To see
‘how damage control 1nput use differs from regular input use, consider first
~ the profit-matimizing_behavior of a producer using 2 regular input, Z, and -

TR damage‘eba%emen ated as a regular 1nput as well The relevant maximi-

" zation problem is

(2) |  pax I = pF(z, G) - rZ - sG,
_ 2,6 , -

where p, T, and s are the pr1ces of Q, Z, and G, respectlvely “Assuming an
interior maximum, the necessary cond1t10ns for max1mlzat1on are’ glven ‘by:
: sz’lr
- (3)
pFg = s:
Sufficiency is assured by the negative semidefiniteness of the Hessian matrix

which implies:

Fgz < 0

FGG <0
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The elast1c1ty of demand for damaoe abatement G, found by differentiation of

(3) with respect to's, is:

. _ 'S§_§= | 1
(5) S ks

. /i -
PéGG FCZG ‘

Fg  Fafyy

The assumed comcavity of the production function in-damage abatement means
‘that the margimal productivityVOf damage abatement mill be deereasing every-
'where. The prof1t-max1m121ng quantlty will be found by the 1ntersect10n of
the value of marg1na1 product and marginal factor cost curves.

~ Vhen damage abatementvls a function of damage control 1nputs; the picture
changes. Tﬁe relevant profit-maximization problem becomes:

{6) ' ' max I = pFlZ, G(X)] .- wX - rZ,

?

where w is the price of X. Letting GX = g, the necessary conditions become:

‘ ' PF, =T

(1) |
pFGg =

Sufficiency is ensured by the negative semidefiniteness of the Hessian matrix

which implies:
Fzz <0
Fogr g2 +Fgeg <0
Fz7(Fge » g2 + Fg - g') - Fgg * g2 > 0;

both the marginal productivity of damage abatement, FG’ and the marginal

effectiveness of the damage control input, g, must be declining to ensure that




" a maximum has been attdined. The_elasticity of'demand for the damage control

) input‘is:v 5
: ‘ : G : _w BX ; 1
o : 6,
’ EG, .g.

'fwhere nG.= gX/G is the eiasticity of the damage abatement functlon, and

ng = 'X/g (the elast1c1ty of the marg1na1 effectlveness of the damage

g

‘ control 1nput) measures the curvature of the damage abatement funct1on.

Evaluat1on of the expre551on on the rlght ~hand 51de of (9) allows oneto

draw several conc1u51ons about the qualltatlve characterlstlcs of demand: for

'damage control agents.

First, because g(X) has the propertles of a probab111ty density, it.is-

reasonable to assume that in | >1, that 1s,.that:the-marginal effective-"

ness curve is always elastlc. The ex1stence of a ‘finite damage abatement

function (probability distribution), G(X), defined on 0 X< ois

assured if the marglnal effectiveness curve (den51ty function), g(X),lis
declining faster than 1/X (slnce J1/X =1n X, which does not converge as X
+> uJ which implies that 8 "(X) Xlg(X) < -1lg(X) < -1, a property which =
is easily verified for ~any of the commonly used distributions (normal, gamma,

etc.). ~As a result of this property of g(X), it is obvious from (9) that “‘

lexl < 1; that is, the demand for damage control inputs is everywhere
inelastic in all practical instances. | |

~Second, it is evident from (9) ‘that the demand for damage abatement
(represented by its elasticity €g) influences the demand for damage

control inputs.. However the extent of thlS 1nfluence varies con51derably.

0y
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Cons1der f1rst the case where €; =0, that is, where the demand for

“f}damage abatement is perfectly 1ne1ast1c Rearrangement of (9) produces the

’;relat1on ex = eG/(nG *ng. G) from which it is evident that ¢

x=0

?whenever eG 0 that is, that the demand for damage control agents is
'»perftctly 1nelast1c whenever the demand for damage abatement is perrectly

flnelastlc. Whenever the demand for damage abatement 1s perfectly 1ne1ast1c,

ﬁ_:;jthen the . demand for damage control agents will be domlnated by the demand for

'vf‘fidamage abatement

One 51tuat10n where thlS may occur 1s when the relevant productron func-

."tlon exh1b1ts f1xed proport1ons with respect to damage abatement. Another'is

the case where damage abatement exhibits threshold effects, that is, where

R

_zall-m EorsexampleT—kﬁ~£¥~i%xxt1nnf1T‘@??ﬁﬁiﬁistratlen regulatlons proh1b1t the

sale of shrpments of apples in thCh more than 5 percent have been found to be
rormy, here damage abatement of 94 percent is equivalent to none, while

95 pe ent basses muster. (Similar regulations govern the sale of most
produce. ) In this case, all that matters to the grower is that worm infesta-
tions affect no more than 5 percent of the crop; hence, the demand for pestl-
c1des to control this problem will be perfectly inelastic at the 5 percent
damage abatement level

In the case where the demand for damage abatement is not perfectly

11e1ast1c--where leGI > 0--it is easy to verify that aex/ae = [1/(1 + ng

eG/nG)] > 0, i.e., that the elasticity of the demand for damage abatement has
a positive effect on the elasticity of demand for damage control 1nputs

Therefore, the more elastlc the demand for damage abatement is, the more

inelastic the demand for damage control inputs w111 be. .




V.‘_g_ A

As the level of damage control agent use r1ses, however, ng decl1nes

(51nce an ax =[1-n.+ ng ] n X) and, hence, the influence. of the demand
G

, for damage abatement, EG’ on the demand for damage control 1nputs, EX’ tends

to diminish ‘In fact, as X gets suff1c1ently 1arge that G(X) approaches l,

“G tends to van1sh ‘as a result, ey approaches l/n . Slnce in -
most Observed cases damage control agents tend to be used at close to full

effectlveness, ne can conclude that, whenever IeGl > 0, the elast1C1tz

“of demand for damage control 1nputs is the rec1proca1 of the elaStICItY of the

- marginal effectlveness curve.,

Econometric Implications of the Specification

What happens when a standard productlon functlon spec1f1cat1on, such as a
Cobb—Douglas“—rs—used~te*estamate—the_marglnal productivity of damage con-
trol? The result of such a misspecification can be seen in flgure 1 whlch
compares a standard Cobb-Douglas marg1nal product1V1ty curve with one derlved
from the damage control spec1f1cat1on proposed above. It is easily seen that
any spec1f1cat10n which restricts the rate at wh1ch the marg1na1 effectiveness :
curve decllnes will tend to produce overestlmates of the marglnal product1v1ty.
of“damage control agents and, at the same time, to produce underestlmates of
the product1V1ty of natural factors.. Mbreover, these biases W1ll occur even
when the specification used is a good approx1mat1on of the true model in every
respect but the 1ncorporat1on of the damage control input. | V

More formally, assume that the output elast1c1t1es of damage abatement, G,

and of all other 1nputs, %, are constant and that the elast1c1t1es of

-~
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substitution differ.only negligibly from one over the relevant range; then the

,Cobb-Douglas spec1f1catlon,

->(10) | g f Q ;,e“zs[c(k)lf eY,

represents the underlylng productlon function and the random error associated

) w1th it. It will be convenient to use the logarithmic form of the model.

Letting the lower case letters, g, z, and x, represent the natural logar1thms

. of. Q, Z, and X, respect1ve1y, the model can be .rewritten:

fli)'.' b‘ . T q =q+ 2B + f‘ln G(X) + u.

. Now suppose that, instead of the model ngen.by (10) and (11), a Cobb—

Douglas spec1f1cat10n using the damage control agent, X, 1nstead of damage

abatement G(X), is used to estimate this; that is, that the estimating model

used is:
(12)»~ ' qQ=a+ zB +YX .+ V.,

As we show formally in the Appendix, the ord1nary least- -squares (OLS)
estimation of q, a converges in probability to a number less than a,

specifically,

(13) ‘plima =a + vy [1n G(eX) - nG(ex) x] < a,

>

where X is the mean value of’ln(X) ' At the same time, the OLS estimation of

Y> y, converges in probability to a number which is greater than the measure

of damage control agent productivity at mean usage level X, qG(X) Y-




,--12—,

Sy plimy = nle®) y > ng® v.

o -

The implication of these findingsvis that the use of a standard Cobb-Douglas

,‘spec1f1catlon to estimate damage control agent (pesticide) product1v1ty leads
fto overestlmatlon of the marg1na1 product1v1ty of the damage control agent and

”j?underest1mat10n of the marg1na1 product1v1ty of natural and omitted factors

'“:.gg}even when the Cobb-Douglas spec1f1catlon is good for damage abatement .

The 1ntu1t10n behlnd these results can be grasped easily upon examination

v-of flgure 1. The spec1f1cat10n of damaae control agent productivity proposed

here suggests that the marginal product (marginal effectiveness) curves of the

.damage control agent will decline at an increasing rate in the economic

“regioi. The Teason for this increasingly rapid decline lies in the specifi- -
.cation of marginal effectiveness as a probability density: To converge, g(X)
must decl1ne faster than 1/X and hence, must decrease more rap1d1y as X gets

1arger. As a result, the elast1c1ty of the marginal effectlveness curve also

- grows-as X Jincreases. A spec1f1cat1on like the Cobb-Douglas cannot match this

behavior. Instead, a standard Cobb -Douglas spec1f1cat10n will produce a
marginal effectiveness curve whose elasticity is constant and, hence, which
declines more slowly than the true marginal effectiveness curve. The impli-

cations of this-fact can be seen easily in figure 1. The standard Cobb-

- Douglas specification will produce consistent estimates of the damage control

agent productivity parameter ngy at a point e* which necessarily lies

to the left of the average level of damage control agent use X. Slnce the
“true ‘parameter tends to decline quite rapidly, the estimated marginal product

curve.-will 1lie above the true curve for levels of control agent use greater
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'vthan ex. At average use levels then, the estimated value of marg1nal damage
H“;control agent product1v1ty (VMP ) will be greater (conce1vab1y substantially
"greater) than the true value of marg1na1 damage control agent product1V1ty

(VMP ) and w111 appear to be greater than marginal control agent cost (MC) .

This result exp1a1ns one of the most perplex1ng findings of the econo-

'_ metric llterature on pest1C1de use: that marg1na1 pest1c1de product1v1ty has
. been well above marg1na1 appllcatlon cost. Perhaps the clearest example is

- the work of Campbell who applled a Cobb-Douglas production function to data
-ﬁon output, pest1c1de use, and other factors in Canadlan_apple orchards and
L»found marg1nal pest1c1de product1v1t1es that were about 12 times marglnal

‘cost. The 1mp11cat10n, of course, is that pesticides are greatly under-

utilized. In light of the b1010g1ca1 and behavioral literature on pest1c1de

use, such a conclus1on is astounding, to say the least. The overwhelming

"consensus op1n1on'of“thE“theoretIcal——normat1ve emp1r1cal and casual

empirical studies performed concerning pesticide use is that pesticides are

overused rather than underutilized as the econometric literature suggests.

~ Consideration of such factors as the potential growth of resistance, common
‘stock externalities, informational and human capital problems, and the like

-‘, - suggests that marginal pesticide productivity lies below marginal cost at

common usage levels.’
The analysxs of econometrlc method presented above 1nd1cates that the
source of this contrad1ct1on is the incorrect methodology employed in these

studles. Est1mat1on of the product1on function u51ng the damage control agent

_(pest1c1de) instead of a damage abatement (kill) function produces an upward

bias in the estimates of damage control agent (pest1c1de) wh1ch in turn,

. implies the product1v1ty underut111zat10n of the damage control agent.
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h%EStimating DamagevControlz Some Sample Specifications

‘5Because'the damage abatement function can be represented quite naturally by a
- Cumulative distribution, it is not difficult to specify empirical models for
‘estlmatlng the product1v1ty of damage control agents. In this section we give
some examples of p0551b1e spec1f1catlons derlved from distributions that have
beén used in the pest management literature. It turns out that, in a number
'Vof 1mportant cases, estimation of the parameters of these models is remarkably
51mp1e S0 that use of. damage abatement functlons in emplrlcal work entails
11tt1e or no add1t10na1 cost. ‘

Since the Cobb- Douglas specification is used S0 commonly, assume that the

- modified Cobb-Douglas form glven by (10) represents the productlon functlon

well. Under thls assumptlon and the assumptlon of a spec1f1c form for the

damage abatement function G(X), it becomes possible to derive production
function and damage control agent demand function specifications for use in
econometric work. Table 1 shows the productlon functions (in log form) and |
damage control agent demand functlons 1mp11ed by four spec1flcat10ns of G(X)
" the Pareto dlstrlbutlon, the exponent1a1 distribut 1on, the logistic distribu-
tion, and the weibull distribution. The latter three specifications are of
particular interest because of their use in this capacity in normative
empirical models of,pest,management. The Pareto, on the other hand, is of
interest primarily because of its econometric implications.

| Con51der, first, the case of the Pareto damage abatement function. In the
form given in table 1, both the production function and damage control agent
"demand relation are quite 1ntractab1e~for linear estimation and must be

-approached by nonlinear means. But in the special case where y = 1, that
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'A.is;“damagé abatement is prbportidnal to_potential ouﬁput, it can be shown that
the supply}function,tan be expressed as

v ' ‘ ' ' a, ‘a é
(15) ' : | ) = a9 p 1,723
where gy = [e% /(0N /DB, o Ly gz )/ e s -
B(2 + A)] a, = -[1+8(2 +)/[1 + - B(2 + A)] and a = -1/[1 +A -

gz + A)]._ Slmllarly, demand for the damage control agent can  be expressed

~as:

' R o  a;.a, a; a
a6 C X=agp'riwiq?

- "wfwhere 2 = 0 TV, 0 /e ), 8 = a1+ ),

az = -1/(1 + 1), and ay = B/(l + A). In short, a Pareto démage aﬁatement

~ function, together wifh the assumption of damage abatement proportional fo',
potential output, yields'standard Cobb-Douglas specifications for the supﬁiy
function and for damage control agent demand. It turns out that thlS result ,
arises from the fact that the Pareto dlstrlbutlon, like the Cobb-Douglas,
possesses a marginal curve (density) elasticity of which is constant. For the
form of the Pareto distribution given‘here, for instance, it is readily |
apparent that the marginal effectiveness curve, g(X) = NG X'(A+1) has an

‘ elasticity of -(A + 1) for X. The Pafeto_distribution is eXceptibnél in

this regard: The density elasticities of most distributions increase
relatively r;pidly. In fact, the Pareto distribution can be considered a

limiting case for probability distributions in this respect.
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Wh1le thlS demonstratlon shows that the standard Cobb Douglas speC1f1ca-

‘3,, t1on may be va11d for examlnlng the role of damage control agents in produc-
tﬂt1on under some cond1t10ns, it turns out that these conditions are s0 . |
| restr1ct1ve as to be unlmportant practically. The validity of a standard
Cobb -Douglas spec1f1cat1on depends on two conditions: (1) that damage
abatement be proport10na1 to potential output and (2) that damage abatement be
% well represented by a Pareto drstrlbutlon.- Cond1t10n (1) is certainly a good
descr1pt1on of damage abatement in many s1tuat1ons, it. should be recogn1zed
however, that there are also many s1tuat10ns where it does not characterize
the role of damage abatement well. Condltlon (2) may also hold in some
cases. But by and large, Pareto d1str1but10ns have not been found to
characterize damage abatement very well precisely because of their slow rates

of change. (The dlStrlbUtlonS used_for pest1C1de effectiveness, for example,d

are dlSCUSSGd in detail below.)
Now cons1der the case where the damage abatement function is assumed to be -
exponent1a1. (In the pesticide literature, this spec1f1catlon was used by - ‘
Regev, Gutrerrez, and Feder in their study of alfalfa weevil control ) The
product1on funct1on is nonlinear in A. It can be estimated, of course, by
| nonllnear methods or, since A should 1lie between zero and one, the parame-
ters of the model can be est1mated by 11near techn1ques combined with a grid
search for j. _ . |
Alternatively, cons1der the demand for the damage control agent A sllght
rearrangement of the relation ngen in table 1 yields a function of the form:

a7 e X =3 +‘31(89),
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1/x

‘where a0 .1‘+Le _ and a, = Ay. This relation is estimated easily using OLS
w“*methods because the r1ght -hand 51de is a 51mp1e 11near function of revenue and
pest1c1de prlce, data for both of whlch, it is 1mportant to note, are
| generally avallable._ ‘The production functlon parameters of particular.
‘1nterest, Y and A are recovered easily from the estimated coeff1c1ents,
a, and a1 a | | |
Alternatlvely, assume that the damage abatement function can be

:represented by a 10g1st1c d1str1but1on as was done by Shoemaker in her study
of flour moth control. As is evident from table 1 the demand function for

'vthe damage control agent (pest1c1de) can be expressed as

w

‘(18)_ o ’_ "X=»ae+a11n[PQ_--1—

’ where ao = p/b + 1/6 * 1n yo and a; = 1/0 1f l/yo is sufficiently small,

1In [pQ/w] can be used as a proxy for In [pQ/w - 1/ya] at a cost of a
negligible reduction in eff1c1ency In this case, use of a logistic damaoe
abatement function 1mp11es that the proper spec1f1cat10n of damage control
agent demand is as a linear funct1on of 1n [pQ/w] |

This approximate demand relation can be estimated easily u51ng OLS, and

the parameter.¢ can be recovered from the estimate of a;. In general, it
will not be possible to recover estimates of the two remaining parameters f
and u. If, however, there is reason to believe that damage is strlctly

' proportlonal to potent1a1 output, i. e., we believe that Yy=1, then
estimation of both of the parameters of the damage abatement function can be

>

estimated using the damage control agent demand function.
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As a flnal example, cons1der the case where the damage abatement funct1en
can be represented by a We1bu11 d15tr1but10n as Talpaz and Borosh assume 1n
- thelr study of pest control in cotton The demand of the damage control agent
1s shown in table 1. In general cy X© -1 (pQ/w) will be large enough to

be a very close approx1mat1on to CY yoll (pQ/w) + 1 so.that the relation

(19) ey X E In [CY X (‘89)}
will be a good approximation to the demand function given in table 1. _Thev

~ relation in (19) can be rearranged to yield the demand function,

d(zoj

where 2g = (ln cY)/c and ay 1}&. By and large, then, a Welbull damage
abatement functlon implies ‘that demand should be spec1f1ed as the function in-
(20); | . , ) .

This demand relation is nonlinear in the parameterS' hence; the parameters
cannot be estimated by stralghtforward linear regre551on. It does seem, how-
ever, that a fa1rly 51mple iterative procedure could be used. The first stage .

of such a procedure would involve an OLS regression of X + 1n»X on a constant
and 1n [pQ/w]; for reasonable values of c, (c - 1)/c will be quite close to
‘one so that X + In X will be a good approximation for the left-hand side of

" (20). Estimates of c and y can be derived easily from;the estimates of.ao
and a;- The approximation errer’can bevreduced by using the estimate of ¢
obtained from such a regression to recalculate the left-hand side and redoing
the OLS regre551on u51ng the recalculated value of the dependent variable, a

step which can be repeated as many times as may seem des1rable.




induced changes in thejr productivity, Consider what happens to demand.for a

normal factor of Production when its prodUctivity decreases because of some

‘ change in the productive environment, Decréased factor productivity means

that total output will be less than it Was previously for every level of input

function is concave), then this decline in_factopip;oductivity means that the

"cﬂjmarginéT*ﬁréduEflﬁify of the factor will decrease at every level of factor use

-pesticide'productivity over time and, thus, that the demand should fal] for

pesticides to which resistance was developing. The standard characterizatiop
of this phenomenon, however, is that farmers' typical short-run response to
the'development of resistance to some pesticides is to increase usage levels

as compensation for the decrease in pesticide productivity. Use of the

;affected,pestjcide decreases only when productivity is go low that alternative
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pest1c1des become more eff1C1ent. This pattern has been observed in every
’case in wh1ch re51stance has eroded pest1c1de product1v1ty over tlme. In
h fact, 1t 1s further borne out by the results of Carlson S study In hlS
_1nvest1gat1on of pest1c1de demand, he found that resistance measures were

. p051t1vely correlated w1th demand for organophosphates (to which res1stance

had emerged only recently) while they were negatlvely correlated w1th demand
for DDT--a chem1ca1 to which res1stance was quite extensive.

S1m11ar phenomena occur 1n most types of damage abatement. For example,

bacteria populat1ons typlcally develop res1stance to ant1b10t1cs, necessitat-

ing ‘the use of larger doses to achleve satisfactory control of infections.

Dams and other flood control devices are subjected to water er051on, gradually

’weaken1ng their ability to prevent floods and necessitating additional invest-

. Went in repa1r and renovation. Criminals tend to find ways of cop1ncr with

.each improvement in prevention technology maklng further 1mprovements a

'lcont1nua1 necessity. In short, because damage abatement typically involves

natural systems in which damaging agents tend to adapt to abatement efforts,

dec11nes in damage control agent product1v1ty tend to be the rule rather than

the except1on.

| Treating damage control agents as normal inputs implies that farmers,

medical practitioners, crime prevention experts, and others respond

irrationally-to environmentally'induced changes in damage control agent
product1v1ty By contrast, analyzing damage control agents 1n the context of
a damage abatement funct1on supports fully the rationality of their behav1or;

in such situations.” The optimality of increased damage control agent‘usage is

~shown easily under short-run profit maximization using the model of damage

.~

abatement introduced ahove.
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\ The types of changes d1scussed above have the effect of reduc1ng the:
edteffectlveness of any glven level of damage control agent applied. Any given
" ;amount- of damage control agent will thus abate smaller proportion of damage
‘;;than before; 1n other words, ‘more damage control agent is required to achieve

~"any glven level of abatement.

To capture this effect we redeflne the damage abatement function, G(-),

' ;;aas a funct1on of the amount of ‘damage control agent applied, X, and the level

ﬂvﬁ;{of re51otance, R where G(X Rl) < G(X Ry) for RO < R; and for all X; in

“vwother words, GR <0 for all X. In fact we will’ deflne R such that the

”"istrlct 1nequa11ty holds everywhere but at the minimal and max1mal levels where

'zncreases in re51stance may ‘have no effect.

For ease of analysis, we will impose two additional restrictions. F1rst

TS w1lI‘c0nSTder”the“effect of re51stance only for the case of un1moda1 damage*
-abatement funct1ons which are the only ones used for emp1r1ca1 purposes. |
Second vwe assume that the curves representing marginal effectiveness for two
dlfferent levels of res:stance cross only once; in essence, thls assumptlon
merely says that increased levels of resistance do not distort the shape of
a'the ‘marginal effectiveness function too much. Together, these imply that
GXR 0--that 1ncreased re51stance increases the marg1nal effectiveness
of the damage control agent--ln the -economic region. The reason for this is
slmple. For small values of X, increased resistance implies that marginal
‘effectlveness must decrease. As shown in f1gure 2, only when GX(XO, Rl) <
x(Xo, R ) will G(XO, Rl) the area under the new marginal effectlveness
curve, be less than G(X, RD)‘ Formally, fO QX(X, Rl)-dX < [0 Gx(x,
‘R;) dX .implies that Gy < 0 for small‘values of X. Since the two functions

.must both attain a value of 1 at the maximal dose level, however, GXR must
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“be p051t1ve for at least some X the 51ng1e cr0551n0 assumptlon ensures that
thlS cond1t1on will not be reversed once 1t is atta1ned

- The 1mpact of increased resistance on damage control agent demand can be

| analyzed fofmally via total differentiation of the first-order conditions

given by (3), amended to include the shifter R in the damage abatement

functlon. Rearrangement of the resulting equat1on yields:

ey T TR ax €6 GXGR

FL O xR TET—' :

The expression on the right-hand side of (21) is positive whenever Gyp >
0; for the cases we are considering, the latter is true everywhere in the

economic region and, thus, 3X/3R > 0 for all the relevant application

Why this 1s SO can be seen easily in figure 2. The condition GXR‘> 0
means that the economic region of the marg1na1 effectlveness curve shifts to
the right for all X's (as does the marginal value product curve) as shown by ~
the change from G(X; RO) to G(X; R ) For any given level of»marginal -
cost, the new level of demand, X', is then necessarily greater ‘than the old
level X. | |

Undef the most comnonly eneountered'conditions,‘then, an environmentally
induced reduction in damage control agent productivity has effects on a damage
control agent that are completely the opposite of the effect it would have on
‘a normal 1nput. Increased re51stance 1ncreases marglnal effectlveness and,
hence, margindl productivity. The optimal prof1t-max1mlz1ng response,
oBviously, is to increase damage control agent use precisely as has been

observed in such situations.
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"'Conclusions |

Thls paper demonstrates the importance of 1ncorporat1ng correct spec1f1cat10n
of damage abatement processes in the estimation of productlon functions and

1nput product1v1ty First, it shows that the use of traditional specifica-

:tlons (e g., the Cobb Douglas) leads to overestimation of the product1V1ty of

damage control 1nputs and underestlmatlon of the product1v1ty of other

1nputs. When and if such estlmates are used in pollcy determ1nat1on, the

resultlng errors can be qu1te serious. In the case of pesticides, for

1nstance, a pollcymaker guided by the econometric studies available would be

led to encourage more extensive and intensive use of pesticides--at a time

when pesticides were extremely overutilized.

The paper also shows that traditional spec1f1cat1ons produce mlsleadlng

predlctlons when damage control agent productamlty is changlng over time.
Trad1t10na1 spec1f1cat1ons suggest that the spread'of‘resistance will lead to
the reduct1ons in the use of a damage control agent. In contrast the
spec1f1cat10n proposed here captures the phenomenon that actually occurs,

namely, that the use of a damage control agent will increase in response ta

realstance and that it will decrease only when re51stance is so w1despread

that alternatlve measures are more cost effective.
Finally, the paper shows that a more sophisticated approach to damage-

abatement in production (1like the one proposed here) can be incorporated into

.econometric work at little Or no extra computational cost. Many of the

distributions especially relevant in this context yield easily estimated

damage control agent demand relations from which most or all of the structural

parameters can be recovered. The general ava11ab111ty of. nonlinear estlmatlon
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' packages removes;much,'if not all, of-thé'remaining difficulties associated
with dirqctAéstimation 6f production. In. sum, the-sbecification of damage
iabatement.proposed here adds considerable sophistication and accuracy to the
.analysis of‘the role of damage control agents in production without-making
estiﬁatibn}any mdre difficulf._ If shoUld thus proVe to'bé-quite useful for

Amproving quantitétive decision-making in all areas in which damage abatement

is an important factor.
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L APPENDIX
- "Proof of the Upward Blas in Cobb Douglas
Estlmates of Damage Control Agent Productivity"

Tb 1nvest1gate the 1mpact of usxng the’ standard Cobb-Douglas form (12) in
place of the true model glven in (11), consider the standard Cobb- Douglas form
as an approx1mat10n to the true model.' Spec1f1ca11y, consider the Taylor

.‘,serles expan51on of 1n G(X) around x, the mean value of 1n X. - Then, X becomes
-a functlon of x: X(x) = ex s1nce X = elnx, we thus have 3X/3x = 82X/ax =
Sox. SRR |

* . The approximation is

| 1n G(X) = 1n G(e )+%&)(x-ﬂ |
(A “ el

i nG(ex)
tz°

(1 + e - e -0 e e
ex : :

:'The approximated model is
(az2) S q=a +_2B + y 1In G(eX) +:ynG(ex) (x-x)+v

where v, as we see from (13), is the sum of the higher order terms of the
.TéyIOf expansion and of the white-noise random variable u. The”model giVenvby

(A2) is more conveniently written

(A3) . T Q=0+ zB £ xy+ v




ki
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jhhere a_— a + y[ln G(e ) - nG(e ) x] and Y Y nG(e ). Since the error term v_

'~conta1ns terms in. (x - x)2 (x - x) , and so on, which are undoubtedly

A A

ﬂcorrelated w1th X and may well be correlated w1th Z, the OLS estimators q, B,

o) ~ Y

“and y w1ll g1ve b1ased est1mates of a, B, and Y. ‘Assumlng, however, that the

coeff1c1ents of these terms are su1tab1y small, it 1s easy to show that the

~ A

VOLS est1mators will be con51stent for @, B, and y.z

Lettlng y = [l z] and 6 é , Tewrite the model as .

(A4) - 1 ' q =ys + xy'+' V.

T:Lethx =1 -x(x'x)"! x* and My'= I.-_y(y'y)-l Y'. Theén the OLS estimators,

ngand‘$, are

rd
e
/"
‘.,

el @) ) () () ()
() )7 ) 6 ()

As 1ong as (x’x)/h,l(y?y)/n, and (x'f)/nvconverge to finite numbers as the

sample size gets large and as long as the coefficients of the terms in v are

A A

~ of order smaller than the sample s1ze, the estlmators s and v will converge to

§ and y, respectlvely, as the sample size gets large.
| However, a and y are biased measures of o (the ptoduCtivity'of natural

factors and -omitted var1ab1es) and YWG (the product1v1ty of the damage control

.agent), respect1ve1y

Consider first the case of a. As we saw above,

>

Com.

a=a+y[ln G(e§5 -‘qscéij x].

-

(A6)
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The term in the square brackets is negative since‘ln G(eX) < 0 and nG(ex)

~

"f’§:z_0;j:As a result, o < a: The OLS estimator from the standard Cobb-Douglas

. specification underestimates the productivity of natural factors and omitted

variables.

'AThe biés ln-; is more subtle. The measure of marginal-faotor produo-
tivitydgenérally derived from econometric'sﬁudies is the marginal productivity
of a factor evaluated at the mean levels of output and all the relevant |
" inputs; thlS, for instance, is the measure used in the pesticide studies

| conducted by Headley, Campbell; and Carlson For the case of the damage

’control agent X thlS is

@

The estimate derived from the standard specification is

- | ' /\(’)Q -
(A8) ‘ ' —9 Yo ;
RS - X X |

Now, In X is a concave function of X; hence, by Jensen's inequality, E 1n X <
In EX, i.e., X < In X. Since ex is monotonlcally 1ncrea51ng in X, eX<e

Next, consider the behavior of Ny in the economic region. It is straight-

forward to show that

(Ag) -‘ -a———-_=-)—(—[1+ng-nG].

1nX

= X.

AR5
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'Slnce by ng < —1 because g(X) is a probab111ty den51ty and since g

i> 0 for - the same reason, it is ev1dent from (A9) that ang/aX < 0,

i. e, nG(X) is monotonlcally decrea51ng in the range of economic use.

This fact 1mp11es that nG(e ) > nG(X) and, hence, that the

vestlmate of marglnal product1v1ty derlved from the standard spec1f1cat10n is

1 b1ased upward

Moreover, as X gets larger, the rate of decrease of nG increases and,

'therefore, the d1fference between nc{e ) and neﬁX) increases also.
.Slnce damage control agents tend to be used at close to maximum effectlveness,
i. e., X tends to be qu1te large, thls bias will also tend to be quite sub-

qtantlal in pract1ca1 examples.
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- Footnotes

1The damage abatement functlon, G(X), may be a function of other
'varlables besides the damage control agent X. In the case of pest1c1des, for
1nstance, G(- ) may also be a function of pest populat1on and other
1nd1cators of crop ecosystem status. In the case of 1mmunlzat10n, G( ) may
-also be a functlon of age and other indicators of health status. Since the
concern here is w1th 1nput selectlon, these other variables are treated as
dparameters and, hence, G(-) is treated as a single-valued functlon of X. .
2Br1ef1y, the spec1f1c condition for the con51stency of the OLS
estimators is that the coeff1c1ents of the hlgher order terms of the Taylor

‘expan51on of 1n G(X) be of an order of magnltude smaller than n, the number of

observat1ons in the sample.

5
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