
I I I . ECONOMETRIC ESTIMATION OF PESTICIDE PRODUCTIVITY

A . INTRODUCTION

E c o n o m e t r i c  e s t i m a t e s  o f  p e s t i c i d e  p r o d u c t i v i t y  c a n  b e  o f

t r e m e n d o u s  i m p o r t a n c e  i n  r e g u l a t o r y  d e c i s i o n - m a k i n g .  T h e

e s t i m a t e s  o f  a g g r e g a t e  p e s t i c i d e  p r o d u c t i v i t y  o b t a i n e d  b y

H e a d l e y ,  C a m p b e l l ,  C a r l s o n  a n d  o t h e r s  s h o w i n g  v a l u e s  o f  m a r g i n a l

p e s t i c i d e  p r o d u c t i v i t y  s e v e r a l  t i m e s  g r e a t e r  t h a n  m a r g i n a l  c o s t

h a v e  b e e n  u s e d  m a n y  t i m e s  t o  u n d e r s c o r e  t h e  i m p o r t a n c e  o f

p e s t i c i d e s  t o  t h e  U . S .  a g r i c u l t u r a l  e c o n o m y .  E s t i m a t e s  o f

c o u n t y -  o r  s t a t e - l e v e l  p a t t e r n s  o f  s u b s t i t u t i o n  a m o n g  p e s t i c i d e s

a n d  p e s t  m a n a g e m e n t  s t r a t e g i e s  a n d  o f  t h e  p r o d u c t i v i t y  e f f e c t s  o f

t h e s e  s u b s t i t u t i o n s  c a n  b e  h e l p f u l  i n  g i v i n g  r e g u l a t o r s  a  g o o d

s e n s e  o f  t h e  l i k e l y  e f f e c t s  o f  a l t e r n a t i v e  r e g u l a t o r y  a c t i o n s .

W h i l e  s u c h  e c o n o m e t r i c  e s t i m a t e s  a r e  l i k e l y  t o  b e  l e s s  a c c u r a t e

t h a n  s i m u l a t i o n - d e r i v e d  e s t i m a t e s  r e g a r d i n g  a n y  s p e c i f i c

p e s t i c i d e , t h e y a r e a l s o l i k e l y t o b e m o r e r o b u s t a n d

t r a n s f e r a b l e  r e g a r d i n g  b r o a d  c l a s s e s  o f  p e s t i c i d e s  a n d  a r e  t h u s

e s p e c i a l l y  u s e f u l  a s  a t o o l  f o r  g i v i n g  r e g u l a t o r s  a  " f i r s t - c u t "

s e n s e  o f  t h e  l i k e l y  e f f e c t s  o f  r e g u l a t i o n  i n  a  r e l a t i v e l y  r a p i d ,

c h e a p  m a n n e r .

E c o n o m e t r i c  m e t h o d s  h a v e  n o t  b e e n  u s e d  t o  o b t a i n  t h e s e  k i n d s

o f  e s t i m a t e s  d e s p i t e  t h e s e  a d v a n t a g e s .  P r o b l e m s  o f  d a t a

a v a i l a b i l i t y  a r e  o n e  r e a s o n  f o r  t h i s  f a i l u r e  t o  u s e  e c o n o m e t r i c

m e t h o d s . A n o t h e r  r e a s o n ,  t h o u g h ,  m a y  b e  t h e  c o u n t e r i n t u i t i v e ,

c o u n t e r f a c t u a l  r e s u l t s  o b t a i n e d  b y  t h e  e c o n o m e t r i c  i n v e s t i g a t i o n s

p e r f o r m e d  t o  d a t e .  A s  w e  m e n t i o n e d  a b o v e ,  t h e s e  s t u d i e s  h a v e

c o n s i s t e n t l y f o u n d a v e r a g e v a l u e s o f m a r g i n a l p e s t i c i d e
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p r o d u c t i v i t y  s e v e r a l  t i m e s  g r e a t e r  t h a n  m a r g i n a l  c o s t ,  s u g g e s t i n g

t h a t  p e s t i c i d e s  a r e  u n d e r u t i l i z e d  i n  U . S .  a g r i c u l t u r e .  M o s t

b i o l o g i s t s , e c o n o m i s t s  a n d  r e g u l a t o r s  b e l i e v e  t h e  o p p o s i t e  t o  b e

t r u e  a n d  m a y  b e  d i s i n c l i n e d  t o  u s e  e c o n o m e t r i c  m e t h o d s  o n  t h e s e

g r o u n d s .  D u r i n g  b u d g e t  p e r i o d  1 ,  w e  i n v e s t i g a t e d  t h e  c o n c e p t u a l

f o u n d a t i o n s  o f  t h e s e  e c o n o m e t r i c  s t u d i e s  a n d  f o u n d  t h a t  t h e

s t a n d a r d  p r o d u c t i o n  f u n c t i o n  s p e c i f i c a t i o n s  u s e d  b y  H e a d l e y  a n d

o t h e r s  p r o d u c e  e s t i m a t e s o f  p e s t i c i d e  p r o d u c t i v i t y  w h i c h  a r e

b i a s e d  u p w a r d s ,  t h a t  i s ,  o v e r e s t i m a t e  p e s t i c i d e  p r o d u c t i v i t y .  W e

p o i n t e d  o u t  t h a t  p e s t i c i d e s  p l a y  a  d i f f e r e n t  r o l e  i n  p r o d u c t i o n

t h a n  n o r m a l  i n p u t s  s u c h  a s  w a t e r ,  f e r t i l i z e r ,  e t c . ,  i n  t h a t  t h e y

d o  n o t  a u g m e n t  c r o p  g r o w t h .  R a t h e r ,  p e s t i c i d e s  a r e  d a m a g e

c o n t r o l  i n p u t s ,  w h o s e  u s e  p r e v e n t s  c r o p  l o s s .  A s  a  r e s u l t ,

p e s t i c i d e  p r o d u c t i v i t y  s h o u l d  n o t  b e  m o d e l e d  i n  t h e  s a m e  w a y  a s

n o r m a l  i n p u t s .  W e  d e v e l o p e d  a  p r o d u c t i o n  f u n c t i o n  s p e c i f i c a t i o n

w h i c h  i n c o r p o r a t e s  d a m a g e  c o n t r o l  e x p l i c i t l y ;  a  n u m b e r  o f

e x a m p l e s  u s e d  e n t o m o l o g i c a l l y - d e r i v e d  p e s t i c i d e  " k i l l "  f u n c t i o n s

w e r e  d e v e l o p e d  a n d  t h e i r  e s t i m a t i o n  d i s c u s s e d .

D u r i n g  b u d g e t  p e r i o d  2  o n  w o r k  i n  t h i s  a r e a  p r o c e e d e d  a l o n g

t w o  l i n e s .  F i r s t ,  w e  r e v i s e d  o u r  o r i g i n a l  p a p e r  f o r  p u b l i c a t i o n

i n  t h e  A m e r i c a n  J o u r n a l  o f  A g r i c u l t u r a l  E c o n o m i c s ,  w h e r e  i t  w i l l

a p p e a r  i n  M a y  1 9 8 6 .  T h e  r e v i s e d  p a p e r  i s  p r e s e n t e d  i n  S e c t i o n  B .

S e c o n d ,  w e  a p p l i e d  t h e  p r o d u c t i o n  f u n c t i o n  s p e c i f i c a t i o n  w e

d e v e l o p e d  t o  d a t a o n  c o t t o n  p r o d u c t i o n  i n  t h e  S a n  J o a q u i n  V a l l e y ,

C a l i f o r n i a .  T h e  r e s u l t s  o f  t h e s e  e f f o r t s  a r e  p r e s e n t e d  i n

S e c t i o n  C . S e c t i o n  D  c o n s i d e r s  s o m e  p o s s i b l e  f u r t h e r  r e s e a r c h

a l o n g  t h e s e  l i n e s .
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B. THE ECONOMETRICS OF DAMAGE CONTROL:
WHY SPECIFICATION MATTERS1

One o f  the  most  important  c lasses  o f  fac tors  o f  product ion  i s  that  cons is t ing

of damage-control agents. Unl ike  s tandard  factors  o f  product ion  ( land ,  labor ,

and capi ta l ) ,  these  inputs  do  not  increase  ( they  may,  in  fact ,  decrease )

potent ia l  output . I n s t e a d ,  t h e i r  d i s t i n c t i v e  c o n t r i b u t i o n  l i e s  i n  t h e i r

abi l i ty  to  increase  the  share  o f  potent ia l  output  that  producers  rea l ize  by

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

in  agr icu l ture  over  the  past  few decades  have  invo lved  the  introduct ion  o f

d a m a g e - c o n t r o l  a g e n t s ,  e . g . ,  p e s t i c i d e s , w i n d b r e a k s ,  s p r i n k l e r s  f o r  f r o s t  p r o -

tect ion ,  immunizat ions  and ant ib iot i cs  in  feedlot  operat ions ,  e tc .  Advances

in  s torage  technology  ( for  instance , the  fumigat ion  o f  s tored  gra ins )  have

hinged on improvements in damage-control agents.  Other important examples of

damage-control agents include the use of  smoke alarms and sprinkler systems to

reduce fire damage, ant i thef t /ant ivandal ism measures  ( in  fact ,  the  prevent ion

of  cr imes  against  property  i s  essent ia l ly  an  exerc ise  in  damage  contro l ) ,  e tc .

The  use  o f  damage-contro l  agents  a lso  tends  to  sub ject  producers  to  cer -

ta in  d i f f i cu l t ies  which  do  not  ar ise  in  connect ion  with  the  use  o f  s tandard

inputs . The most important problem is that,  in many cases,  the damaging

agents involved (be they human, insect, or weed) adapt to the damage-control

measures taken as time passes, r e n d e r i n g  t h e  l a t t e r  i n c r e a s i n g l y  i n e f f e c t i v e ,

This problem of growing resistance to damage control has important economic

r a m i f i c a t i o n s .

In many situations, notably  those  invo lv ing  natural  systems (e .g . ,  pest

contro l ,  immunizat ion ,  e tc . ) ,  the  abi l i ty  o f  s imulat ion  methods  to  deal  with
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multiple dynamic processes makes them better suited for exploring the details

o f  opt imal  damage-contro l  s trateg ies . In  pos i t ive  s tudies ,  however ,  where  the

aim is to explain observed behavior and to estimate behavioral or physical

parameters,  econometric methods are generally required. The computational

complexities and data requirements of  econometric methods restrict them to

spec i f i cat ions  that  are  s impler  and  less  deta i led  than the  ones  used  for  s imu-

l a t i o n s . Thus ,  econometr ic  methods  are  inev i tab ly  conf ined  to  a  lower  leve l

o f  prec is ion  than s imulat ion  models . The key to maximizing the accuracy and

information content of  econometric models l ies in incorporating as much as

poss ib le  the  cr i t i ca l  e lements  o f  the  avai lab le  sc ient i f i c  knowledge  without

fata l ly  compromis ing  the ir  general i ty  and est imatabi l i ty .

To  date ,  econometr i c  invest igat ions  o f  damage  contro l  have  tended  to  re ly

on generic econometric models rather than to draw on knowledge about the

a c t u a l  p h y s i c a l  o r  b i o l o g i c a l  p r o c e s s e s  i n v o l v e d  t o  s p e c i f y  t h e  r e l e v a n t  f u n c -

t ional  forms. Spec i f i cat ion  errors  ar is ing  in  th is  way  may generate  b iases  o f

cons iderable  s ize  in  est imates  o f  product iv i ty  and,  hence ,  faul ty  conc lus ions

about  e f f i c ient  input  usage .

Economic  analys is  o f  agr icu l tura l  pest i c ide  use  i s  a  pr ime example  o f  th is

phenomenon. Theoretical (Feder and Regev; Regev, Shalit ,  and Gutierrez) and

normative empirical (Shoemaker; Regev, Gutierrez,  and Feder;  Talpaz and

Borosh; Regev, Shalit ,  and Gutierrez) models of  pest management at the farm or

reg ional  l eve l  have  incorporated  the  avai lab le  entomolog ica l  knowledge  in

their model specifications and have derived optimal management patterns and

policy recommendations on this basis.  By contrast,  econometric measurements

o f  pest i c ide  product iv i ty  have  been  der ived  f rom standard  product ion  theory

models ,  notably  us ing  Cobb-Douglas  spec i f i cat ions .  I t  wi l l  be  shown that

product iv i ty  est imates  are  f lawed conceptual ly  and , a s  a  r e s u l t ,  c o n t a i n  s i g -

n i f i c a n t  s t a t i s t i c a l  b i a s e s .
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Presented  f i rs t  i s  a  genera l  d iscuss ion  o f  the  ro le  o f  damage  abatement  in

the  product ion  process .  I t  i s  argued  that  damage-contro l  inputs  should  be  in -

corporated  into  product ion  analys is  in  a  d i f ferent  manner  than regular  inputs ;

in  fac t ,  models  o f  b io log ica l  and  phys ica l  processes  are  tapped  to  obta in

spec i f i cat ions  o f  product ion  processes  with  damage  contro l  inputs . These

spec i f i cat ions  are  espec ia l ly  appropr iate  for  product ion  analys is  at  the

m i c r o l e v e l ,  i . e . , the  indiv idual  f i rm,  the  farm,  or  even the  f ie ld .

Heterogeneity among producers and variation in environmental conditions may

mean that proper aggregation procedures should be incorporated to derive

spec i f i cat ions  appropr iate  for  micro leve l  reg ional  analys is  (Z i lberman) .

This  approach  to  the  spec i f i cat ion  o f  the  ro le  o f  damage-contro l  agents  in

product ion  has  two  important  impl i cat ions  for  theoret i ca l  and ,  espec ia l ly ,

empirical work. First ,  i t  i s  shown that  the  types  o f  product ion  funct ion

spec i f i cat ions  used  most  commonly  to  est imate  factor  product iv i ty  overest imate

the  product iv i ty  o f  damage-contro l  inputs  even  in  large  samples .  The  source

o f  th is  upward  b ias  i s  a  misspec i f i cat ion  o f  the  shape  o f  the  marginal  factor

productivity curve of  damage-control inputs which decrease more rapidly in the

economic range than standard specifications impose.

The  k ind  o f  spec i f i cat ion  proposed  for  incorporat ing  damage-contro l  agents

into production analysis produces empirical models in which factor produc-

tivity can be estimated easily from existing data in a number of  important

instances . Spec i f i cat ions  wi l l  be  der ived  and  est imat ion  procedures  wi l l  be

d i s c u s s e d  f o r  s e v e r a l  c a s e s  o f  s p e c i a l  i n t e r e s t  w i t h  r e s p e c t  t o  p e s t i c i d e s .

The  second important  character is t i c  o f  th is  spec i f i cat ion  i s  the  way i t

handles  changes  in  damage-contro l  agent  product iv i ty  over  t ime.  In  the  case

o f  pest i c ides ,  f or  example ,  the  spread  o f  res is tance  through a  pest  populat ion

is an important problem. Treating a damage-control agent,  such as a
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pest i c ide ,  in  the  same way  as  an  ord inary  factor  o f  product ion  has  led  econo-

mists  to  predic t  behavior  contrary  to  observed  fact .  In  a  s tandard  product ion

funct ion ,  decreas ing  factor  e f fec t iveness  i s  re f lec ted  in  decreas ing  marginal

f a c t o r  p r o d u c t i v i t y  a n d ,  t h u s ,  i n  r e d u c e d  l e v e l s  o f  f a c t o r  u s e .  I n  t h e

s p e c i f i c a t i o n , decreas ing  e f fec t iveness  may increase  factor  demand;  th is  i s

precisely the phenomenon observed in pesticide use trends.

A  Model  o f  Damage  Contro l

Damage-control agents do not enhance productivity directly as do the standard

types  o f  product ion  factors .  To  the  contrary ,  they  may even  impede  produc-

tivity somewhat: The application of  a pesticide,  for example,  may be harmful

to  crop  p lants  to  a  certa in  extent .  Their  contr ibut ion  to  product ion  may be

understood  best  i f  one  conce ives  o f  ac tual  ( rea l ized)  output  as  a  combinat ion

of  two components:  potential output (the maximum quantity of  product obtain-

able from any given combination of  inputs) and losses caused by damaging

a g e n t s  ( i n s e c t s ,  w e e d s ,  b a c t e r i a ,  f i r e ,  f l o o d s ,  a n d  v a n d a l s )  p r e s e n t  i n  t h e

environment .  These  losses ,  in  turn ,  are  a  funct ion  o f  the  environmental

conditions determining the destructive capacity of  the relevant damaging

agents  and  o f  the  act ion  o f  damage-contro l  agents  on  that  destruct ive  capac i ty

through the damage-abatement efforts undertaken. Thus, the productivity of

damage-control agents should be defined in terms of their contributions to

damage-abatement services, that  i s ,  the  abatement  e f for t  (hereaf ter  re ferred

to simply as abatement). It  should be clear that damage and, hence,  abatement

are  necessar i ly  l imited  by  two  factors :  potent ia l  output  and the  destruct ive

capacity of  the damaging agents.  Damage can be at most equal to potential

output and no smaller than zero, and abatement can be at most equal to total
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destructive capacity (implying that production will  equal some minimum value)

and no  smal ler  than zero  ( imply ing  that  product ion  wi l l  equal  potent ia l  out -

put).   This suggests that abatement should be defined in terms of its impact

on  the  destruct ive  capac i ty  o f  the  re levant  damaging  agents  s ince  i t  a f fec ts

damage and production via that impact. For example, pest management efforts

a im to  l imit  crop  losses  by  reduc ing  the  s izes  o f  pest  populat ions  at  cr i t i ca l

t imes  o f  the  year ; vacc inat ion  programs reduce  suscept ib i l i ty  to  in fect ion ;

f i r e  s a f e t y  e f f o r t s , ( i n s t a l l a t i o n  o f  s p r i n k l e r  s y s t e m s  a n d  f i r e  e s c a p e s  a n d

use of  f ire-retardant materials)  reduce the damages sustained from any given

t y p e  o f  f i r e ,  e t c .

These  restr i c t ions  on  abatement  can  be  captured  with  no  loss  o f  general i ty

by defining an abatement function G(X) as the proportion of  the destructive

capac i ty  o f  the  damaging  agent  e l iminated  by  the  appl i cat ion  o f  a  l eve l  o f

contro l  agent  X . For the case of pest managment, for example,  this means that

abatement will  be measured by the proportion of  the target pest population

ki l led  by  the  appl i cat ion  o f  a  g iven  amount  o f  pest i c ide ,  that  i s ,  by  what  i s

commonly  ca l led  the  pest i c ide  e f fec t iveness  or  k i l l  funct ion . T h i s  d e f i n i t i o n

suggests that the abatement function will  possess the properties of  a cumula-

t i v e  p r o b a b i l i t y  d i s t r i b u t i o n : I t  w i l l  b e  d e f i n e d  o n  t h e  ( 0 ,  1 )  i n t e r v a l  w i t h

G = 1 denoting complete eradication of  the destructive capacity and G = 0

denot ing  zero  e l iminat ion ,  i . e . ,  maximum destruct ive  capac i ty ;  i t  wi l l  be

monotonica l ly  increas ing ; and it  will  approach a value of  unity as damage-

c o n t r o l  a g e n t  u s e  i n c r e a s e s ,  i . e . ,  G(X)+1 a s  X+a. T h e  d e r i v a t i v e  o f  G

with respect to X, ~03 = g(x), represents marginal damage-control agent

e f fec t iveness  or  marginal  product iv i ty ;  i t  i s  s imply  the  dens i ty  o f  G(X) .



In  th is  paper ,  X  wi l l  be  t reated  as  a  s imple  input  for  the  sake  o f  s im-

p l i c i t y ;  h o w e v e r , i t  should  be  noted  that  X  wi l l  o f ten  be  a  vector  o f  inputs

def ined  by  t ime  o f  appl i cat ion . In many situations, there are multiple damag-

ing agents and a variety of  damage-control inputs to use;  moreover,  timing of

intervent ion  wi l l  a f fec t  damage-contro l  e f fec t iveness .  In  econometr ic  work ,

o f  c o u r s e ,  t h e  d i m e n s i o n a l i t y  o f  X  w i l l  b e  l i m i t e d  b y  t h e  d a t a  a v a i l a b l e .  I t

should  a lso  be  noted  that  G wi l l  genera l ly  be  a  funct ion  o f  var iab les  o ther

than damage-control inputs,  for example, s tate  var iab les  which  indicate  exoge-

nous  factors  such  as  pest  prevalence ,  f i re  danger ,  weather  condi t ions ,  e tc .

However ,  damage-contro l  var iab les  are  the  only  contro l lab le  factors  a f fec t ing

abatement effort. For  th is  reason,  the  analys is  wi l l  concentrate  on  the ir

ro le  and  wi l l  ignore . the  exogenous S i m i l a r l y ,  t h e  a n a l y s i s  w i l l

examine the case of a  s ing le  destruct ive  agent  ( s ing le  abatement  e f for t )  where

G has  sca lar  values .  In  many s i tuat ions , a f irm may have to deal with several

sources of damage each of which requires some abatement. Analysis of  the more

genera l  case  i s  beyond the  scope  o f  th is  paper ;  however ,  most  o f  the  resul ts

obtained here carry over to the more general case. One  interest ing  aspect  o f

the  general  case  i s that some damage-control agents may enter into several

types of  abatement.

I t  f o l lows  f rom the  character izat ion  o f  ac tual  output  as  a  combinat ion  o f

potent ia l  output  and  losses  that  product ion ,  Q,  can  be  character ized  as  a

function of directly productive inputs,  Z,  and damage abatement G(X):

( 1 ) Q = F[Z, G(X)].
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The product ion  funct ion  F    wi l l  be  assumed to  possess  the  s tandard  proper -

t ies  o f  product ion  funct ions ,  notably  concavi ty  in  (Z ,  G) .  When the  destruc -

t ive  capac i ty  o f  damaging  agents  i s  complete ly  e l iminated ,  l osses  wi l l  be  zero

and actual  output  wi l l  equal  potent ia l  output , t h a t  i s ,  p o t e n t i a l  o u t p u t  c a n

be  expressed  as  F(Z ,  1 ) .  When G =  0 ,  F (Z ,  0 )  denotes  the  output  obta inable

under maximum destructive capacity,  i .e. ,  the minimum actual output.

The  genera l i ty  o f  F    a l lows  damage  abatement  to  a f fec t  actual  output

in  a  var iety  o f  ways .  For  example ,  a  general  l inear  form,  Q =  Fl(Z) +

FZ(Z) G(X)  may be  reasonable  in  a  var iety  o f  s i tuat ions .  The  funct ion  Fl(Z)

represents minimum output in this case,  while Fl(Z) + F2(Z) represents

potent ia l  output . This general linear form encompasses some commonly used

spec i f i cat ions  as  subcases : Sett ing  Fl(Z) =  0  impl ies  that  actual  output  i s

proportional to abatement; set t ing  F2(Z)  equal  to  a  constant  impl ies  addi -

t i v e  s e p a r a b i l i t y  o f  p o t e n t i a l  o u t p u t  a n d  l o s s e s . However, output may also be

nonlinear in abatement.  In pest management,  for instance,  one would expect to

f ind  decreas ing  marginal  product iv i ty  o f  abatement  s ince  further  reduct ions  in

damages tend to decline as pest populations get smaller.

There are two ways of  determining the optimal level of  damage-control

a g e n t  u s e :  ( 1 ) one  can  so lve  for  the  pro f i t -maximiz ing  cho ice  o f  X  d irect ly

or  (2 )  one  can  employ  a  two-step  procedure  invo lv ing ,  f i rs t ,  the  pro f i t -

maximizing choice of  abatement, G ,  a n d ,  s e c o n d ,  t h e  c h o i c e  o f  X  t o  a t t a i n  t h i s

opt imal  leve l  o f  abatement  at  l east  cost . Analyz ing  the  cho ice  o f  opt imal

abatement  i s  o f  interest  in  i ts  own r ight . Moreover ,  because  the  cho ices  o f

abatement  and damage-contro l  agent  use  are  o f ten  confused ,  i t  i s  instruct ive

to examine the differences and relationships between the two.
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Consider  f i rs t  the  opt imal  cho ice  o f  abatement ,  G.  One  can  v iew th is

cho ice  as  the  intermediate  s tep  in  the  two-s tep  procedure  d iscussed  above ,  or

as the purchase of abatement services as a marketed commodity which is not

unusual  in  pest  contro l ,  property  protect ion ,  and  other  s t iuat ions . Let s

d e n o t e  t h e  p r i c e  o f  a  u n i t  o f

and  r  denote  the  pr i ce  o f  the

The relevant maximization

abatement ;  p  denote  the  pr i ce  o f  the  product ,  Q ;

normal input, Z.

problem is

( 2 ) max II
Z,G

= pF(Z, G) - rZ - sG.

Assuming an interior maximum and denoting derivates with subscripts,  the nec-

essary  condi t ions  for  maximizat ion  are  g iven  by

( 3 ) pFZ = r, pFG = s.

Suf f i c iency  i s  assured  by  the  negat ive  semidef in i teness  o f  the  Hess ian  matr ix

w h i c h  i m p l i e s  FZZ 2 0, FGG 2 0,
2

a n d  FZZFGG  - FGZ 2 0 .  T h e  e l a s t i c i t y

of demand for damage abatement,  G, found by differentiation of  (3)  with

r e s p e c t  t o  s ,  i s

( 4 )



Now cons ider  the  opt imal  cho ice  o f  damage-contro l  agent  use .  Lett ing  w

denote  the  pr i ce  o f  the  damage-contro l  agent ,  the  re levant  pro f i t -maximizat ion

problem is

( 5 )

and the necessary conditions are

( 6 )

Suf f i c iency  i s  ensured  by  the  negat ive  semidef in i teness  o f  the  Hess ian  matr ix

2which implies FZZ 5 0, FGG l g + FG ’ g’ _< 0, and

g’) - FZG l g2 _> 0;  both the marginal productivity of  damage abatement,

FG, and the  marginal  e f fec t iveness  o f  the  damage-contro l  input ,  g ,  must  be

dec l in ing  to  ensure  that  a  maximum has  been at ta ined .  The  e last i c i ty  o f

demand for the damage-control  input is

( 7 )

where i s  t h e  e l a s t i c i t y  o f  a b a t e m e n t  a n d  n =  gXX/g  ( t h e  e l a s t i c i t y
g

o f  the  marginal  e f fec t iveness  o f  the  damage-contro l  input )  measures  the  curva-

ture of the damage abatement function.

Evaluat ion  o f  the  express ion  on  the  r ight -hand s ide  o f  (7 )  a l lows  one  to

draw severa l  conc lus ions  about  the  qual i tat ive  character is t i cs  o f  demand for

damage-control agents and its relationship to the demand for abatement.

F i r s t ,  b e c a u s e  g ( X )  h a s  t h e  p r o p e r t i e s  o f  a  p r o b a b i l i t y  d e n s i t y ,  i t  i s

reasonable  to  assume that  In,1 > 1 ,  that  i s ,  that  the  marginal
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e f f e c t i v e n e s s  c u r v e  i s  a l w a y s  e l a s t i c . The  ex is tence  o f  a  f in i te  abatement

f u n c t i o n  ( p r o b a b i l i t y  d i s t r i b u t i o n ) ,  G ( X ) ,  d e f i n e d  o n  0  < X  < 00 i s- -

a s s u r e d  i f  t h e  m a r g i n a l  e f f e c t i v e n e s s  c u r v e  ( d e n s i t y  f u n c t i o n ) ,  g ( X ) ,  i s

dec l in ing  faster  than 1 /X  (s ince  f l/X =  In X,  which  does  not  converge  as  X

+ -) which  impl ies  that  g,(X)  X/g (X) < - 1 / g ( X )  < - 1 ,  a  p r o p e r t y  w h i c h  i s

easily verified for any of the commonly used distributions (normal,  gamma,

e t c . ) . A s  a  r e s u l t  o f  t h i s  p r o p e r t y  o f  g ( X ) ,  i t  i s  o b v i o u s  f r o m  ( 7 )  t h a t

IE,I < 1 ;  i . e . , the demand for damage-control  inputs is everywhere

i n e l a s t i c  i n  a l l  p r a c t i c a l  i n s t a n c e s .

Second, it  is  evident from (7) that the demand for abatement (represented

by  i ts  e last i c i ty  Ed) in f luences  the  demand for  damage-contro l  inputs .

H o w e v e r ,  t h e  e x t e n t  o f  t h i s  i n f l u e n c e  v a r i e s  c o n s i d e r a b l y .  C o n s i d e r  f i r s t  t h e

case  where  EG =  0 ,  that  i s , where the demand for damage abatement is

p e r f e c t l y  i n e l a s t i c . Rearrangement of  (7)  produces the relation cX =

&G/(% + qg +, from which  i t  i s  ev ident  that  EX =  0  whenever  cG =  0 ;  that

is ,  that  the  demand for  damage-contro l  agents  i s  per fect ly  ine last i c  whenever

the demand for abatement is perfectly inelastic.  Whenever the demand for abate-

ment  i s  per fect ly  ine last i c ,  then  the  demand for  damage-contro l  agents  wi l l  be

dominated by the demand for abatement.

One situation where this may occur is when the relevant production func-

t ion  exhib i ts  f ixed  proport ions  with  respect  to  abatement .  Another  i s  the

case where abatement exhibits threshold effects such as where some positive

proport ion  o f  damage  i s  equiva lent  to  to ta l  l oss  o f  the  crop .  For  example ,

U. S.  Food and Drug Administration regulations prohibit the sale of  shipments

of apples in which more than 3 percent have been found to be wormy; here

abatement of  96 percent is equivalent to none, while 97 percent passes

85



muster. (Similar regulations govern the sale of most produce.) In this case,

all that matters to the grower is that worm infestations affect no more than

3 percent of the crop; hence, the demand for pesticides to control this prob-

lem will be perfectly inelastic at the 5 percent abatement level.

the case where the demand for abatement is not perfectly inelastic--In

where ]cGj > 0--it is easy to verify that &X/&G = nG/(nG + ng cG)’

>O, i .e., that the elasticity of the demand for abatement has a positive

effect on the elasticity of demand for damage-control inputs. Therefore, the
I

more elastic the demand for abatement is, the more elastic the demand for

damage-control inputs will be.

As the level of damage-control agent use rises, however, nG declines

(since an,/  aX = [ 1 - nG + n,] q-/X) and, hence, the influence of the demand

for abatement, EG, on the demand for damage-control inputs, cx, tends

to diminish. In fact, as X gets sufficiently large that G(X) approaches 1,

nG tends to vanish; as a result, cX approaches l/n . Since in most observed
g

cases damage-control agents tend to be used at close to full effectiveness,

one can conclude that, whenever le,i > 0, the elasticity of demand for

damage-control inputs is the reciprocal of the elasticity of the marginal

effectiveness curve.

Econometric Implications of the Specification

What happens when a standard production function specification, such as a

Cobb-Douglas, is used to estimate the marginal productivity of damage con-

trol? The result of such a misspecification can be seen in figure 1 which

compares a standard Cobb-Douglas marginal productivity curve with one derived

from the damage-control specification proposed above. It is easily seen that
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FIGURE I. The Impact of Misspecification on Damage Control Agent Productivity Estimates



any spec i f i cat ion  which  restr i c ts  the  rate  at  which  the  marginal  e f fec t iveness

curve  dec l ines  wi l l  tend  to  produce  overest imates  o f  the  marginal  product iv i ty

of damage-control agents and, at the same time, to produce underestimates of

t h e  p r o d u c t i v i t y  o f  n a t u r a l  f a c t o r s . Moreover ,  these  b iases  wi l l  occur  even

when the specification used is a good approximation of  the true model in every

respect  but  the  incorporat ion  o f  the  damage-contro l  input .

More  formal ly ,  assume that  the  output  e last i c i t ies  o f  abatement ,  G,  and  o f

a l l  o t h e r  i n p u t s ,  Z ,  a r e  c o n s t a n t  a n d  t h a t  t h e  e l a s t i c i t i e s  o f  s u b s t i t u t i o n

di f fer  on ly  neg l ig ib ly  f rom one  over  the  re levant  range ;  then  the  Cobb-Douglas

s p e c i f i c a t i o n ,

(8 ) Q =  eaZBIG(X)IY  eU,

represents the under lying production function and the random error associated

with  it.3 I t  wi l l  be  convenient  to  use  the  logar i thmic  form o f  the  model .

Lett ing  the  lower  case  le t ters ,  q ,  z ,  and  x ,  represent  the  natural  logar i thms

of  Q,  Z ,  and  X,  respect ive ly ,  the  model  can  be  rewri t ten :

(9)  

Now suppose that,  instead of  the model given by (8)  and (9) ,  a Cobb-

Douglas  spec i f i cat ion  us ing  the  damage-contro l  agent ,  X ,  instead  o f  abatement ,

G(X), i s  used  to  est imate  th is ;  that  i s ,  that  the  est imat ing  model  used  i s

(10)

As we show formally in the Appendix, the ordinary least-squares (OLS)

estimation of converges in probability to a number less than

s p e c i f i c a l l y ,
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(11)

where 2 is the mean value of  1n(X).  At the same time, the OLS estimation of

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

o f  damage-contro l  agent  product iv i ty  at  mean usage  leve l  2, t(x) y:

(12 )

The  impl i cat ion  o f these f indings is that the use of  a standard Cobb-Douglas

spec i f i cat ion  to   es t imate  damage-contro l  agent  (pest i c ide )  product iv i ty  leads

to overestimation of  the marginal productivity of  the damage-control agent and

underest imat ion  o f  the  marginal  product iv i ty  o f  natural  and  omit ted  factors

even when the Cobb-Douglas specification is good for abatement.

The intuition behind these results can be grasped easily upon examination

of  f igure  1 .  The  spec i f i cat ion  o f  damage-contro l  agent  product iv i ty  proposed

here  suggests  that  the  marginal  product  (marginal  e f fec t iveness )  curves  o f  the

damage-control agent wi l l  dec l ine  at  an  increas ing  rate  in  the  economic

region .  T h e  r e a s o n  f o r  t h i s  i n c r e a s i n g l y  r a p i d  d e c l i n e  l i e s  i n  t h e  s p e c i f i c a -

t i o n  o f  m a r g i n a l  e f f e c t i v e n e s s  a s  a  p r o b a b i l i t y  d e n s i t y :  T o  c o n v e r g e ,  g ( X )

must decline faster than 1/X and, hence, must decrease more rapidly as X gets

l a r g e r .  A s  a  r e s u l t ,  t h e  e l a s t i c i t y  o f  t h e  m a r g i n a l  e f f e c t i v e n e s s  c u r v e  a l s o

grows  as  X  increases .  A  spec i f i cat ion  l ike  the  Cobb-Douglas  cannot  match  th is

behavior .  Instead ,  a  s tandard  Cobb-Douglas  spec i f i cat ion  wi l l  produce  a

marginal  e f fec t iveness  curve  whose  e last i c i ty  i s  constant  and,  hence ,  which

dec l ines  more  s lowy than the  true  marginal  e f fec t iveness  curve .  The
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impl i cat ions  o f  th is  fact  can  be  seen  eas i ly  in  f igure  1 .  The  s tandard  Cobb-

Douglas  spec i f i cat ion  wi l l  produce  cons is tent  est imates  o f  the  damage-contro l

agent productivity parameter nGy at a point which necessarily l ies
-

to  the  le f t  o f  the  average  leve l  o f  damage-contro l  agent  use  X. Since  the

true  parameter  tends  to  dec l ine  qui te  rapid ly , the estimated marginal product

curve  wi l l  l i e  above  the  t rue  curve  for  leve ls  o f  contro l  agent  use  greater

x
than e .  At  average  use  leve ls  then ,  the  est imated  va lue  o f  marginal

damage-contro l  agent  product iv i ty  (WE) wi l l  be  greater  ( conce ivably  sub-

stant ia l ly  greater )  than the  true  va lue  o f  marginal  damage-contro l  agent

p r o d u c t i v i t y  (WA> and will  appear to be greater than marginal control

a g e n t  c o s t  (MC).4

This  resul t  expla ins  one  o f  the  most  perp lex ing  f indings  o f  the  econome-

t r i c  l i t e r a t u r e  o n  p e s t i c i d e  u s e : that  marginal  pest i c ide  product iv i ty  has

been well  above marginal application cost. Perhaps the clearest example is

the work of  Campbell ,  who applied a Cobb-Douglas production function to data

on  output ,  pest i c ide  use , and other factors in Canadian apple orchards and

found marginal pesticide productivities that were about 12 times marginal

c o s t .  T h e  i m p l i c a t i o n ,  o f  c o u r s e ,  i s  t h a t  p e s t i c i d e s  a r e  g r e a t l y  u n d e r -

u t i l i z e d . I n  l i g h t  o f the  b io log ica l  and  behaviora l  l i terature  on  pest i c ide

use ,  such  a  conc lus ion  i s  astounding ,  to  say  the  least . The overwhelming con-

sensus  op in ion  o f  the theoret i ca l ,  normat ive  empir ica l ,  and casual  empir ica l

s tudies  per formed concerning  pest i c ide  use  i s  that  pest i c ides  are  overused

rather  than underut i l i zed  as  the  econometr ic  l i terature  suggests .  Cons idera-

t ion  o f  such  factors  as  the  potent ia l  growth o f  res is tance ,  common stock

externalities, informational and human capital problems, and the like suggests

that marginal pesticide productivity l ies below marginal cost at common usage

l e v e l s .
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The analys is  o f econometric method presented above indicates that the

source  o f  th is  contradic t ion  i s  the  incorrect  methodology  employed  in  these

studies . Estimation of  the production function using the damage-control agent

(pest i c ide )  instead  o f  an  abatement  e f fec t iveness  (k i l l )  funct ion  produces  an

upward  b ias  in  the  est imates  o f  damage-contro l  agent  (pest i c ide )  which ,  in

turn ,  impl ies  the  product iv i ty  underut i l i zat ion  o f  the  damage-contro l  agent .

Estimating Damage Control: Some Sample Specifications

Because the abatement function can be represented quite naturally by a cumula-

t i v e  d i s t r i b u t i o n ,  i t  i s  n o t  d i f f i c u l t  t o  s p e c i f y  e m p i r i c a l  m o d e l s  f o r  e s t i -

mating the productivity of  damage-control agents. In  th is  sect ion  we  g ive

some examples  o f  poss ib le  spec i f i cat ions  der ived  f rom dis tr ibut ions  that  have

been used  in  the  pest  management  l i terature .  I t  turns  out  that ,  in  a  number

of  important  cases , estimation of  the parameters of  these models is remarkably

simple so that use o f  abatement  funct ions  in  empir i ca l  work  enta i l s  l i t t le  or

n o  a d d i t i o n a l  c o s t .

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

modified Cobb-Douglas form g iven  by  (8 )  represents  the  product ion  funct ion

w e l l . Under this assumption and the  assumpt ion  o f  a  spec i f i c  f orm for  the

abatement function G(X), i t  becomes  poss ib le  to  der ive  product ion  funct ion  and

damage-control agent demand function specifications for use in econometric

work .  Table  1  shows  the  product ion  funct ions  ( in  log  form)  and damage-contro l

agent  demand funct ions  impl ied  by  four  spec i f i cat ions  o f  G(X) : the Pareto

d i s t r i b u t i o n ,  t h e  e x p o n e n t i a l  d i s t r i b u t i o n ,  t h e  l o g i s t i c  d i s t r i b u t i o n ,  a n d  t h e

Weibul l  d is tr ibut ion . T h e  l a t t e r  t h r e e  s p e c i f i c a t i o n s  a r e  o f  p a r t i c u l a r

interest  because  o f  the ir  use  in  th is  capac i ty  in  normat ive  empir i ca l  models
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Table -1 . Al ternat ive  Econometr ic  spec i f i cat ions

Damage control
D i s t r i b u t i o n G(X) Production function agent demand

Pareto

Exponential

L o g i s t i c

Weibull



of  pest  management .  The  Pareto ,  on  the  other  hand,  i s  o f  interest  pr imari ly

because  o f  i t s  econometr ic  impl i cat ions .

Cons ider  f i rs t  the  case  o f  the  Pareto  abatement  funct ion .  In  the  form

g i v e n  i n  t a b l e  1 , both the production function and damage-control agent demand

re lat ion  are  qui te  intractable  for  l inear  est imat ion  and must  be  approached  by

nonlinear means. But  in  the  spec ia l  case  where  y =  1 ,  that  i s ,  abatement  i s

proport ional  to  potent ia l  output , it  can be shown that the supply function can

be expressed as

(13)

(14)

where

In short, a Pareto damage abatement

funct ion ,  together  wi th  the  assumpt ion  o f  abatement  proport ional  to  potent ia l

output ,  y ie lds  s tandard   Cobb-Douglas  spec i f i cat ions  for  the  supply  funct ion

and for damage-control agent demand. I t  t u r n s  o u t  t h a t  t h i s  r e s u l t  a r i s e s

from the  fact  that  the  Pareto  d is tr ibut ion , l ike  the  Cobb-Douglas ,  possesses  a

m a r g i n a l  c u r v e  ( d e n s i t y )  e l a s t i c i t y  w h i c h  i s  c o n s t a n t .  F o r  t h e  f o r m  o f  t h e

P a r e t o  d i s t r i b u t i o n  g i v e n  h e r e ,  f o r  i n s t a n c e ,  i t  i s  r e a d i l y  a p p a r e n t  t h a t  t h e
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x -(x+1)
m a r g i n a l  e f f e c t i v e n e s s  c u r v e ,  g(X) = AK X h a s  a n  e l a s t i c i t y  o f

-(A +  1 )  f o r  X .  T h e  P a r e t o  d i s t r i b u t i o n  i s  e x c e p t i o n a l  i n  t h i s  r e g a r d :  T h e

d e n s i t y  e l a s t i c i t i e s  o f  m o s t  d i s t r i b u t i o n s  i n c r e a s e  r e l a t i v e l y  r a p i d l y .  I n

fact ,  the  Pareto  d is tr ibut ion  can  be  cons idered  a  l imit ing  case  for  probabi l -

i t y  d i s t r i b u t i o n s  i n  t h i s  r e s p e c t .

While this demonstration shows that the standard Cobb-Douglas specifica-

tion may be valid for examining the role of  damage-control agents in produc-

t ion  under  some condi t ions ,  i t  turns  out  that  these  condi t ions  are  so

r e s t r i c t i v e  a s  t o  b e  u n i m p o r t a n t  p r a c t i c a l l y .  T h e  v a l i d i t y  o f  a  s t a n d a r d

Cobb-Douglas specif ication depends on two conditions: (1)  that abatement be

proportional to potential  output and (2)  that abatement be well  represented by

a  Pareto  d is tr ibut ion . C o n d i t i o n  ( 1 )  i s  c e r t a i n l y  a  g o o d  d e s c r i p t i o n  o f

abatement in many situations; i t  should  be  recognized ,  however ,  that  there  are

also many situations where  i t  does  not  character ize  the  ro le  o f  abatement

w e l l . Condi t ion  (2 )  may a lso  ho ld  in  some cases .  But ,  by  and large ,  Pareto

distributions have not been found to characterize abatement very well  pre-

c i s e l y  b e c a u s e  o f the ir  s low rates  o f  change . (The  d is tr ibut ions  used  for

production function is nonlinear in A. It  can be estimated, of  course,  by

nonlinear methods or,  since X should l ie between zero and one,  the parame-

ters of  the model can be estimated by l inear techniques combined with a grid

s e a r c h  f o r  A.

p e s t i c i d e  e f f e c t i v e n e s s ,  f o r  e x a m p l e , are  d iscussed  in  deta i l  be low. )

Now consider the case where the abatement function is assumed to be

e x p o n e n t i a l .  ( I n  t h e  p e s t i c i d e  l i t e r a t u r e ,  t h i s  s p e c i f i c a t i o n  w a s  u s e d  b y

R e g e v ,  G u t i e r r e z ,  a n d  F e d e r  i n  t h e i r  s t u d y  o f  a l f a l f a  w e e v i l  c o n t r o l . )  T h e
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Alternat ive ly ,  cons ider  the  demand for  the  damage-contro l  agent .  A  s l ight

rearrangement  o f  the  re lat ion  g iven  in  tab le  1  y ie lds  a  funct ion  o f  the  form:

( 1 5 )

This  re lat ion  i s  est imated  eas i ly  us ing  OLS

methods because the right-hand side is a simple l inear function of  revenue and

p e s t i c i d e  p r i c e , data  for  both  o f  which ,  i t  i s  important  to  note ,  are  gener -

a l l y  a v a i l a b l e . The  product ion  funct ion  parameters  o f  part i cu lar  interest ,

y and  X, are  recovered  eas i ly  f rom the  est imated  coe f f i c ients ,  a0 and

A l t e r n a t i v e l y , assume that the abatement function can be represented by a

logistic distribution as was done by Shoemaker in her study of f lour moth con-

tro l .  As  i s  ev ident  f rom table  1 ,  the  demand funct ion  for  the  damage-contro l

agent  (pest i c ide )  can  be  expressed  as

(16)

where I f  l/ya i s  s u f f i c i e n t l y  s m a l l ,

1 n  [PQ/W]  c a n  b e  u s e  a s  a  p r o x y  f o r  1 n  IpQ/w - l/ycr] a t  a  c o s t  o f  a  n e g l i -

g i b l e  r e d u c t i o n  i n  e f f i c i e n c y . I n  t h i s  c a s e ,  u s e  o f  a  l o g i s t i c  a b a t e m e n t

funct ion  impl ies  that the proper specif ication of  damage-control  agent demand

i s  a s  a  l i n e a r  f u n c t i o n  o f  1 n  [pQ/w].

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

the parameter u can be  recovered  f rom the  est imate  o f a
1’ I n  g e n e r a l ,  i t

will  not be possible  to recover estimates of  the two remaining parameters y
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and I f ,  however ,  there  i s  reason  to  be l ieve  that  damage  i s  s tr i c t ly  pro -

p o r t i o n a l  t o  p o t e n t i a l  o u t p u t ,  i . e . ,  w e  b e l i e v e  t h a t  y =  1 ,  t h e n  e s t i m a t i o n

of both of  the parameters of  the abatement function can be estimated using the

damage-control agent demand function.

As a f inal example,  consider the case where the abatement function can be

represented by a Weibull  distribution as Talpaz and Borosh assume in their

s tudy  o f  pest  contro l  in  cot ton .  The  demand o f  the  damage-contro l  agent  i s

s h o w n  i n  t a b l e  1 .  I n  g e n e r a l , will  be large enough to be a

very close approximation to s o  t h a t  t h e  r e l a t i o n

(17)

wi l l  be  a  good  approx imat ion  to  the  demand funct ion  g iven  in  tab le  1 .  The

re lat ion  in  (17)  can  be  rearranged  to  y ie ld  the  demand funct ion ,

( 1 8 )

abatement function implies that demand should be specified as the function

i n  ( 1 8 ) .

By  and large ,  then,  a  Weibul l  damage

This demand relation is nonlinear in the parameters;  hence,  the parameters

cannot  be  est imated  by  s tra ight forward  l inear  regress ion . It  does seem, how-

e v e r ,  t h a t  a  f a i r l y  s i m p l e  i t e r a t i v e  p r o c e d u r e  c o u l d  b e  u s e d .  T h e  f i r s t  s t a g e

of such a procedure would involve an OLS regression of  X + 1n X on a constant

a n d  1 n  [p~/w];  f o r  r e a s o n a b l e  v a l u e s  o f  c ,  ( c  - 1)/c w i l l  b e  q u i t e  c l o s e  t o

one so that X + In X will   be a good approximation for the left-hand side

o f  ( 1 8 ) . Estimates of c  and y can  be  der ived  eas i ly  f rom the  est imates  o f
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The approximation error can be reduced by using the estimate

o f  c  obta ined  f rom such  a  regress ion  to  reca lcu late  the  le f t -hand s ide  and

redoing the OLS regression using the recalculated value of  the dependent

variable,  a step which can be repeated as many times as may seem desirable.

Changes in Damage-Control Agent Productivity

In many cases,  damage abatement functions are dynamic;  in particular,  there is

a  tendency  for  the e f f i cacy  o f  damage-contro l measures to decline over time.

For  example ,  bacter ia  populat ions  typ ica l ly  deve lop  res is tance  to  ant ib iot i cs ,

necess i tat ing  the  use o f  l a r g e r  d o s e s  t o  a c h i e v e  s a t i s f a c t o r y  c o n t r o l  o f  i n -

fec t ions .  Dams and other  f l ood  contro l  dev ices  are  sub jected  to  water  ero -

s ion ,  gradual ly  weakening  the ir  ab i l i ty  to  prevent  f loods  and necess i tat ing

additional investment: in repair and renovation. Criminals tend to f ind ways

of coping with each improvement in prevention technology making further

improvements a continual necessity. In short, because damage abatement

typically involves natural systems in which damaging agents tend to adapt to

abatement efforts,   declines in damage-control  agent productivity tend to be

the  ru le  rather  than the  except ion .

Producers ,  however ,  tend  to  exc lude  th is  factor  f rom the ir  product ion

d e c i s i o n s . They  do  so ,  in  part , because  these  dec l ines  in  product iv i ty  are

e x t r e m e l y  d i f f i c u l t  t o  a n t i c i p a t e  s o  t h a t  t h e r e  i s  g e n e r a l l y  v e r y  l i t t l e

re l iab le  in format ion  on  future  t rends  avai lab le  to  incorporate  into  current

product ion  p lans . I n  a d d i t i o n ,  t h e s e  d e c l i n e s  i n  p r o d u c t i v i t y  t y p i c a l l y

possess a very large public good component because they are caused by the

combined  act ions  o f  a l l  producers  ( see ,  f or  instance ,  Regev ,  Shal i t ,  and

Gut ierrez ) . As  a  resul t ,  ind iv idual  producers  perce ive  the ir  own act ions  to
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neoclassical one (specifically, if output is zero when use of any input is

zero, if the marginal productivity of any factor is quite large at a zero

level of utilization, and if marginal productivity is monotonically decreasing

in factor  use,  i .e . , the production function is concave), then this decline in

factor productivity  means that the marginal productivity of the factor will

decrease at every level of factor use so that the level of utilization of that

factor will also decline. In short, an environmentally induced decrease in

productivity of a factor will decrease demand for it.

This line of argument was put forward for the case of pesticides by

Carlson in his empirical study of the impact of resistance on pesticide use.

Carlson argued that the development of resistance implied decreasing marginal

pesticide productivity over time and, thus, that the demand should fall for

pesticides to which resistance was developing. The standard characterization

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 pesticide decreases only when productivity is so low that alternative

pesticides become more efficient. This pattern has been observed in every
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have negligible effects on damage-control productivity and thus tend to

operate within a myopic optimizing framework. 5

Such environmentally induced changes in productivity have a different

impact on the use of damage-control agents than do normal inputs. Consider

what happens to demand for a normal factor of production when its productivity

decreases because of some change in the productive environment. Decreased

factor productivity means that total output will be less than it was previ-

ously for every level of input use. If the production function is a standard



case  in  which  res is tance  has  eroded  pest i c ide  product iv i ty  over  t ime.  In

f a c t ,  i t  i s  f u r t h e r  b o r n e  o u t  b y  t h e  r e s u l t s  o f  C a r l s o n ’ s  s t u d y .  I n  h i s

invest igat ion  o f  pest i c ide  demand, he found that resistance measures were

positively correlated with demand for organophosphates (to which resistance

had emerged only recently) while they were negatively correlated with demand

for DDT--a chemical to which resistance was quite extensive.

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

m e d i c a l  p r a c t i t i o n e r s , cr ime prevent ion  experts , and  others  respond i rrat ion-

ally to environmentally induced changes in damage-control agent productivity.

By contrast, analyzing damage-control agents in the context of  an abatement

f u n c t i o n  s u p p o r t s  f u l l y  t h e  r a t i o n a l i t y  o f  t h e i r  b e h a v i o r  i n  s u c h  s i t u a t i o n s .

The optimality of  increased damage-control agent usage is shown easily under

short-run profit  maximization using the model of  damage abatement introduced

above.

The  types  o f

e f fec t iveness  o f  any  g iven  leve l  o f  damage-contro l  agent  appl ied .  Any  g iven

changes discussed above have t h e  e f f e c t  o f  r e d u c i n g  t h e

amount of  damage-control agent will  thus eliminate a smaller proportion of

destruct ive  capac i ty  than be fore ;  in  o ther  words ,  more  damage  contro l  agent  i s

required  to  achieve  any  g iven  reduct ion  in  destruct ive  capac i ty .

To  capture  th is e f f e c t ,  w e  r e d e f i n e  t h e  a b a t e m e n t  f u n c t i o n ,  G   ,  a s  a

funct ion  o f  the  amount  o f  damage-contro l  agent  appl ied ,  X ,  and  the  leve l  o f

resistance, R, where and for  a l l  X ;  in

o t h e r  w o r d s ,  GR < 0 f o r  a l l  X .  I n  f a c t ,  w e  w i l l  d e f i n e  R  s u c h  t h a t  t h e-

strict inequality holds everywhere but at the minimal and maximal levels where

increases  in  res is tance  may have  no  e f fec t .
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F o r  e a s e  o f  a n a l y s i s ,  w e  w i l l  i m p o s e  t w o  a d d i t i o n a l  r e s t r i c t i o n s .  F i r s t ,

we  wi l l  cons ider  the  e f fec t  o f  res is tance  only  for  the  case  o f  unimodal  damage

abatement functions which are the only ones used for empirical purposes.

Second, we assume that the curves representing marginal effectiveness for two

d i f f e r e n t  l e v e l s  o f res is tance  cross  only  once ;  in  essence ,  th is  assumption

mere ly  says  that  increased  leve ls  o f  res is tance  do  not  d is tor t  the  shape  o f

the  marginal  e f fec t iveness  funct ion  too  much.  Together ,  these  imply  that

GxR
> 0 - - that  increased  res is tance  increases  the  marginal  e f fec t iveness

o f  the  damage-contro l  agent - - in  the  economic  reg ion .  The  reason  for  th is  i s

s imple .  For  smal l  va lues  o f  X ,  increased  res is tance  impl ies  that  marginal

e f fec t iveness  must  decrease .  As  shown in  f igure  2 ,  on ly  when GX(Xo,  Rl) <

G&X0, Ro) w i l l  G(Xo, R,), the area under the new marginal effectiveness

curve ,  be  less  than G(X,
Ro’* Formally,

Ro) dX i m p l i e s  t h a t  C$,R  < 0  f o r  s m a l l  v a l u e s  o f  X .  S i n c e  t h e  t w o  f u n c t i o n s

must both attain a value of  1 at the maximal dose level,  however ,  GXR must

be  pos i t ive  for  at  l east  some X; the  s ingle  cross ing  assumption  ensures  that

t h i s  c o n d i t i o n  w i l l  n o t  b e  r e v e r s e d  o n c e  i t  i s  a t t a i n e d .

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

analyzed formally via t o t a l  d i f f e r e n t i a t i o n  o f  t h e  f i r s t - o r d e r  c o n d i t i o n s

given by (3) ,  amended to  inc lude  the  shi f ter  R  in  the  abatement  funct ion .

Rearrangement of  the resulting equation yields

(19 )

The  express ion  on  the  r ight -hand s ide  o f  (19 )  i s  pos i t ive  whenever  Gm > 0 ;

for  the  cases  we  are  cons ider ing , the  lat ter  i s  t rue  everywhere  in  the
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FIGURE 2, Impact of Increased Resistance on Marginal Pesticide Productivity



economic region and, t h u s ,  aX/aR >  0  f o r  a l l  t h e  r e l e v a n t  a p p l i c a t i o n

l e v e l s .

Why th is  i s  so  can  be  seen  eas i ly  in  f igure  2 .  The  condi t ion  Gm > 0

means  that  the  economic  reg ion  o f  the  marginal  e f fec t iveness  curve  shi f ts  to

the  r ight  for  a l l  X ’ s  (as  does  the  marginal  va lue  product  curve)  as  shown by

the  change  f rom G(X1 Ro) to  G(Xl Rl). For  any  g iven  leve l  o f  marginal

cost ,  the  new leve l  o f  demand,  X ' , i s  then  necessar i ly  greater  than the  o ld

l e v e l  X .

Under the most commonly encountered conditions,  then, an environmentally

induced  reduct ion  in  damage-contro l  agent  product iv i ty  has  e f fec ts  on  a

damage-contro l  agent  that  are  complete ly  the  oppos i te  o f  the  e f fec t  i t  would

have  on  a  normal  input .  Increased  res is tance  increases  marginal  e f fec t iveness

and,  hence ,  marginal  product iv i ty . The optimal profit-maximizing response,

obv ious ly ,  i s  to  increase  damage-contro l  agent  use  prec ise ly  as  has  been

observed  in  such  s i tuat ions .

Conclusions

This  paper  demonstrates  the  importance  o f  incorporat ing  correct  spec i f i cat ion

of damage abatement processes in the estimation of  production functions and

i n p u t  p r o d u c t i v i t y .  F i r s t ,  i t  s h o w s  t h a t  t h e  u s e  o f  t r a d i t i o n a l  s p e c i f i c a -

t i o n s  ( e . g . , the  Cobb-Douglas )  l eads  to  overest imat ion  o f  the  product iv i ty  o f

damage-contro l  inputs  and  underest imat ion  o f  the  product iv i ty  o f  o ther  in -

puts . When and if  such estimates are used in policy determination, the re-

sul t ing  errors  can  be  qui te  ser ious . I n  t h e  c a s e  o f  p e s t i c i d e s ,  f o r  i n s t a n c e ,

a policymaker guided by the econometric studies available would be led to

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

pest i c ides  were  extremely  overut i l i zed .
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The paper  a lso  shows  that  t radi t ional  spec i f i cat ions  produce  mis leading

predictions when damage-control agent productivity is changing over time.

T r a d i t i o n a l  s p e c i f i c a t i o n s  s u g g e s t  t h a t  t h e  s p r e a d  o f  r e s i s t a n c e  w i l l  l e a d  t o

the  reduct ions  in  the  use  o f  a  damage-contro l  agent . I n  c o n t r a s t ,  t h e

specification proposed here captures the phenomenon that actually occurs,

namely ,  that  the  use  o f  a  damage-contro l  agent  wi l l  increase  in  response  to

res is tance  and  that  i t  wi l l  decrease  only  when res is tance  i s  so  widespread

that  a l ternat ive  measures  are  more  cost  e f fec t ive .

Finally,  the paper shows that a more sophisticated approach to damage

abatement in production (l ike the one proposed here) can be incorporated into

econometr ic  work  at  l i t t le  or  no  extra  computat ional  cost .  Many o f  the

d i s t r i b u t i o n s  e s p e c i a l l y  r e l e v a n t  i n  t h i s  c o n t e x t  y i e l d  e a s i l y  e s t i m a t e d

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

parameters can be recovered. The  general  avai lab i l i ty  o f  nonl inear  est imat ion

packages  removes  much,  i f  not  a l l ,  o f  the  remaining  d i f f i cu l t ies  assoc iated

with  d irect  est imat ion  o f  product ion . In sum, the specification of damage

abatement proposed here adds considerable sophistication and accuracy to the

a n a l y s i s  o f  t h e  r o l e of damage-control agents in production without making

e s t i m a t i o n  a n y  m o r e  d i f f i c u l t .  I t  s h o u l d  t h u s  p r o v e  t o  b e  q u i t e  u s e f u l  f o r

improving quantitative decision-making in all  areas in which damage abatement

is  an  important  factor .
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APPENDIX

Proof of the Upward Bias in Cobb-Douglas
Estimates of  Damage Control Agent Productivity

To investigate the impact of  using the standard Cobb-Douglas form (10) in

place of  the true model given in (9) ,  consider the standard Cobb-Douglas form

as  an  approximat ion  to  the  true  model .  Spec i f i ca l ly ,  cons ider  the  Taylor

series expansion of  1n G(X) around x, the mean value of  1n X. Then, X becomes

a  f u n c t i o n  o f  x : X(x> =  ex s ince  X  = elnx; we thus have ax/ax  = a2X/ax2  =

X
e = x .

The approximation is

(A1)

The approximated model is

(A2) 

where v,  as we see from (11),  is  the sum of the higher order terms of the

Taylor expansion and of the white-noise random variable u.  The model given by

(A2) is more conveniently written

(A3) 
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w h e r e  CL =  c( + yfln G(e’)  - nG(ex)  x ]  a n d  y =  y nG(e
x >. Since the error term v

c o n t a i n s  t e r m s  i n  ( x  -  X1’, ( x  -  2f3, and so on, which are undoubtedly

correlated with x and may well  be correlated with z,  the OLS estimators G, 6,

and  T wi l l  g ive  b iased  est imates  o f  i, i, and y. Assuming, however, that the

coe f f i c ients  o f  these  terms are  su i tably  smal l ,  i t  i s  easy  to  show that  the

^6OLS est imators  wi l l  be  cons is tent  for  i, B, and  y.

L e t t i n g  Y = [l zl a n d  6 = ,  rewrite the model as

(A4)

Let Then the OLS estimators,

2 and  c, are

As  long  as  (x’x)/n, (y’y)/n , and (x’y>/n converge to f inite numbers as the

sample  s ize  gets  large  and  as  long  as  the  coe f f i c ients  o f  the  terms in  v  are
* h

of order smaller than the sample size, the  est imators  6 and  y  wi l l  converge  to

respectively,  as the sample size gets large.

However, a and are biased measures of  c1 (the productivity of  natural

factors  and  omit ted  var iab les )  and  yk ( the  product iv i ty  o f  the  damage  contro l

a g e n t ) ,  r e s p e c t i v e l y .

Consider f irst the case of As we saw above,

(A6) 
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The term in the square brackets is negative since 1n G(e’) 2 0 and nG(e”)

x > 0. As a result,- The OLS estimator from the standard Cobb-Douglas

spec i f i cat ion  underest imates  the  product iv i ty  o f  natural  factors  and  omit ted

v a r i a b l e s .

The bias in is more subtle. The measure of marginal factor produc-

t iv i ty  general ly  der ived  f rom econometr ic  s tudies  i s  the  marginal  product iv i ty

o f  a  fac tor  eva luated  at  the  mean leve ls  o f  output  and  a l l  the  re levant

i n p u t s ;  t h i s ,  f o r  i n s t a n c e , i s  the  measure  used  in  the  pest i c ide  s tudies

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

c o n t r o l  a g e n t  X ,  t h i s  i s

(A7)

The  est imate  der ived  f rom the  s tandard  spec i f i cat ion  i s

(A8)

Now, 1n X is a concave function of X; hence, by Jensen’s inequality,  E 1n X <

1n EX, i.e., % < 1n x. S i n c e  ex i s  m o n o t o n i c a l l y  i n c r e a s i n g  i n  X ,  eX < e
lni

= x.

Next ,  cons ider  the  behavior  o f  n
g

i n  t h e  e c o n o m i c  r e g i o n .  I t  i s  s t r a i g h t -

forward to show that

(A9)
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S i n c e  X ng < - 1  b e c a u s e  g ( X )  i s  a  p r o b a b i l i t y  d e n s i t y  a n d  s i n c e  nG > 0  f o r

t h e  s a m e  r e a s o n ,  i t  i s  e v i d e n t  f r o m  ( A 9 )  t h a t  anG/aX c 0 ,  i . e . ,  nG(X)  i s

monotonically decreasing in the range of economic use. T h i s  f a c t  i m p l i e s  t h a t

nG(e’)  > nG(%) a n d ,  h e n c e , that  the  est imate  o f  marginal  product iv i ty  der ived

from the standard specification is biased upward.

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

t h e r e f o r e ,  t h e  d i f f e r e n c e  b e t w e e n  nG(ex)  a n d  qG(X) i n c r e a s e s  a l s o .  S i n c e

damage-contro l  agents  tend  to  be  used  at  c lose  to  maximum ef fec t iveness ,  i . e . ,

X  t e n d s  t o  b e  q u i t e  l a r g e ,  t h i s  b i a s  w i l l  a l s o  t e n d  t o  b e  q u i t e  s u b s t a n t i a l  i n

pract i ca l  examples .
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FOOTNOTES

T h i s  p a p e r  w a s  w r i t t e n  b y  E r i k  L i c h t e n b e r g  a n d  D a v i d  Z i l b e r m a n .

*Giannini Foundation Paper No. 758.

the  in format ion  descr ibed  in  th is  art i c le  has  been  funded

wholly or in part by the U. S. Environmental Protection Agency under assist-

ance agreement CR811200-02 to the Western Consortium for the Health Profes-

s i o n s , it  has not been subjected to the Agency’s required peer and administra-

t ive  rev iew.  T h e r e f o r e ,  i t  d o e s  n o t  n e c e s s a r i l y  r e f l e c t  t h e  v i e w s  o f  t h e

Agency ;  and  no  o f f i c ia l  endorsement  should  be  in ferred .

The authors would like to thank Al McGartland Gerald A. Carlson, J.  C.

Headley, and an anonymous reviewer for their comments and suggestions.

2 In many situations,  G may be a function of state variables which are

changing  over  t ime,  that  i s , damage abatement may be dynamic as in the case of

pest i c ide  res is tance  d iscussed  be low.  For reasons mentioned below, the

decision-making framework is myopic and ignores these dynamic considerations.

3
Note that  G(0)  may wel l  be  pos i t ive  s ince  natural  factors ,  such  as

weather ,  natural  predators ,  e tc . , may e l iminate  some o f  the  pest ’ s  destruct ive

c a p a c i t y .  As a result,  output may be positive in the absence of  damage-

control-measures. This fact points up the difference between damage-control

agents  and d irect ly  product ive  inputs :  Production may be impossible without a

fu l l  set  o f  the  lat ter ,  but  losses  without  damage  contro l  may wel l  he  l imited

to  less  than 100  percent  o f  output .  In fact,  under many environmental condi-

tions (low pest infestations and lack of  vandals in an area),  damage may be

quite small  under any level of  damage-control agent use.



4
M i s s p e c i f i c a t i o n of  the  product ion  re lat ionship  i s  on ly  one  o f  the

p o t e n t i a l  s o u r c e s  o f  b i a s  i n  t h i s  s i t u a t i o n .  O t h e r s  i n c l u d e  o m i s s i o n  o f p e s t

populat ion  leve ls  or  o ther  environmental  factors  ( see ,  f or  instance ,  Car lson) ,

the  use  o f  damage-contro l  agent  cost  instead  o f  the  to ta l  cost  o f  abatement ,

e t c .

5When producers  are  ab le  to  take  these  product iv i ty  dynamics  into  account

in  the ir  dec is ions ,  the  re levant  future  impacts  o f  current  act ions  should  be

inc luded  in  the  analys is  a long  the  l ines  suggested  by  Regev ,  Shal i t ,  and

Gutierrez among others.

6 -B r i e f l y  t h e  s p e c i f i c  c o n d i t i o n  f o r  t h e  c o n s i s t e n c y  o f  t h e  O L S  e s t i m a -

tors  i s  that  the  coe f f i c ients  o f  the  h igher  order  terms o f  the  Taylor  expan-

sion of  1n G(X) be of  an order of  magnitude smaller than n, the number of

observations in the sample.
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C . AN EMPIRICAL APPLICATION: THE PRODUCTIVITY OF INSECTICIDES
IN COTTON PRODUCTION IN CALIFORNIA

T h i s s e c t i o n p r e s e n t s  a n a p p l i c a t i o n  o f t h e f r a m e w o r k

p r e s e n t e d  i n  t h e  p r o c e e d i n g  s e c t i o n  t o  d a t a  o b t a i n e d  f r o m  c o t t o n

g r o w e r s  i n  t h e  C e n t r a l  V a l l e y . W e  b e g i n  w i t h  a  b r i e f  d i s c u s s i o n

o f  t h e  d a t a  a v a i l a b l e  a n d  t h e  r e l a t i o n s h i p s  t o  b e  e s t i m a t e d .  W e

t h e n  e x a m i n e  e s t i m a t e s  o f  i n s e c t i c i d e  p r o d u c t i v i t y  p a r a m e t e r s  -

o n e  b a s e d  o n  a n  e x p o n e n t i a l k i l l  f u n c t i o n  a s s o c i a t e d  w i t h  t h e

i n s e c t i c i d e  u s e  a n d  t h e  o t h e r  b a s e d  o n  a  g e n e r i c  C o b b  D o u g l a s

t e c h n o l o g y - o b t a i n e d  b y d i r e c t e s t i m a t i o n  o f t h e p r o d u c t i o n

f u n c t i o n  a n d  b y  e s t i m a t i n g  t h e  ( f i r s t  o r d e r )  o p t i m a l i t y  c o n d i t i o n

d e t e r m i n i n g  p e s t i c i d e  u s e . T h e  f i r s t s p e c i f i c a t i o n  p e r f o r m s

b e t t e r  i n t h e p r o d u c t i o n f u n c t i o n e s t i m a t i o n ; b o t h  s e e m  t o

p e r f o r m e q u a l l y w e l l  i n t h e e s t i m a t e s  o f t h e o p t i m a l i t y

c o n d i t i o n . F i n a l l y ,  w e e x a m i n e t h e  i n s e c t i c i d e  p r o d u c t i v i t y

p a r a m e t e r s  o f t h e e x p o n e n t i a l k i l l f u n c t i o n o b t a i n e d  b y

s i m u l t a n e o u s e s t i m a t i o n  o f t h e p r o d u c t i o n f u n c t i o n a n d t h e

o p t i m a l i t y  c o n d i t i o n .

V a r i a b l e s  a n d  D a t a

T h e  e m p i r i c a l  s t u d y  u s e d  d a t a  o b t a i n e d  b y  a  s u r v e y  f r o m  4 2

c o t t o n  f a r m e r s i n  t h e  S a n  J o a q u i n  V a l l e y  o f  C a l i f o r n i a . F o r  a

d e t a i l e d  d e s c r i p t i o n  o f  t h e  d a t a  s e t , s e e  F a r n s w o r t h  ( 1 9 8 0 ) . The

v a r i a b l e s  u s e d  a n d  t h e i r  u n i t s  o f  m e a s u r e m e n t  a r e  a s  f o l l o w s :

Q =  O u t p u t  o f  c o t t o n  l i n t  ( p o u n d s  p e r  a c r e )

z1 =  L a b o r  i n p u t  ( d o l l a r s  p e r  a c r e )

 z-2 =  F e r t i l i z e r  i n p u t  ( d o l l a r s  p e r  a c r e )

z3 =  M a c h i n e r y  i n p u t  ( d o l l a r s  p e r  a c r e )
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X =  I n s e c t i c i d e  ( p o u n d s  p e r  a c r e )

E1 =  E d u c a t i o n  ( y e a r s  o f  s c h o o l i n g )

E2 =  E x p e r i e n c e  ( y e a r s  o f  f a r m i n g )

P =  O u t p u t  p r i c e  ( d o l l a r s  p e r  p o u n d )

W =  I n s e c t i c i d e  p r i c e  ( d o l l a r s  p e r  p o u n d )

D = IPM Dummy: D = 1  i f  g r o w e r  i s  u s i n g  I P M .

D = 0  o t h e r w i s e .

T h e  s a m p l e  c o n s i s t e d  o f  4 2  c o t t o n  g r o w e r s  i n  t h e  S a n  J o a q u i n

V a l l e y . P e s t i c i d e u s e p a t t e r n s  a t 26 of t h e f a r m s  w e r e

d e t e r m i n e d  b y  i n d e p e n d e n t  p e s t i c i d e  c o n s u l t a n t s  w h o  t e n d  t o  r e l y

o n I n t e g r a t i o n P e s t Management (IPM) in s e t t i n g t h e i r

r e c o m m e n d a t i o n s ( W i l l e y ) . T h e  o t h e r  1 6  f a r m s  d i d  n o t  h i r e  t h e

i n d e p e n d e n t  c o n s u l t a n t s ; t h e i r  p e s t i c i d e  u s e  p a t t e r n s  t e n d e d  t o

b e  s t e m  f r o m t h e  c o n v e n t i o n a l  C h e m i c a l  P e s t  M a n a g e m e n t (CPM)

a p p r o a c h , m o s t l y  a d v o c a t e d  b y  s a l e s  p e r s o n n e l  o f  a  g r o c h e m i c a l

f i r m s .

E m p i r i c a l  M o d e l

S e v e r a l a s s u m p t i o n s w e r e u s e d  t o o b t a i n t h e p r o d u c t i o n

f u n c t i o n

( 1 )

( 2 )

( 3 )

( 4 )

s p e c i f i c a t i o n  f o r  t h e  e m p i r i c a l  a p p l i c a t i o n :

T h e  p r o d u c t i o n  f u n c t i o n  h a s  c o n s t a n t  r e t u r n s  t o  s c a l e  s o

t h a t  i t  s u f f i c e s  t o  c o n s i d e r  t h e  b e h a v i o r  o f  o u t p u t  p e r

a c r e .

T h e  c o n t r i b u t i o n  t o  p r o d u c t i o n  o f  p h y s i c a l  i n p u t s  o t h e r

t h a n  p e s t i c i d e s  f o l l o w s  t h e  C o b b  D o u g l a s  f o r m .

E d u c a t i o n  a n d  E x p e r i e n c e  a r e  e x p o n e n t i a l  s h i f t e r s  o f  t h e

p r o d u c t i o n  f u n c t i o n .

O u t p u t  i s  p r o p o r t i o n a l  t o  d a m a g e  a b a t e m e n t .
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( 5 ) D a m a g e  a b a t e m e n t  i s  a  r e s u l t  o f  a n  e x p o n e n t i a l k i l l

f u n c t i o n  a s s o c i a t e d  w i t h  p e s t i c i d e  u s e .

( 6 ) T h e  k i l l  f u n c t i o n  p a r a m e t e r  m a y  b e  d i f f e r e n t  f o r  I P M  a n d

CPM.

T h e s e  a s s u m p t i o n s  r e s u l t  i n  t h e  f o l l o w i n g  s p e c i f i c a t i o n s

(1)  A=AeC1E1C2E2  ZlalZ2a2Z3a3  l-e-(glDlfgO('-D))X)

w h e r e  A  i s  a  s c a l e  p a r a m e t e r ,  cl a n d  c
2

a r e  t h e  e d u c a t i o n  a n d

e x p e r i e n c e  s h i f t e r s , alf a2# and a3 a r e  t h e  o u t p u t  e l a s t i c i t i e s

o f l a b o r , f e r t i l i z e r  a n d  m a c h i n e r y  a n d  gl a n d  go a r e t h e

e x p o n e n t i o n a l  k i l l  p a r a m e t e r s  a s s o c i a t e d  w i t h  i n s e c t i c i d e  u s e

u n d e r  I P M  a n d  C P M  r e s p e c t i v e l y . T h e s e  k i l l  p a r a m e t e r s  r e f l e c t

t h e  e f f e c t i v e n e s s  o f  i n s e c t i c i d e s  i n  d a m a g e  c o n t r o l .

A  m o r e  " g e n e r i c "  a p p r o a c h  t o  m o d e l i n g  i n s e c t i c i d e

c o n t r i b u t i o n  t o  t h e e p r o d u c t i o n  p r o c e s s  w i l l  t r e a t  i t  l i k e  a n y

o t h e r  p h y s i c a l  o u t p u t  a n d  r e s u l t  i n  t h e  f o l l o w i n g  s p e c i f i c a t i o n :

( 2 )

w h e r e  a41 a n d  a40 a r e  o u t p u t e l a s t i c i t i e s  o f  t h e  i n s e c t i c i d e s

u n d e r  I P M  a n d  CPM r e s p e c t i v e l y .

T h e  f i r s t  o r d e r  o p t i m a l i t y  c o n d i t i o n  t o  d e t e r m i n e  i n s e c t i c i d e

u s e  a s s o c i a t e d  w i t h  t h e  p r o d u c t i o n  f u n c t i o n  i n  ( 1 )  i s

( 3 )

a n d  t h e  o p t i m a l i t y  c o n d i t i o n  ( s )  i s

( 4 )

S i n g l e  E q u a t i o n  P r o d u c t i o n  F u n c t i o n  E s t i m a t e s

F o l l o w i n g  t h e  p r o c e d u r e s i n t r o d u c e d  i n  t h e  p r e v i o u s  s e c t i o n

we e s t i m a t e d t w o s p e c i f i c a t i o n  o f t h e p r o d u c t i o n f u n c t i o n s

c o r r e s p o n d i n g  t o  e q u a t i o n s  ( 1 )  a n d  ( 2 ) .  E a c h  s p e c i f i c a t i o n  w a s
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e s t i m a t e d  u n d e r  t w o  a s s u m p t i o n s :  o n e  w a s  t h a t  i n s e c t i c i d e s  h a v e

d i f f e r e n t i m p a c t s u n d e r IPM and CPM and the other was that

i n s e c t i c i d e s  h a v e  t h e  s a m e  i m p a c t  u n d e r  I P M  a n d  C P M . T h e  r e s u l t s

o f  t h e  e s t i m a t i o n  a p p e a r  i n  T a b l e  1 .

T h e  a s s u m p t i o n  t h a t  p e s t i c i d e s  c o n t r i b u t e  t o  p r o d u c t i v i t y  i n

a  C o b b  D o u g l a s w a y  l e a d s  t o  o u t p u t e l a s t i c i t i e s  o f  p e s t i c i d e s

t h a t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  z e r o  a n d  d o  n o t  d i f f e r

m u c h  b e t w e e n  I P M  a n d  C P M . O n  t h e  o t h e r  h a n d ,  t h e  a s s u m p t i o n  o f

e x p o n e n t i a l  k i l l  f u n c t i o n  l e a d s  t o  p e s t i c i d e s  i n p u t  p a r a m e t e r s

t h a t  a r e  d i f f e r e n t  t h a n  z e r o  a t  t h e  9 5 %  l e v e l  o f  s t a t i s t i c a l

s i g n i f i c a n c e .  M o r e o v e r ,  i t  s u g g e s t s  t h a t  p e s t i c i d e  e f f e c t i v e n e s s

i s v a s t l y  d i f f e r e n t u n d e r  I P M  a n d  C P M . T h e  i n s e c t i c i d e  k i l l

p a r a m e t e r  i s  m o r e  t h a n  4  t i m e s  b i g g e r  u n d e r  I P M  t h a n  C P M  ( 1 . 3 1  v s

. 3 1 ) . T h i s  s u g g e s t s  t h a t  4  p o u n d s  o f  i n s e c t i c i d e s  u n d e r  C P M  h a s

t h e  s a m e  m a r g i n a l  i m p a c t  a s  1  p o u n d  u s e d  w i t h  I P M  a n d  t h u s  t h a t

a d o p t i o n  o f  I P M  c a n  l e a d  t o  i n c r e a s e d  p r o d u c t i v i t y  a n d  p r o t e c t i o n

w h i l e  r e d u c i n g  p e s t i c i d e  u s e .

T h e  g a i n s  a s s o c i a t e d  w i t h  t h e  m o d e l i n g  o f  p e s t i c i d e s  a s  a

damage c o n t r o l a g e n t o p e r a t i n g t h r o u g h  a k i l l f u n c t i o n  a r e

o b v i o u s  w h e n  o n e  c o m p a r e s  t h e  R2 o f  t h e  d i f f e r e n t  e q u a t i o n . The

m o d e l  b a s e d  o n  e q u a t i o n  ( 1 )  w i t h  d i f f e r e n t  I P M  a n d  C P M  p a r a m e t e r s

h a s  a n  R2
2

w h i c h  i s  a b o u t  5 0 %  h i g h e r  t h a n  t h e  r e s t  o f  t h e  m o d e l s  .

S i n g l e  E q u a t i o n  E s t i m a t i o n  o f  t h e  O p t i m a l i t y  C o n d i t i o n

T h e  o p t i m a l i t y  c o n d i t i o n s  ( 3 )  a n d  ( 4 )  p r o v i d e  a l t e r n a t i v e

m e a n s  t o  e s t i m a t e  t h e  i n s e c t i c i d e  p r o d u c t i v i t y  p a r a m e t e r s  o f  b o t h

p r o d u c t i o n  f u n c t i o n  s p e c i f i c a t i o n s . B o t h  w e r e  e s t i m a t e d  u n d e r

t h e  t w o  a l t e r n a t i v e  a s s u m p t i o n s  r e g a r d i n g  i n s e c t i c i d e
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T a b l e  1 :  P r o d u c t i o n  F u n c t i o n  E s t i m a t e s

G e n e r i c  P e s t i c i d e s E x p o n t e n t i a l  k i l l
M o d e l i n p u t

P a r a m e t e r IPM#CPM

S c a l e  p a r a m e t e r 5 . 2 3 *
h A ( 8 . 7 )

E d u c a t i o n  s h i f t e r  Cl . 2 2 8
( 1 - 6 )

. 2 2 4

( 1 . 6 2 )

E x p e r i e n c e  s h i f t e r  C2 . 0 2 7
( . 3 2 )

(Eg ( 2 ) ) f u n c t i o n  (E-  ( 1 ) )

IPM+CPM

5.51
( 9 . 9 )

. 2 2 3
( 1 . 6 7 6 )

. 0 1 7
( . 7 3 )

. 1 0
( 1 . 5 3 )

. 0 5 . 0 3
( . 8 1 ) ( . 5 0 )

NA

Y

IPM=CPM

5.36
(9.45)

. 2 3 1

( 1 . 6 5 )

. 0 1 9
( . 2 4 )

. 1 1 1

( 1 . 4 9 )

. 0 3 2
(1.03)

. 0 4
( . 5 )

NA

NA

1 . 1 4
( 1 . 9 2 )

1 . 1 4
( 1 . 9 2 )

. 2 1 9

IPM=CPM

5 . 2 5
( 9 . 0 3 )

. 0 2 7
( . 2 8 )

L a b o r  e l a s t i c i t y  al

F e r t i l i z e r
E l a s t i c i t y  a2

M a c h i n e r y
E l a s t i c i t y  a3

I n s e c t i c i d e s
E l a s t i c i t y  I P M  a41

I n s e c t i c i d e s
E l a s t i c i t y  CPh!  a40

I n s e c t i c i d e s  k i l l
p a r a m e t e r  IPM gl

I n s e c t i c i d e s  k i l l
p a r a m e t e r  C P M  g2

. 0 2
( 1 . 3 )

. 0 4
( . 7 5 )

. 0 4 2
( . 8 1 )

. 0 4 9
( . 9 6 )

NA

NA

. 2 1 9 8

. 1 0 . 1 0
( 1 . 3 2 ) ( 1 . 3 5 )

. 0 2 . 0 2

( . 8 8 ) ( . 7 4 1 )

.045
( . 9 7 )

. 0 4 5
( . 9 7 )

NA

1 . 3 1
( 1 . 6 3 )

. 3 1
(2 .97)

NA

NA

. 2 1 9 . 307

*  T h e  e x p r e s s i o n s i n  p a r e n t h e s i s  a r e  t h e  t - s t a t i s t i c s  o f  t h e
e s t i m a t e d  p a r a m e t e r
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p r o d u c t i v i t y  u n d e r  I P M  v s .  C P M . T h e  e s t i m a t i o n  r e s u l t s  a p p e a r  i n

T a b l e  2 .

A l l  t h e  e s t i m a t e s  o f  t h e  i n s e c t i c i d e  p r o d u c t i v i t y  p a r a m e t e r s

d e r i v e d  f r o m  t h e  o p t i m a l i t y  c o n d i t i o n s h a v e  p o s i t i v e  v a l u e s  w i t h

v e r y  h i g h d e g r e e s  o f s t a t i s t i c a l s i g n i f i c a n c e . U n d e r  b o t h

p r o d u c t i o n  f u n c t i o n  s p e c i f i c a t i o n s , t h e  i n s e c t i c i d e  p r o d u c t i v i t y

p a r a m e t e r  i s  s l i g h t l y  l a r g e r  w h e n  I P M  i s  u s e d , b u t  o n e  c a n  n o t

r e j e c t t h e h y p o t h e s e  t h a t  I P M  a n d  C P M  h a v e  t h e  s a m e  i n s e c t i c i d e

p r o d u c t i v i t y p a r a m e t e r s w i t h h i g h e r d e g r e e  o f s t a t i s t i c a l

s i g n i f i c a n c e .

T h e  o p t i m a l i t y  c o n d i t i o n s  o b t a i n e d  u n d e r  t h e  t w o  a l t e r n a t i v e

p r o d u c t i o n f u n c t i o n s p e c i f i c a t i o n s p e r f o r m e q u a l l y w e l l  i n

e x p l a i n i n g  v a r i a t i o n s i n  o b s e r v e d  l e v e l s  o f  i n s e c t i c i d e  u s e  ( a n d

e x p e n d i t u r e s ) , s i n c e a l l  t h e m o d e l s p r e s e n t e d  i n  T a b l e  2  h a v e

R2 a r o u n d  . 7 . T h u s , u n l i k e  t h e  r e s u l t s  s h o w n  i n  T a b l e  1 ,  t h e

r e s u l t s  s h o w n  i n  T a b l e  2  d o  n o t  d e m o n s t r a t e  t h e  s u p e r i o r i t y  o f

e i t h e r t h e  k i l l  f u n c t i o n  o r t h e  g e n e r i c  p r o d u c t i o n f u n c t i o n

s p e c i f i c a t i o n  i n  m o d e l i n g  p e s t i c i d e s  p r o d u c t i v i t y .

C o m p a r i n g  t h e  r e s u l t s  o f  t a b l e s  1  a n d  2 ,  n o t e t h a t t h e

i n s e c t i c i d e p r o d u c t i v i t y p a r a m e t e r s o b t a i n e d f r o m d i r e c t

e s t i m a t i o n  o f  t h e  p r o d u c t i o n  f u n c t i o n  a r e  d i f f e r e n t  f r o m  t h e  o n e s

o b t a i n e d  b y  e s t i m a t i o n  o f  t h e  f i r s t  o r d e r  o p t i m a l i t y  c o n d i t i o n s .

T h i s  m a y  b e  b e c a u s e  g r o w e r s  d o  n o t  p u r s u e  p r o f i t  m a x i m i z i n g

s t r a t e g i e s  i n t h e i r  p e s t i c i d e  d e c i s i o n  m a k i n g ,  s o  t h a t  t h e

o p t i m a l i t y  c o n d i t i o n s  i n ( 3 ) a n d  ( 4 )  d o  n o t  r e p r e s e n t  t h e i r

b e h a v i o r . If this is so, t h e  r e s u l t s  i n  T a b l e  2  a r e  n o t  v e r y

u s e f u l . I t  i s  b e y o n d  t h e  s c o p e  o f  t h i s  s t u d y  t o  e v a l u a t e
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TABLE 2: INSECTICIDE PRODUCTIVITY PARAMETERS DERIVED FROM
OPTIMALITY CONDITION

G e n e r i c  P e s t i c i d e
i n p u t

IPMfCPM IPM=CPM

E x p o n e n t i a l  k i l l

IPM&PM IPM=CPM

M o d e l

P a r a m e t e r s

P e s t i c i d e  E l a s t i c i t y . 0 3 3 . 0 3 2
I P M  a41 ( . 8 0 8 ) ( 1 0 . 4 8 )

P e s t i c i d e  E l a s t i c i t y . 0 3 1 . 0 3 2
CPM a40 ( 6 . 4 ) ( 2 . 4 )

P e s t i c i d e  k i l l NA NA
P a r a m e t e r  I P M  91

P e s t i c i d e  k i l l NA NA
P a r a m e t e r  C P M  so

R2 . 726 .726

NA NA

NA NA

. 3 2 .336
( 5 . 0 5 ) ( 8 . 6 )

. 3 4
(6.06)

. 3 3 6
( 8 . 6 )

. 729 . 7 2 4
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e m p i r i c a l l y  t h e  p r o f i t  m a x i m i z a t i o n  h y p o t h e s i s  i n  t h e  c o n t e x t  o f

p e s t i c i d e  d e c i s i o n  m a k i n g ;  h o w e v e r ,  r e s e a r c h  t h a t  w i l l  d e r i v e  a n d

e s t i m a t e  c o n d i t i o n s  c o r r e s p o n d i n g  t o  b e h a v i o r a l  m o d e s  o t h e r  t h a n

p r o f i t  m a x i m i z a t i o n  ( e . g . e x p e c t e d  u t i l i t y  m a x i m i z a t i o n ) s e e m s

v e r y  w o r t h w h i l e . A n o t h e r  e x p l a n a t i o n f o r  t h e  d i v e r g e n c e  o f  t h e

e s t i m a t e d  p a r a m e t e r s  p r e s e n t e d in Table 1 and Table 2 is more

p e d e s t r i a n b u t e q u a l l y r e a s o n a b l e . E s t i m a t e s a r e random

v a r i a b l e s  a n d  a s  s u c h  t h e y  a s s u m e  v a l u e s  t h a t  a r e  q u i t e  d i f f e r e n t

t h a n  t h e i r  m e a n s . T h i s  l o g i c  s u g g e s t s  t h a t  b e t t e r  u t i l i z a t i o n  o f

b o t h  d a t a  a n d  t h e o r y  w i l l  o c c u r  w h e n  t h e  p r o d u c t i o n  f u n c t i o n  a n d

o p t i m a l i t y  c o n d i t i o n s  a r e  e s t i m a t e d  s i m u l t a n e o u s l y .

S i m u l t a n o u s  E q u a t i o n  E s t i m a t i o n  o f  t h e  N o n - g e n e r i c  S p e c i f i c a t i o n

T o  o b t a i n  b e t t e r  e s t i m a t e s  o f  t h e  k i l l  f u n c t i o n  p a r a m e t e r s

a s s u m i n g  p r o f i t  m a x i m i z i n g  b e h a v i o r ,  w e  e s t i m a t e d  e q u a t i o n s  ( 1 )

a n d  ( 3 ) s i m u l t a n e o u s l y u s i n g  t h e  n o n l i n e a r  3 S L S  p r o c e d u r e  o f

T r o l l . T h e r e s u l t s  o f  t h i s  p r o c e d u r e  a p p e a r  i n  T a b l e  3 . T h e y

s u g g e s t t h a t t h e k i l l f u n c t i o n p a r a m e t e r w i t h IPM is

s u b s t a n t i a l l y  l a r g e r  t h a n  o f  C P M ; t h u s  I P M  u t i l i z e s  i n s e c t i c i d e s

m o r e   e f f e c t i v e l y .  S p e c i f i c a l l y ,  1  u n i t  o f  i n s e c t i c i d e s  a p p l i e d

u n d e r I P M  h a s a b o u t t h e  s a m e e f f e c t i v e n e s s  a s 1 . 5  u n i t s  o f

i n s e c t i c i d e s a p p l i e d u n d e r  C P M  ( s i n c e  gl/gO=1.5). T h e  m o d e l

s u g g e s t s that if a f a r m e r a p p l i e s  1 0  p o u n d s  o f  i n s e c t i c i d e s

a n n u a l l y  u s i n g  C P M , h e  w i l l  o b t a i n  9 2 . 2 %  o f  t h e  p o t e n t i a l  y i e l d

( s i n c e .922 = 1-exp {10.2554 }). The s a m e  a m o u n t  o f  o u t p u t  w i l l

b e  o b t a i n e d  b y  a  f a r m e r  a p p l y i n g  6 . 9 8  p o u n d s  o f  i n s e c t i c i d e s

u s i n g  I P M  ( s i n c e  6 . 9 8 = ( 1 0 ) ( 2 5 2 ) / ( . 3 6 5 ) .



TABLE 3: SIMULTANEOUS EQUATION ESTIMATES OF THE PARAMETER OF THE
EXPONENTIAL KILL FUNCTION SPECIFICATION

Model

P a r a m e t e r

S c a l e  P a r a m e t e r
h A

E d u c a t i o n  s h i f t e r  cl . 5 2
( 3 . 1 5 )

E x p e r i e n c e  s h i f t e r  c2

L a b o r  e l a s t i c i t y  al . 1 9 6
( 2 . 1 8 )

F e r t i l i z e r  e l a s t i c i t y  a)2

M a c h i n e r y  e l a s t i c i t y  a3

I n s e c t i c i d e  k i l l
p a r a m e t e r  -  I P M  gl

I n s e c t i c i d e  k i l l
p a r a m e t e r  -  C P M  go

IPMPCPM

3 . 4 5 6 3 1
( 3 . 3 5 2 1 7 )

.479616
( 2 . 9 1 8 0 9 )

. 1 6 7 1 2 5
( 1 . 7 0 )

. 1 8 2
( 2 . 1 2 1 8 7 )

. 1 0 2 2 2
( 2 . 7 0 4 5 9 )

. 0 7 4
( 1 . 1 5 )

. 3 5 6
( 5 . 5 6 )

. 2 5 5
( 5 . 0 0 )

IPM=CPM

3 . 1 2 2 6 8
( 3 . 0 )

. 1 8
( 1 . 8 6 )

. 114
( 3 . 0 8 )

. 0 8 6
( 1 . 3 3 )

.32
( 7 . 2 )

. 32
( 7 . 2 )
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T h e  r e s u l t s  a l s o  s u g g e s t  t h a t  a n  a d d i t i o n a l  y e a r  o f  e d u c a t i o n

h a s  a  m u c h  l a r g e r  c o n t r i b u t i o n t o  p r o d u c t i v i t y  t h a n  a d d i t i o n a l

y e a r  o f  e x p e r i e n c e , a n d  t h a t  l a b o r  a n d  f e r t i l i z e r  h a v e  p o s i t i v e

o u t p u t  e l a s t i c i t i e s  w h i c h  t h e  o u t p u t  e l a s t i c i t y  o f  m a c h i n e r y  i s

n o t d i f f e r e n t t h a n z e r o w i t h h i g h d e g r e e  o f s t a t i s t i c a l

s i g n i f i c a n c e .

C o n c l u s i o n s

T h e  e m p i r i c a l a p p l i c a t i o n r e p o r t e d h e r e d e m o n s t r a t e s t h e

f e a s i b i l i t y  o f  e s t i m a t i o n  e c o n o m i c  r e l a t i o n s h i p s  d e r i v e d  f r o m

p r o d u c t i o n f u n c t i o n  s p e c i f i c a t i o n s  t h a t  i n c o r p o r a t e  a  b i o l o g i c a l

k i l l  f u n c t i o n  o f  p e s t i c i d e s . T h i s  s p e c i f i c a t i o n  w a s  f o u n d  t o

h a v e  m o r e  e x p l a n a t o r y  p o w e r  t h a n  a  g e n e r i c  C o b b  D o u g l a s

s p e c i f i c a t i o n  i n  a e q u a t i o n e s t i m a t i o n  o f c o t t o n  p r o d u c t i o n

f u n c t i o n .  W h e n  p r o f i t  m a x i m i z a t i o n  i s  a s s u m e d ,  t h i s  n e w

s p e c i f i c a t i o n  y i e l d  a  s i m u l t a n e o u s  e q u a t i o n  s y s t e m  t h a t  w a s

e s t i m a t e d a n d  d e m o n s t r a t e d t h a t i n s e c t i c i d e e f f e c t i v e n e s s  i n

c o t t o n  i s  a l m o s t  1 . 5  t i m e s  h i g h e r  i f  I P M  r a t h e r  t h a n  C P M  i s  u s e d .

O b v i o u s l y ,  t h e s e  a r e  o n l y  e x p l o r a t o r y  r e s u l t s .  B e t t e r  a n d

m o r e - d a t a  w e r e n e e d e d  t o  b e t t e r  v a l u e  t h e  u s e f u l n e s s  o f  t h e

s p e c i f i c a t i o n s  s u g g e s t e d  h e r e .  T h i s  s t u d y ,  h o w e v e r ,  s e r v e s  a s  a n

e n c o u r a g i n g  f i r s t  s t e p .
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D. AVENUES OF FURTHER RESEARCH

T h e  w o r k  p r e s e n t e d  i n  t h e  p r e c e d i n g  t w o  s e c t i o n s  s u g g e s t s

t h a t  t h e  u s e  o f  o u r  e c o n o m e t r i c  a p p r o a c h  t o  e s t i m a t i n g  p e s t i c i d e

p r o d u c t i v i t y  i s  a p p e a l i n g  o n  e m p i r i c a l  a s  w e l l  a s  t h e o r e t r i c a l

g r o u n d s . D e s p i t e  t h e  s h o r t c o m i n g s  o f  t h e  C a l i f o r n i a  c o t t o n  d a t a ,

t h e  r e s u l t s  d o  i n d i c a t e  t h a t  o u r  m e t h o d o l o g y  c a n  y i e l d  m o r e

a c c u r a t e , b e l i e v a b l e  e s t i m a t e s  o f  p e s t i c i d e  p r o d u c t i v i t y  t h a n  t h e

g e n e r i c  a p p r o a c h  a t  n o  s i g n i f i c a n t  a d d i t i o n a l  c o s t  i n  t e r m s  o f

c o m p l e x i t y  o r  e x p e n s e  o f  c o m p u t a t i o n .  T h u s ,  i t  a p p e a r s  t h a t

f u r t h e r  w o r k  a l o n g  w o u l d  b e  w e l l  j u s t i f i e d .  I t  w o u l d  b e

e s p e c i a l l y  i n t e r e s t i n g  t o  a p p l y  t h e  m e t h o d o l o g y  t o  m o r e

d i s a g g r e g a t e d  d a t a  o n  t h e  u s e  o f  s p e c i f i c  p e s t i c i d e s  ( o r  c l a s s e s

o f  p e s t i c i d e s ) on a c r o p  w i t h  t h e  a i m s  o f  d i s t i n g u i s h i n g  t h e

p r o d u c t i v i t i e s  o f  s p e c i f i c  p e s t i c i d e s  a n d ,  p o s s i b l y ,  p a t t e r n s  o f

s u b s t i t u t i o n s  a m o n g  p e s t i c i d e s .  ( T h e  l a t t e r  t a s k ,  c l e a r l y ,  w o u l d

r e q u i r e  e x t e n s i o n  o f  t h e  m o d e l  t o  a  m u l t i d i m e n s i o n a l  c a s e ,  i . e . ,

s o m e  f u r t h e r  m e t h o d o l o g i c a l  w o r k . ) D u r i n g 1 9 8 5 ,  w e  c o n d u c t e d  a

b r i e f  i n v e s t i g a t i o n  i n t o  p o t e n t i a l  d a t a  s o u r c e s  f o r  s u c h  a

e n d e a v o r .  T w o  s o u r c e s  s e e m e d  p a r t i c u l a r l y  i n t e r e s t i n g :

( 1 ) T h e  U S D A  r e c e n t l y  c o m p l e t e d  a  r a t h e r  t h o r o u g h  s u r v e y  o n

p e s t i c i d e  u s e  o n  c o r n  a n d  s o y b e a n s  i n  t h e  M i d w e s t .

T h i s  d a t a  s e t  c o n t a i n s  v e r y  d e t a i l e d  i n f o r m a t i o n  o n  t h e

a m o u n t s  o f  e a c h  c h e m i c a l  u s e d , o t h e r  i n p u t s ,  e t c .  a n d

c o u l d  t h u s  b e  u s e d  t o  e x a m i n e  s u b s t i t u t i o n  p a t t e r n s

a m o n g  p e s t i c i d e s .  I t s  c h i e f  d r a w b a c k  i s  t h a t  n o

i n f o r m a t i o n  o n  y i e l d s was c o l l e c t e d , w h i c h  m a k e s  i t

d i f f i c u l t  t o  u s e  f o r  e s t i m a t i n g  p r o d u c t i v i t y .  Y i e l d
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e s t i m a t e s  c o u l d  b e  c o n s t r u c t e d , a t  t h e  e x p e n s e  o f  s o m e

p r e c i s i o n ,  o f  c o u r s e ;  h o w e v e r , d o i n g  s o  w o u l d  r e q u i r e  a

s i g n i f i c a n t  i n v e s t m e n t  o f  t i m e  a n d  e f f o r t .

( 2 )  J o h n  A l l i s o n  o f  t h e  U n i v e r s i t y  o f  G e o r g i a  h a s  c o l l e c t e d

d a t a  o n  p e s t i c i d e  u s e  i n  G e o r g i a  p e c a n  p r o d u c t i o n  w h i c h

i s  q u i t e  c o m p l e t e . I t  w o u l d  m a k e  a n  e x c e l l e n t  d a t a

b a s e  f o r  f u r t h e r  e m p i r i c a l  w o r k .  W e  h a v e  d i s c u s s e d

u s i n g  i t  w i t h  P r o f e s s o r  A l l i s o n  a n d  b e l i e v e  w e  c a n  g e t

access to it, if funded to do so. From the EPA's

p e r s p e c t i v e , t h e  c h i e f  d r a w b a c k  t o  t h i s  d a t a  i s  t h e

n a t u r e  o f  t h e  c r o p ; s i n c e  p e c a n  p r o d u c t i o n  t e n d s  t o  b e

l o c a l i z e d ,  t h e  e s t i m a t e s  o b t a i n e d  w o u l d  h a v e  o n l y

l i m i t e d  n a t i o n a l  s i g n i f i c a n c e .

Other data sources we have heard of but have not

i n v e s t i g a t e d  m o r e  t h o r o u g h l y  i n c l u d e  i n f o r m a t i o n  o n  p e s t i c i d e  u s e

i n  a p p l e  p r o d u c t i o n i n  V i r g i n i a c o l l e c t e d  a t  V P I  a n d  d a t a  o n

p e s t i c i d e  u s e  o n  c o r n  a n d  s o y b e a n s i n  I l l i n o i s  c o l l e c t e d  b y  E a r l

S w a n s o n . I n  s u m , t h e r e  i s  a d e q u a t e  d a t a  a v a i l a b l e  f o r  r e s e a r c h

a l o n g  t h e s e  l i n e s  s h o u l d  E P A  f i n d  i t  d e s i r a b l e  t o  p u r s u e  i t .  I t

a l s o  s e e m s  t h a t  b o t h  t h e  E P A  a n d  t h e  U S D A  s h o u l d  h a v e  a  c o m m o n

i n t e r e s t  i n  t h i s  a r e a  o f  r e s e a r c h , s i n c e  p e s t i c i d e  p r o d u c t i v i t y

i s  o f  c o n c e r n  t o  b o t h  a g e n c i e s .  T h u s ,  o n e  p o s s i b i l i t y  m i g h t  b e

a n  e f f o r t  s p o n s o r e d  j o i n t l y  b y  t h e s e  t w o  a g e n c i e s .
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I V . THE ECONOMICS OF RE-ENTRY REGULATION

O n e  o f  t h e  m o s t  c o m m o n  m e a s u r e s  u s e d  t o  p r o t e c t  f a r m w o r k e r s

a n d  o t h e r  r u r a l i n h a b i t a n t s f r o m  t h e  h e a l t h  h a z a r d s  p o s e d  b y

a p p l i e d  p e s t i c i d e s i s  t o  f o r b i d  e n t r y  i n t o  t r e a t e d  f i e l d s  f o r  a

s p e c i f i e d  p e r i o d  o f  t i m e  d u r i n g  w h i c h  p e s t i c i d e  r e s i d u e  l e v e l s

( a n d  h e n c e  h e a l t h  r i s k s )  a r e  t h o u g h t  t o  b e  e x c e s s i v e . ( S i m i l a r

r e g u l a t i o n s  a i m  t o  p r o t e c t i n g  c o n s u m e r s  b y  f o r b i d d i n g  h a r v e s t  f o r

a  s p e c i f i e d  i n t e r v a l  a f t e r  a p p l i c a t i o n  o f  p e s t i c i d e s . )  O f t e n ,

t h e s e  r e - e n t r y  r e g u l a t i o n s  l e a d  t o  r e d u c t i o n s  i n  g r o w e r s '  i n c o m e s

b y  p r e v e n t i n g  o p t i m a l  s c h e d u l i n g  o f  h a r v e s t  o r  o f  i n t r a s e a s o n a l

a c t i v i t i e s l i k e p r u n i n g  o r i r r i g a t i o n a n d t h e r e b y c a u s i n g

d e c r e a s e s i n  y i e l d ,  q u a l i t y  o r  p r i c e  r e c e i v e d  f o r  t h e  c r o p .

T h u s ,  w h e t h e r  t h e  d e c i s i o n  m a k e r  i s  a n  a g e n c y  c h a r g e d  w i t h

p r o t e c t i n g f a r m w o r k e r s  ( l i k e  t h e  E P A )  o r  a  f a r m e r  d e c i d i n g

w h e t h e r  t o  w o r k  i n  h i s / h e r  o w n  f i e l d ,  t h e  d e t e r m i n a t i o n  o f  a n

a p p r o p r i a t e  r e - e n t r y  i n t e r v a l  h i n g e s  o n  t h e  c h o i c e  o f  a  t r a d e o f f

b e t w e e n  r i s k s  t o  h u m a n  h e a l t h  a n d  s a f e t y ,  o n  t h e  o n e  h a n d ,  a n d

t h e  e c o n o m i c  l o s s e s  i n d u c e d  b y  r e g u l a t i o n  o n  t h e  o t h e r .

as inefficient in the literature on pesticide use. The paper

T h i s  p a p e r  d e v e l o p s  a  m e t h o d o l o g y  f o r  d e r i v i n g  t h e  s e t  o f

t h e s e  t r a d e o f f s  i m p l i c i t  i n  a l t e r n a t i v e  r e - e n t r y  i n t e r v a l s .  T h e

p a p e r  b e g i n s  w i t h  a  m o d e l  d e s c r i b i n g  t h e  i m p a c t  o f  r e - e n t r y

r e g u l a t i o n  o n  f a r m e r s ' u s e  o f  p e s t i c i d e s  a n d  o n  t h e  v a l u e  o f  t h e

h a r v e s t .  I n t e r e s t i n g l y ,  t h e  i m p o s i t i o n  o f  r e - e n t r y  r e g u l a t i o n

m a y  m a k e  i t  o p t i m a l  f o r  f a r m e r s  t o  s w i t c h  t o  p r o p h y l a c t i c

t r e a t m e n t  o f  p e s t s ,  a  p r a c t i c e  w h i c h h a s  b e e n  w i d e l y  c r i t i c i z e d

125



t h e n  d e v e l o p s  a  m o d e l  o f  t h e  r i s k  o f  a c u t e  p o i s o n i n g  f r o m

e x p o s u r e  t o  p e s t i c i d e  r e s i d u e s  u n d e r  d i f f e r e n t  r e - e n t r y

i n t e r v a l s .  F i n a l l y ,  t h e  p r o d u c t i o n  a n d  h e a l t h  r i s k  m o d e l s  a r e

c o m b i n e d  t o  d e r i v e  a n  o v e r a l l  g r o w e r  r e v e n u e / h e a l t h  t r a d e o f f

c u r v e  f o r  t h e  a p p l e  p r o d u c t i o n  c a s e .

W h i l e  t h e  s p e c i f i c s  o f  t h e  f r a m e w o r k  d e v e l o p e d  h e r e  a p p l y  t o

p e s t i c i d e - r e l a t e d  p r o b l e m s ,  i t s  m o r e  f u n d a m e n t a l  e l e m e n t s  a p p l y

t o  a  b r o a d  v a r i e t y  o f r e g u l a t i o n s  a i m e d  a t  e n h a n c i n g  h e a l t h  a n d

s a f e t y  b y  r e s t r i c t i n g  p r o x i m i t y  t o  h a z a r d s  e i t h e r  i n  t i m e  o r  o v e r

s p a c e ,  s u c h  a s  p r o b l e m s  r e l a t i n g  t o  i n d u s t r i a l  s a f e t y ,  t h e

l o c a t i o n  o f  h a z a r d o u s  i n d u s t r i e s ,  t h e  s i z e  o f  d a m s  f o r  f l o o d

p r o t e c t i o n ,  e t c .  T h e  i m p l i c a t i o n s  o f  t h e  a n a l y s i s  t h u s  c a r r y

b e y o n d  t h e  p e s t i c i d e  c a s e .

A  M o d e l  f o r  P r o d u c t i o n  U n d e r  R e - E n t r y  R e g u l a t i o n

F o r  t h e  s a k e  o f  s i m p l i c i t y ,  w e  w i l l  c o n c e n t r a t e  o n  t h e

p r o b l e m  o f  r e - e n t r y  r e g u l a t i o n s  a f f e c t i n g  a n  i n d i v i d u a l  f a r m e r ' s

h a r v e s t  o f  a  p e s t i c i d e  c r o p  ( f r u i t s ,  v e g e t a b l e s ) ,  t h e  k i n d  o f

c r o p  t o  w h i c h  t h i s  f o r m  o f  r e g u l a t i o n  i s  a p p l i e d  m o s t  o f t e n .

A s s u m e  t h a t  t h e s e  i s  a  t i m e  r e p r e s e n t i n g  t h e  e a r l i e s t  d a t e  a t

w h i c h  t h e  c r o p  c a n  b e  h a r v e s t e d ;  p r i o r  t o  t0, t h e  c r o p  w i l l  b e

i m m a t u r e  a n d  h e n c e  n o t  h a r v e s t a b l e .  A s s u m e  a l s o  t h a t  a f t e r  t0,

t h e  v a l u e  o f  t h e  c r o p  d e c l i n e s b e c a u s e  o f  d e c r e a s e d  q u a l i t y  o r

b e c a u s e  o f  p r i c e  d e c r e a s e s  d u e  t o  s e a s o n a l  i n c r e a s e s  i n  a g g r e g a t e

p r o d u c t i o n ,  s o  t h a t  t h e  f a r m e r ' s  r e v e n u e  i s  m a x i m i z e d  b y

h a r v e s t i n g  a t  t0. F o r m a l l y ,  t h i s  i m p l i e s  a  r e v e n u e  f u n c t i o n  R ( t )

s u c h  t h a t  R(tO)=max  { R ( t ) }  ,  a n d ,  l e t t i n g  s u b s c r i p t s  d e n o t e

d e r i v a t i v e s ,  Rt < 0  a n d  Rtt 20 f o r  t  > to. P r o d u c t i o n  c o s t s  w i l l

b e  a s s u m e d  t o  b e  c o n s t a n t  a n d  w i l l  t h u s  b e  i g n o r e d .

126



N o w  a s s u m e  t h a t  a  p e s t  a p p e a r s  a t  a  t i m e  ta s h o r t l y  p r i o r  t o

t h e  o p t i c a l  h a r v e s t  t i m e  t0. I f  l e f t  u n t r e a t e d ,  t h e  p e s t  w i l l

damage a  p r o p o r t i o n o f  t h e  c r o p w h i c h  w i l l  t h e n  b e  u n s a l a b l e .

T h e  l a r g e r  t h e  p e s t  p o p u l a t i o n  i s , t h e  g r e a t e r  t h e  l e v e l  o f

d a m a g e  w i l l  b e . T h i s  d a m a g e  c a n  b e  a v o i d e d  b y  t r e a t i n g  t h e  c r o p

w i t h  a  p e s t i c i d e . T o  s i m p l i f y  m a t t e r s , a s s u m e  t h a t  o n l y  a  s i n g l e

s t a n d a r d  t r e a t m e n t  i s  a v a i l a b l e  a t  a  n e g l i g i b l e  c o s t . I f  t h e

f a r m e r  t r e a t s  t h e  c r o p  i m m e d i a t e l y  u p o n  a r r i v a l  o f  t h e  p e s t ,  i . e .

c h o o s e s a  t r e a t m e n t  t i m e  ts=ta, t h e  p e s t  w i l l  b e  e f f e c t i v e l y

e r a d i c a t e d  a n d  d a m a g e  w i l l  b e  e s s e n t i a l l y  r e d u c e d  t o  z e r o .  I f ,

o n  t h e  o t h e r  h a n d , t h e  f a r m e r  t r e a t s  t h e  c r o p  b e f o r e  t h e  p e s t

a r r i v e s  (ts< t,), t h e  p e s t i c i d e  w i l l  d e c a y ;  i t  e f f e c t i v e n e s s  w i l l

b e  r e d u c e d  b y t h e  t i m e  t h e  p e s t  a r r i v e s  a n d  t h e  f a r m e r  w i l l

s u s t a i n  s o m e  c r o p l o s s e s . T h e  l o n g e r i s  t h e  i n t e r v a l  b e t w e e n

t r e a t m e n t  a n d  t h e  a r r i v a l  o f  t h e  p e s t , t h e  g r e a t e r  w i l l  b e  t h e

d e c a y  o f  t h e  p e s t i c i d e  a n d  t h e  d a m a g e  c a u s e d  b y  t h e  p e s t .

T h e s e  c h a r a c t e r i s t i c s  c a n  b e  r e p r e s e n t e d  f o r m a l l y  b y  l e t t i n g

t h e  p r o p o r t i o n  o f  t h e  c r o p  d a m a g e d  b y  a  p e s t  p o p u l a t i o n  o f  s i z e  k

b e  a  f u n c t i o n  g(k,ta-t,),  w h e r e  t,-ts r e p r e s e n t s  t h e  t i m e  e l a p s e d

b e t w e e n  t r e a t m e n t  a n d  t h e  a r r i v a l  o f  t h e  p e s t .  T h e  p r e c e d i n g

d i s c u s s i o n  s u g g e s t s  t h a t  gk > 0 ,  gt > 0  a n d  g(k,O)=O. P e s t i c i d e

d e c a y  c u r v e s  a r e  t y p i c a l l y  c o n v e x ,  s o  t h a t  o n e  w o u l d  e x p e c t

g,,lO a s  w e l l .

I f  t h e  f a r m e r  i s  a  p r o f i t - m a x i m i z e r ,  s h e / h e  w i l l  a l w a y s  f i n d

i t  o p t i m a l  t o  a d o p t  a  r e a c t i v e  p e s t  m a n a g e m e n t  s t r a t e g y  ( t h a t  i s ,

t o  t r e a t  t h e  c r o p  u p o n  t h e  a r r i v a l  o f  t h e  p e s t )  w h e n e v e r

f e a s i b l e ,  w h i c h  i m p l i e s  a n  o p t i m a l  c h o i c e  o f  ts=ta w h e n e v e r
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T LtO-t,. I f  t h e  r e - e n t r y  p e r i o d  T  i s  s u f f i c i e n t l y  l o n g ,  h o w e v e r

( s p e c i f i c a l l y  T  > to-t,), f o l l o w i n g  t h e  r e a c t i v e  t r e a t m e n t  p l a n

m a y  f o r c e  t h e  f a r m e r  t o  d e l a y  t h e  h a r v e s t  a n d  t h e r e b y  l o s e

r e v e n u e . I n  t h i s  c a s e  t h e  f a r m e r  f a c e s  a  t r a d e o f f  b e t w e e n  l o s t

r e v e n u e s  f r o m  c r o p  d a m a g e  a n d  l o s t  r e v e n u e s f r o m  h a r v e s t i n g

d e l a y s .  U n d e r  s o m e  c o n d i t i o n s ,  i t  m a y  b e c o m e  o p t i m a l  f o r  t h e

f a r m e r  t o  t r e a t  i n  a n t i c i p a t i o n  o f  a  p e s t  p r o b l e m ,  t h a t  i s ,  t o

a d o p t  a  p r o p h y l a c t i c  t r e a t m e n t  s t r a t e g y . T h i s  p r a c t i c e  h a s  b e e n

m u c h  m a l i g n e d  i n  t h e  p e s t  m a n a g e m e n t  l i t e r a t u r e ;  h o w e v e r ,  i t  w i l l

b e  e f f i c i e n t  u n d e r  c e r t a i n  c o n d i t i o n s  d e s c r i b e d  a t  g r e a t e r  l e n g t h

b e l o w .

I t  s h o u l d  b e  c l e a r  i n  a d d i t i o n  t h a t  t h e  f a r m e r  w i l l  n e v e r

t r e a t  a n y  e a r l i e r  t h a n  n e e d e d  t o  b e  a b l e  t o  h a r v e s t  a t  t i m e  to,

i . e . ,  t h a t t r e a t i n g  a n y  e a r l i e r  t h a n  to-T w o u l d  i m p l y

a c c e p t i n g  g r e a t e r  d a m a g e  i n  r e t u r n  f o r  n o  g a i n  i n  r e v e n u e  a n d  i s

t h u s  l e s s  p r o f i t a b l e  t h a n  t r e a t i n g  a t  to-T.

F i n a l l y , i t  s h o u l d  b e  e v i d e n t  t h a t  t h e  f a r m e r  w i l l  a l w a y s

h a r v e s t  t h e  c r o p  a s  s o o n  a s  p o s s i b l e ,  t h a t  i s ,  a t  l e a s t  a s  s o o n

a s  t h e  r e - e n t r y  p e r i o d  h a s  e n d e d . i f  t h e  r e - e n t r y  c o n s t r a i n t  i s

n o n - b i n d i n g , t h e n  t h e  h a r v e s t  t i m e  w i l l  b e  tO. I f  t h e  r e - e n t r y

c o n s t r a i n t i s  b i n d i n g , t h e n  t h e  h a r v e s t  w i l l  o c c u r  T  p e r i o d s

a f t e r  t h e  t r e a t m e n t  t i m e ; n o r m a l i z e d  ( w i t h o u t  l o s s  o f  g e n e r a l i t y )

t o  f i t  t h e  r e v e n u e  c u r v e  R  t h i s c a n  b e  w r i t t e n ts+T-t
0'

T h e  p e s t i c i d e u s e  p a t t e r n s  a d o p t e d  a n d  r e v e n u e s  e a r n e d  b y

t h e  f a r m e r  t h u s  d e p e n d  c r i t i c a l l y  o n  w h e t h e r  o r  n o t  t h e  r e - e n t r y

i n t e r v a l  c o n s t i t u t e s  a  b i n d i n g  c o n s t r a i n t . I f  i t  d o e s  n o t ,  t h e n

a  r e a c t i v e  t r e a t m e n t  s t r a t e g y  i s  a l w a y s  o p t i m a l ,  ts=ta,  t h e  c r o p
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w i l l  b e  h a r v e s t e d  a t  t0 a n d  r e v e n u e  w i l l  b e  R(tO)=R*.  If it

d o e s , t h e  t h e  f a r m e r  w i l l  f a c e  a  t r a d e o f f  b e t w e e n  c r o p  d a m a g e  a n d

d e c r e a s e d  r e v e n u e . T h e  o p t i m a l  p e s t  m a n a g e m e n t  s t r a t e g y  w i l l  b e

d e t e r m i n e d  b y  t h e  c h o i c e  o f  a  t r e a t m e n t  t i m e  ts w h i c h  m a x i m i z e s

r e a l i z e d  r e v e n u e ,  g i v e n  b y :

( 1 ) [1 - ght, -tsWUts+T-toI

s u b j e c t  t o  t h e  c o n s t r a i n t :

(2 ) tO-TLtsL ta.

B e c a u s e  t h e  c o n v e x i t y  o f  t h e  p e s t i c i d e  d e c a y  f u n c t i o n  m a k e s

t h e damage f u n c t i o n  g(k,t,-ts) c o n v e x , t h e r e a l i z e d r e v e n u e

f u n c t i o n  ( 1 )  w i l l  b e  c o n v e x  u n l e s s  R (  )  i s  q u i t e  s t r o n g l y

c o n c a v e .  T h u s ,  t h e  o p t i m a l  t r e a t m e n t  p l a n  m u s t  b e  a n a l y z e d

a c c o r d i n g  t o  t w o  c a s e s .

C a s e  1 : ( 1 )  c o n v e x . T h e  m o s t  l i k e l y  c a s e  i s  t h a t  r e a l i z e d

r e v e n u e ( 1 )  w i l l  b e  c o n v e x , s o  t h a t  t h e  o p t i m a l  t r e a t m e n t  t i m e

w i l l  b e  e i t h e r  t h e  m a x i m u m  o r  m i n i m u m  p o s s i b l e  t i m e , t h a t  i s ,

e i t h e r  ta o r  to-T. I n  e s s e n c e ,  o f  c o u r s e ,  t h i s  c o n s t i t u t e s  a

c h o i c e  b e t w e e n  r e a c t i v e  e,=t,1 a n d  p r o p h y l a c t i c  (ts=tO-T)

t r e a t m e n t s .  T h e  f a r m e r  w i l l  c h o o s e  t h e  o n e  w h i c h  g i v e s  t h e

g r e a t e s t  p r o f i t .  I f  ts=ta, t h e r e  w i l l  b e  n o  d a m a g e  ( g = 0 )  b u t  t h e

f a r m e r  w i l l  h a v e  t o  w a i t  u n t i l  ts+T-t0 t o  h a r v e s t  a n d  w i l l  t h u s

r e a l i z e  a  r e v e n u e  o f  R(t,+T-t& I f  ts=tO-T, t h e r e  w i l l  b e

d a m a g e  g(k,ta+T-to);  t h e  f a r m e r  w i l l  h a r v e s t  a t a n d  t h u s

r e a l i z e  a  r e v e n u e  [l-g(k,ta+T-tO)]R*. I f  t h e  d i f f e r e n c e  b e t w e e n

t h e s e  t w o  r e a l i z e d  r e v e n u e s ,

(3)
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i s  p o s i t i v e ,  t h e  f a r m e r  w i l l  a d o p t  t h e  r e a c t i v e  s t r a t e g y  a n d

treat at ta. If it is negative, the farmer will adopt t h e

p r o p h y l a c t i c  s t r a t e g y  a n d  t r e a t  a t  tO-T.  A n  i n c r e a s e  i n  t h e  s i z e

o f  t h e  p e s t  p o p u l a t i o n  k  w i l l  i n c r e a s e  V  a n d  t h e r e b y  m a k e  t h e

f a r m e r  m o r e  l i k e l y  t o  a d o p t  a  r e a c t i v e  s t r a t e g y . A n  i n c r e a s e  i n

t h e  r e - e n t r y  i n t e r v a l  T ,  t h o u g h ,  w i l l  i n c r e a s e  V  o n l y  i f  t h e

m a r g i n a l  i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  t h e  c r o p  d a m a g e d  b y

t r e a t i n g  e a r l i e r  (g,) i s  l e s s  t h a n  t h e  m a r g i n a l  i n c r e a s e  i n  t h e

p r o p o r t i o n  o f  r e v e n u e  l o s t  b y  t r e a t i n g  l a t e r  (R,/R*). T h u s ,  i f

gt > Rt/R*r  a n  i n c r e a s e  i n  T  w i l l  m a k e  t h e  f a r m e r  m o r e  l i k e l y  t o

a d o p t a  p r o p h y l a c t i c  s t r a t e g y .  A n  i n c r e a s e  i n  t h e  i n t e r v a l

b e t w e e n  t h e  a r r i v a l  o f  t h e  p e s t  a n d  t h e  o p t i m a l  h a r v e s t  d a t a ,

t h a t  i s ,  i n  tO-t,, w i l l ,  o f  c o u r s e , h a v e  p r e c i s e l y  t h e  o p p o s i t e

e f f e c t  o f  a n  i n c r e a s e  i n  t h e  r e - e n t r y  i n t e r v a l  T .

C a s e  2 : ( 1 )  c o n c a v e . If the revenue function R( ) is

s u f f i c i e n t l y  c o n c a v e  t o  m a k e  r e a l i z e d  r e v e n u e  ( 1 )  c o n c a v e ,  t h e

p r o f i t - m a x i m i z a t i o n p r o b l e m w i l l h a v e  a n i n t e r i o r s o l u t i o n

d e f i n e d  b y :

( 4 ) gtR +  (l-g)Rt= 0

w i t h  s u f f i c i e n c y  a s s u r e d  b y :

( 5 )  Q=gttR+U-g)Rttl  0

w h i c h  h o l d s  b y  a s s u m p t i o n . It is r e a d i l y a p p a r e n t t h a t  a n

i n c r e a s e  i n  t h e  r e - e n t r y  i n t e r v a l  w i l l  l e a d  t h e  f a r m e r  t o  t r e a t

e a r l i e r  (dts/dT  = -[Rtgt+(l-g)Rtt]/Q  <  0 ) ,  t h e r e b y  a c c e n t u a t i n g

t h e  t e n d e n c y  t o w a r d  p r o p h y l a c t i c  t r e a t m e n t .  I f ,  a s  o n e  w o u l d

e x p e c t , t h e  i n c r e a s e  i n  d a m a g e  f r o m  t r e a t i n g  e a r l i e r  i s  g r e a t e r

f o r  l a r g e r  p e s t  p o p u l a t i o n s t h a n  f o r  s m a l l e r  o n e s  ( i . e . ,  gtk 201,
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a n  i n c r e a s e  i n  t h e  p e s t  p o p u l a t i o n  s i z e  w i l l  i n d u c e  t h e  f a r m e r  t o

t r e a t  l a t e r  (dts/dk  =  -[gtkR-gkRt]/Q  > 0 ) ,  t h e r e b y  r e d u c i n g  t h e

t e n d e n c y  t o w a r d  p r o p h y l a c t i c  t r e a t m e n t .  A s  b e f o r e ,  a n  i n c r e a s e

i n  to-t, w i l l  h a v e  t h e  o p p o s i t e  e f f e c t  o f  a  i n c r e a s e  i n  T .

P e s t i c i d e  U s e  i n  A p p l e  P r o d u c t i o n

C o n s i d e r  t h e  c a s e  o f  r e - e n t r y  r e g u l a t i o n  o f  o r g a n o p h o s p h a t e

i n s e c t i c i d e s u s e d  t o  p r o t e c t  a p p l e  c r o p s f r o m  i n f e s t a t i o n s  o f

c o d d l i n g  m o t h  l a r v a e  f r o m  m o t h  f l i g h t s  s h o r t l y  p r i o r  t o  h a r v e s t .

T h e  y i e l d  a n d  q u a l i t y  o f  t h e  a p p l e s i s  a s s u m e d  t o  i n c r e a s e  u p

u n t i l  t h e  m a t u r i t y  d a t a t
0'

w h i c h  i s  t h e  e a r l i e s t  d a t e  a t  w h i c h

t h e  c r o p  m a y  b e  h a r v e s t e d . A f t e r  to, y i e l d  a n d  q u a l i t y  w i l l

r e m a i n  c o n s t a n t  f o r  a  c o n s i d e r a b l e  l e n g t h  o f  t i m e . H o w e v e r ,  t h e

p r i c e  t h e  f a r m e r  r e c e i v e s  f o r  t h e  c r o p  w i l l  d e c l i n e  a s  t i m e

p a s s e s b e c a u s e  t h e  a g g r e g a t e s u p p l y  o f  a p p l e s  w i l l  i n c r e a s e  a s

p r o d u c e r s  i n  o t h e r  r e g i o n s  h a r v e s t  a n d  m a r k e t  t h e i r  c r o p s . T h i s

p r i c e  d e c l i n e  w i l l  c o n t i n u e  u n t i l  t h e  p r i c e  o f  a p p l e s  f o r  f r e s h

c o n s u m p t i o n  e q u a l s  t h e  p r i c e  f o r  p r o c e s s i n g  u s e s ,  a t  w h i c h  p o i n t

t h e  p r i c e  w i l l  r e m a i n  c o n s t a n t . A n  a n a l y s i s  o f  t h e  i n t r a s e a s o n a l

t r e n d s  i n  f a r m - l e v e l  a p p l e  p r i c e s i n  t h e  t h r e e  m a j o r  p r o d u c i n g

s t a t e s ( W a s h i n g t o n ,  M i c h i g a n ,  C a l i f o r n i a ) i n d i c a t e d  t h a t  t h i s

p r i c e  d e c l i n e  i s  c o n v e x  a n d  c o u l d  b e  r e p r e s e n t e d  w e l l  b y  a n

e x p o n e n t i a l c u r v e . T h u s , t h e p r i c e r e c e i v e d  b y  a g r o w e r

h a r v e s t i n g  a  f u l l  c r o p  a t  t i m e  t>tO i s R*e
-a(t-to)

.

T h e  t h r e a t  p o s e d  b y  a  l a t e - s e a s o n  f l i g h t s  o f  c o d d l i n g  m o t h

c o n s i s t  o f  a n  i n f e s t a t i o n  o f  l a r v a e  i n  t h e  f r u i t ,  i . e . ,  o f  w o r m y

a p p l e s . T h i s  t h r e a t  c a n  b e  a l l e v i a t e d  b y  u s i n g  o r g a n o p h o s p h a t e s

t o  k i l l  t h e  m o t h s  b e f o r e  t h e y  l a y  e g g s .  S t a n d a r d  d o s e s  o f  t h e s e
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p e s t i c i d e s  a r e  t y p i c a l l y  a p p l i e d ;  w i t h o u t  l o s s  o f  g e n e r a l i t y ,

n o r m a l i z e  t h i s  s t a n d a r d  d o s e  t o  u n i t y . P e s t i c i d e  d e c a y  r a t e s  a r e

t y p i c a l l y  m o d e l e d  a s  e x p o n e n t i a l  c u r v e s , s o  t h a t  t h e  p r o p o r t i o n

o f t h e  p e s t p o p u l a t i o n k i l l e d  b y  a t r e a t m e n t  a p p l i e d  a t  ts i s

e-b(ta-ts) a n d  t h e  p r o p o r t i o n  s u r v i v i n g  i s 1 - e -b(t,-ts) . Assume

t h a t  a l l  i n f e s t e d  f r u i t  i s  u n s a l a b l e  a n d  t h a t  t h e  p r o p o r t i o n  o f

t h e  c r o p  d a m a g e d  i s  p r o p o r t i o n a l  t o  s u r v i v o r s h i p . L e t t i n g  k

r e p r e s e n t  t h e  p r o p o r t i o n  o f  t h e  c r o p  d a m a g e d  b y  a  m o t h  p o p u l a t i o n

o f  s t a n d a r d  s i z e , t h e  d a m a g e  f u n c t i o n  g(k,t,-ts)  w i l l  b e  i n  t h i s

c a s e  k[l-e-b ( t,-ts 1 I

T h e  r e a l i z e d  r e v e n u e  f u n c t i o n  ( 1 )  i n  t h i s  c a s e  w i l l  t h u s  b e :

( 6 )  V = R * e -a(ts+T-t0) {l-k[l-e-b(ta-ts)l  1

w h i c h  i s  o b v i o u s l y  c o n v e x .  T h e  d i f f e r e n c e  i n  p r o f i t  b e t w e e n

t r e a t i n g  a t  ta a n d  t r e a t i n g  a t  t0 i s  t h u s

(7) L

w h i c h  w i l l  b e  p o s i t i v e  w h e n e v e r

k  > [ 1 - e x p {-a(t .+T-tO) ) l/[l-exp {-b(t,+T-t0)  > l=k C a n d  n e g a t i v e

w h e n e v e r  k k CO
T h e  o p t i m a l  t r e a t m e n t  s t r a t e g y  i s  t h u s :

T h e  c o m p a r a t i v e  s t a t i c  r e s u l t s  f r o m  t h e  g e n e r a l  c a s e  c l e a r l y  h o l d

h e r e  a s  w e l l .  I n  a d d i t i o n ,  i t  i s  s t r a i g h t f o r w a r d  t o  s h o w  t h a t

t h e  f a s t e r  t h e  p r i c e  d e c l i n e s  o v e r  t h e  s e a s o n ,  t h e  m o r e  l i k e l y

t h e  f a r m e r  i s  t o  a d o p t  a  p r o p h y l a c t i c  s t r a t e g y  ( d V / d a  <  0 )  a n d

t h a t  t h e  f a s t e r  t h e  p e s t i c i d e  d e c a y s ,  t h e  m o r e  l i k e l y  t h e  f a r m e r

i s  t o  a d o p t  a  r e a c t i v e  s t r a t e g y  ( d V / d b >  0 ) .
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T o  p r o v i d e  a  e m p i r i c a l  m e c h a n i s m  f o r  e v a l u a t i n g  t h e  i m p a c t

o f  r e - e n t r y  r e g u l a t i o n  o f  p r e - h a r v e s t  u s e  o f  p a r a t h i o n  o n  a p p l e s

i n  t h e  t h r e e  m a i n  U . S . p r o d u c i n g  s t a t e s  ( W a s h i n g t o n ,  C a l i f o r n i a ,

M i c h i g a n ) ,  t h e  m o d e l  w a s  p a r a m e t e r i z e d  a s  f o l l o w s .  A  r e g r e s s i o n

a n a l y s i s  o f  w e e k l y  d a t a  o n  f a r m - l e v e l  p r i c e s  r e c e i v e d  i n

W a s h i n g t o n , C a l i f o r n i a  a n d  M i c h i g a n  o v e r  t h e  p e r i o d  1 9 7 1 - 1 9 8 0  o n

a  t i m e  t r e n d  a n d  d u m m i e s  t o  c o n t r o l  f o r  d i f f e r e n c e s  a m o n g  y e a r s

a n d  s t a t e s  y i e l d e d  a n  e s t i m a t e  o f  t h e  r e v e n u e  d e c a y  p a r a m e t e r  a  =

0 . 0 0 2 4 .  A c c o r d i n g  t o  J o h a n n e s  J o o s t ,  C a l i f o r n i a  e x t e n s i o n

s p e c i a l i s t  o n  a p p l e s ,  t h e  m a x i m u m  p r i c e  r e c e i v e d  i n  1 9 8 4  w a s

a b o u t  $ 3 0 0 / t o n .  A t  a n  a v e r a g e  y i e l d  o f  1 0  t o n s / a c r e ,  t h i s

s u g g e s t s  a  m a x i m u m  r e v e n u e  o f  $ 1 5 0 , 0 0 0  f o r  a  5 0 - a c r e  b l o c k .  t h e

r e g r e s s i o n  a n a l y s i s  s u g g e s t e d  t h a t  p r i c e l e v e l s  i n  M i c h i g a n  a n d

W a s h i n g t o n  w e r e a b o u t  1 7 %  a n d  3 2 %  a b o v e  t h a t  o f  C a l i f o r n i a ;

h o w e v e r , b e c a u s e  M i c h i g a n  h a r v e s t s  a b o u t  4  w e e k s  a f t e r  C a l i f o r n i a

a n d  W a s h i n g t o n ,  2  w e e k s , t h e  m a x i m u m  p r i c e  i n  t h e s e  s t a t e s  s h o u l d

b e  9 . 8 %  a n d  2 8 . 2 % h i g h e r  t h a n  C a l i f o r n i a ,  r e s p e c t i v e l y ,  g i v i n g

e s t i m a t e s  o f  a b o u t  $ 1 6 5 , 0 0 0  p e r 5 0 - a c r e  b l o c k  i n  M i c h i g a n  a n d

$ 1 9 2 , 0 0 0  p e r  5 0 - a c r e  b l o c k  i n  W a s h i n g t o n . A n  e s t i m a t e  o f  t h e

p a r a t h i o n  d e c a y  p a r a m e t e r  b  =  0 . 0 7  w a s  t a k e n  f r o m  S p e a r  e t  a l . ' s

( 1 9 7 5 a )  s t u d y  o f  p a r a t h i o n  d e c a y  i n  C a l i f o r n i a  c i t r u s  o r c h a r d s :

e x a m i n a t i o n  o f  p a r a t h i o n  d e c a y  d a t a  o n  W a s h i n g t o n  a p p l e s  ( S t a i f f

e t  a l . ( 1 9 7 5 ) )  i n d i c a t e d  t h a t  t h e  d e c a y  p a t t e r n s  i n  t h e  t w o  c a s e s

w e r e  e s s e n t i a l l y i d e n t i c a l . C o n v e r s a t i o n s w i t h  f a r m  a d v i s o r s

i n d i c a t e d  t h a t ,  i f  l e f t  u n t r e a t e d ,  a  c o d d l i n g  m o t h  i n f e s t a t i o n

c a u s e d  b y  a  p o p u l a t i o n  o f  n o r m a l  s i z e w o u l d  d a m a g e  a b o u t  1 0 %  o f

t h e  c r o p ;  t h u s ,  k  w a s  g i v e n  a  v a l u e  o f  0 . 1 0 .  C a l c u l a t i o n  o f  t h e
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d a m a g e  t h r e s h h o l d  f o r  p r o p h y l a c t i c  s p r a y i n g  o v e r  t h e  r a n g e  o f

r e a s o n a b l e  r e - e n t r y  p e r i o d s ,  kc, r e s u l t e d  i n  v a l u e s  r a n g i n g  f r o m

. 0 3 5  t o  . 0 6 2 ,  a l l  w e l l  b e l o w  k ;  t h u s ,  i t  a p p e a r s  t h a t  r e a c t i v e

t r e a t m e n t  w i l l  a l w a y s  b e  o p t i m a l .  I n  f a c t ,  a p p l e  p r i c e s  w o u l d

h a v e  t o  f a l l  a t  a b o u t  5 % p e r  w e e k  b e f o r e  p r o p h l a c t i c  t r e a t m e n t

w o u l d  b e c o m e  d e s i r a b l e .

R e s i d u e  P o i s o n i n g  F r o m  P a r a t h i o n  E x p o s u r e  A m o n g  A p p l e  H a r v e s t e r s

T h i s  s e c t i o n  d e v e l o p s  a  m o d e l  f o r  c a l c u l a t i n g  t h e

p r o b a b i l i t y  o f  c l i n i c a l  i l l n e s s  i n  w o r k e r s  a s  a  r e s u l t  o f

e x p o s u r e  t o  r e s i d u e s  o f  p a r a t h i o n  a p p l i e d  t o  a p p l e s  a t  v a r i o u s

l o c a t i o n s .  T h e  o v e r a l l  s c h e m e  i s  a s  l a i d  o u t  b y  P o p e n d o r f  a n d

L e f f i n g w e l l  ( 1 9 8 2 ) .  I n  e s s e n c e ,  t h e  p e s t i c i d e  i s  a p p l i e d ,  a

d e c a y  p r o c e s s  t a k e s  p l a c e  i n  w h i c h  s o m e  o f  t h e  p a r a t h i o n  i s

c o n v e r t e d  t o  t h e  o x y g e n a n a l o g ,  p a r a o x o n , a n d e x p o s u r e t a k e s

p l a c e  d a y s  o r  w e e k s l a t e r  w h e n  c r e w s  e n t e r  t h e  f i e l d  t o  h a r v e s t

t h e  c r o p .  I f  c l i n i c a l  i l l n e s s  r e s u l t s  i t  i s  d u e  t o  a  d e r m a l l y

a b s o r b e d  d o s e  o f  p a r a o x o n .  T h e r e  i s  c o n s i d e r a b l e  i n f o r m a t i o n

a v a i l a b l e  t o  q u a n t i f y  t h e  v a r i o u s  e x p o s u r e - r e l a t e d  s t e p s  i n  t h i s

p r o c e s s  b u t  v e r y  l i m i t e d  d a t a  o n  t h e  g e o g r a p h i c  o r  c l i m a t o l o g i c a l

e f f e c t s  o n  t h e  d e c a y  p r o c e s s  i t s e l f .  H e n c e ,  v a r i o u s  a s s u m p t i o n s

a r e  m a d e  i n  o r d e r  t o  a l l o w  r i s k  c a l c u l a t i o n s  t o  b e  c a r r i e d  o u t

a n d  t h e s e  w i l l  n o w  b e  d e t a i l e d .

T h e  c h a r a c t e r i z a t i o n  o f  t h e  r e s i d u e  d e c a y  p r o c e s s  w i l l  b e

b a s e d  o n  t h e  w o r k  o f  S p e a r  e t . a 1 . ( 1 9 7 5 a )  a n d  P o p e n d o r f  a n d

L e f f i n g w e l l  ( 1 9 7 8 ) .  I n  b o t h  c a s e s  a  s e t  o f  l i n e a r  o r d i n a r y

d i f f e r e n t i a l  e q u a t i o n s  w a s f i t  t o  f i e l d  d a t a  o n  t h e  d i s l o d g e a b l e

f o l i a r  r e s i d u e s  o f  p a r a t h i o n  a n d  p a r a o x o n  o n  c i t r u s  f o l i a g e .

134



D a t a  o n  o t h e r  c r o p s  s u g g e s t s  a  q u a l i t a t i v e l y  s i m i l a r  d e c a y

p a t t e r n  a s  w i l l  b e  d i s c u s s e d  b e l o w .  T h e  f o r m  o f  t h e  e q u a t i o n s

u s e d  b y  P o p e n d o r f  a n d  L e f f i n g w e l l  w a s :

( 9 ) dx/dt = -alx

dy/dt = -bly

dr/dt = a2x + b2y - clr

w h e r e  t h e  o b s e r v a b l e  r e s i d u e  o f  p a r a t h i o n i s  t h e  s u m  o f

t h e " s h o r t - t e r m "  p a r a t h i o n ,  x ,  a n d  t h e  " l o n g - t e r m "  p a r a t h i o n ,  y ,

a n d  r  i s  t h e  p a r a o x o n  r e s i d u e . B o t h  t h e  d a t a  o f  P o p e n d o r f  a n d

L e f f i n g w e l l  o n  C a l i f o r n i a c i t r u s a n d  S t a i f f  e t . a l . ( 1 9 7 5 )  o n

W a s h i n g t o n a p p l e s s u g g e s t s t h a t t h e  l o n g - t e r m  d e c a y  r a t e  o f

p a r a t h i o n  e q u a l s t h a t  o f  p a r a o x o n i n  t h e  a b s e n c e  o f  r a i n f a l l ,

I n  a d d i t i o n ,  i t  i s c l e a r  t h a t  a l m o s t  a l l  t h e

p a r a o x o n  i s  p r o d u c e d  w i t h i n  t h e  f i r s t  f e w  d a y s  a f t e r  a p p l i c a t i o n

w h e n  t h e  t o t a l  r e s i d u e  o f  p a r a t h i o n  a r e  h i g h ,  i . e .  t h e  p a r a o x o n

p r o d u c t i o n  t e r m  b2y i s  g e n e r a l l y  n e g l i g i b l e . H e n c e  a  s i m p l i f i e d

d e c a y  m o d e l  i s :

( 1 0 )  dx/dt =  -alx

A  f u r t h e r  s i m p l i f i c a t i o n  o c c u r s i n s o f a r  a s  i t  h a s  b e e n  s h o w n  t h a t

a f t e r  t h e  f i r s t  f e w  d a y s  t h e  h a z a r d  t o  w o r k e r s  i s  a l m o s t  t o t a l l y

d e t e r m i n e d  b y  t h e  p a r a o x o n  r e s i d u e  ( S p e a r  e t  a l .  ( 1 9 7 5 b ) . H e n c e ,

i f  w e  c o n s t r a i n  t h e  p e r i o d  o f  i n t e r e s t  t o  t h e  t h a t  f o l l o w i n g  t h e

f i r s t  s e v e r a l  d a y s  p o s t - a p p l i c a t i o n , w h i c h  i s  t h e  p r a c t i c a l  c a s e ,

t h e n  t h e  y  c o m p o n e n t  o f  t h e  r e s i d u e i s  o f  n o  i n t e r e s t , e x c e p t

i n s o f a r  a s i t  m a y  a i d i n  t h e  e s t i m a t i o n  o f  bl, a n d  t h e  d e c a y

m o d e l e d  f u r t h e r  s i m p l i f i e s  t o :

135



( 1 1 ) dx/dt = -alx

dr/dt = a2x - blr

T h e  s o l u t i o n  t o  t h i s  s e t  o f  e q u a t i o n s  i s :

(12 ) x(t) = xOexp(-alt)

r(t) = (a2xO/alb2)[exp(-bit)-  exp(-aIt)

T h e r e  a r e ,  t h e n , f o u r  p a r a m e t e r s  r e q u i r e d  t o  s o l v e  f o r  r ( t ) ,

t h e  p a r a o x o n  r e s i d u e ,  al, a2,
bl'

a n d  t h e  i n i t i a l  c o n d i t i o n  x0'

T h e  f i r s t  t h r e e  p a r a m e t e r s  a r e  w e a t h e r  d e p e n d e n t  w h e r e a s  t h e  l a s t

d e p e n d s  o n  t h e  a p p l i c a t i o n  r a t e s  a n d  t h e  p r e - e x i s t i n g  l e v e l s  o f

f o l i a r  d u s t  o f  t h e  t r e e s . R e g r e t t a b l y  t h e r e  a p p e a r s  t o  b e  v e r y

m e a g e r  p u b l i s h e d  d a t a  o n  p a r a t h i o n  r e s i d u e  l e v e l s  o n  a p p l e s

a r o u n d  t h e  c o u n t r y .  H o w e v e r ,  t h e  W a s h i n g t o n  a p p l e  d a t a  ( S t a i f f ,

e t . a l . ,  1 9 7 5 )  s u g g e s t  a  d e c a y  p a t t e r n  q u i t e  s i m i l a r  t o  t h a t

o b s e r v e d  i n  C a l i f o r n i a  c i t r u s .  N i g g  e t  a l .  ( 1 9 7 8 ,  1 9 8 0 )  h a v e

s t u d i e d  t h e  e f f e c t  o f  w e a t h e r  v a r i a b l e s  o n  t h e  p a r a t h i o n  d e c a y

p r o c e s s a n d  h a s c o n c l u d e d  t h a t  r a i n f a l l  a n d  l e a f  w e t n e s s  f r o m

o t h e r  s o u r c e s  a r e  p r i n c i p a l  d e t e r m i n a n t s  o f  t h e  r a t e  o f  r e s i d u e

d i s a p p e a r a n c e . H e n c e , c l i m a t o l o g i c a l v a r i a b i l i t y  i n t h i s

i n v e s t i g a t i o n w i l l  b e h a n d l e d  b y a s s u m i n g t h a t t h e d e c a y

p a r a m e t e r s ,  al,a2 a n d  bl, w i l l  b e  t h e  s a m e  f o r  a l l  t h r e e  r e g i o n s

b u t  t h a t  t h e  f r e q u e n c y  o f  s u m m e r  r a i n f a l l  w i l l  d i m i n i s h  t h e

e x p e c t e d  r e s i d u e  o f  p a r a o x o n  i n  a  d i s c o n t i n u o u s  f a s h i o n .

A f t e r  t h e  i n i t i a l  p e r i o d  o f  p a r a o x o n  p r o d u c t i o n  t h e  d e c a y  o f

b o t h  p a r a t h i o n  a n d  p a r z o x o n  i s  e s s e n t i a l l y  f i r s t  o r d e r  w i t h  d e c a y

c o n s t a n t bl' That is, we c o n s i d e r t h e p e r i o d w h e r e

exp-(--lt)  < <  exp(-bit)  a n d  r ( t )  =  roexp(-blt)  w h e r e  rO =

a2xO/al+bl- A s  m e n t i o n e d  a b o v e ,  N i g g  ( 1 9 7 5 )  d e v e l o p e d  a n
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e x p r e s s i o n  r e l a t i n g  t h e  i n f l u e n c e  o f  r a i n f a l l ,  l e a f  w e t n e s s ,

t e m p e r a t u r e  a n d  s o l a r  r a d i a t i o n  o n  p a r a t h i o n  r e s i d u e s .  H e  s t a t e d

t h a t  r a i n f a l l  i s  a  m o r e  i m p o r t a n t  r e l a t i v e  p r e d i c t o r  o f  p a r a o x o n

r e s i d u e s  t h a n  o f  p a r a t h i o n  a l t h o u g h  h e  d i d  n o t  p r e s e n t  a

q u a n t i t a t i v e  r e l a t i o n  i n  t h e  c a s e  o f  p a r a o x o n . W e  w i l l  a s s u m e

t h a t  r a i n f a l l  a n d  t i m e  a r e  t h e  p r i n c i p a l  d e t e r m i n a n t s  o f  p a r a o x o n

r e s i d u e  a n d  u s e  N i g g ' s  r a i n f a l l  a d j u s t m e n t  f a c t o r  f o r  p a r a t h i o n

s i n c e  e i t  s h o u l d  l e a d  t o  c o n s e r v a t i v e r e s u l t s ,  i . e . somewhat

h i g h e r  p a r a o x o n r e s i d u e  p r e d i c t i o n s t h a n  m a y  a c t u a l l y  b e  t h e

c a s e . U n d e r  t h e s e  a s s u m p t i o n s  t h e  p a r a o x o n  r e s i d u e  a t  t h e  e n t r y

t i m e  T  i s  g i v e n  b y :

r ( T )  =  rOexp(-.291CR)exp(-blT)

w h e r e  C R  i s  t h e  c u m u l a t i v e  r a i n f a l l  d u r i n g  t h e  i n t e r v a l  ( O , T ) .  A

o n e  i n c h  r a i n f a l l  l e a d s  t o  a  d i m i n u t i o n  o f  t h e  r e s i d u e  b y  2 5 %  a n d

a  t w o  i n c h  r a i n f a l l  a  4 4 %  d e c l i n e . T h e s e  p r e d i c t i o n s  a r e  m o r e  o r

l e s s  c o n s i s t e n t  w i t h  t h e  d a t a  p r e s e n t e d  b y  G u n t h e r  e t . a l .  ( 1 9 7 7 )

w h o  r e p o r t  r e d u c t i o n s  i n  p a r a o x o n  r e s i d u e s  o n  t h e  o r d e r  o f  3  t o  5

f o r r a i n f a l l a m o u n t s o v e r 2 . 5  i n c h e s a n d l i t t l e d e c a y f o r

r a i n f a l l  u n d e r  o n e  i n c h .

E s t i m a t e s  o f  t h e  p a r a m e t e r s  al, a2 a n d  bl a r e  a v a i l a b l e  f r o m

P o p e n d o r f  a n d  L e f f i n g w e l l ( 1 9 7 8 ) . A l s o , t h e  i n i t i a l  c o n d i t i o n

xO w a s  e s t i m a t e d  f r o m  t h e i r  d a t a  b y  r e g r e s s i n g  t h e i r  p a r a m e t e r

a0 a g a i n s t  t h e  a p p l i e d  a m o u n t . T h e  r e g r e s s i o n  e x p r e s s i o n  i s :

= 1690(AIA)*3067
2

xO n g / c m

a n d  t h e  v a l u e s  u s e d  f o r  t h e  o t h e r  t h r e e  p a r a m e t e r s  a r e  al =  0 . 8 ,

bl-=-0.08,  a2 = 0 . 0 5 . H e n c e , f o r  a n y  a p p l i c a t i o n  a m o u n t ,  e n t r y

t i m e  a n d  c u m u l a t i v e  r a i n f a l l  a m o u n t  t h e  p a r a o x o n  r e s i d u e  c a n  b e
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d e t e r m i n e d .  I t  i s  n o w  p o s s i b l e  t o  r e l a t e  t h i s  r e s i d u e  t o  t h e

d e r m a l  d o s e  a n d  t h e n  t h e  p r e d i c t e d  r e d  c e l l  c h o l i n e s t e r a s e

d e p r e s s i o n .

P o p e n d o r f  a n d  L e f f i n g w e l l  ( 1 9 8 2 )  r e l a t e  t h e  f o l i a r  r e s i d u e

t o  t h e  d e r m a l  d o s e  d e p o s i t e d  o n  t h e  w o r k e r  b y  t h e  e x p r e s s i o n

kdr(t)te w h e r e  D  i s  i n  m g / k g ,  te i s  t h e  e x p o s u r e  t i m e  a n d  kd a n

e m p i r i c a l l y  d e t e r m i n e d  c o n s t a n t . T h e i r  T a b l e  X  g i v e s  o b s e r v e d

kd
v a l u e s  f o r  v a r i o u s  c r o p s  a n d  p e s t i c i d e s . F o r  p a r a o x o n  o n

a p p l e s  w e  w i l l  a s s u m e  a kd v a l u e  o f  9 . 0  a s  w a s  o b s e r v e d  i n  c i t r u s

c r o p s . T h e  e x p o s u r e  t i m e  w i l l  b e  a s s u m e d  t o  b e  e i g h t  h o u r s .

For a s i n g l e o r g a n o p h o s p h a t e t h e r e l a t i o n p r o p o s e d  b y

P o p e n d o r f  a n d  L e f f i n g w e l l  b e t w e e n  d e r m a l  d o s e  a n d  t h e  f r a c t i o n a l

i n h i b i t i o n  o f  R B C  c h o l i n e s t e r a s e  i s  g i v e n  b y :

RBCD =  l-exp(-keD/LDso)

w h e r e , f o r  p a r a o x o n , t h e  d e r m a l  LD50 i s  1 . 0  a n d  ke i s  s e t  e q u a l

t o  6 . 0  m i d w a y  i n  t h e  r e p o r t e d  r a n g e  o f  4 . 7  t o  7 . 3 . W h i l e  i t  i s

r e a s o n a b l e  t o  a s s u m e  t h a t  t h e  e n t i r e  c r e w  i s  e x p o s e d  t o  t h e  s a m e

r e s i d u e  e n v i r o n m e n t , p e r s o n a l  f a c t o r s  e n t e r  i n t o  t h e  r e l a t i o n s h i p

b e t w e e n  r e s i d u e a n d  d e r m a l  d o s e  a n d  b e t w e e n  d e r m a l  d o s e  a n d

c h o l i n e s t e r a s e  r e s p o n s e . H o w e v e r , t h e r e  i s  n o  d a t a  t o  a l l o w  t h e

m o d e l i n g o f  t h e s e  e f f e c t s  s o  w e  w i l l  a s s u m e  t h a t  a l l  w o r k e r s

e x p e r i e n c e t h e same c h o l i n e s t e r a s e r e s p o n s e a n d c o n f i n e t h e

v a r i a b i l i t y  a c r o s s  t h e  p o p u l a t i o n  t o  t h e  d o s e - r e s p o n s e  c u r v e .

F o r  p r e s e n t  p u r p o s e s t h e  r e l a t i o n  b e t w e e n  c h o l i n e s t e r a s e

d e p r e s s i o n  a n d t h e  d e v e l o p m e n t  o f  c l i n i c a l  s i g n s  a n d  s y m p t o m s  i s

s h o w n  i n  F i g u r e  1  M i l b y ,  ( 1 9 8 5 ) . T h e y  a r e  a p p r o x i m a t i o n s  b a s e d

o n  c l i n i c a l  e x p e r i e n c e  a n d  v a l u e s  r e p o r t e d  i n  t h e  m e d i c a l



l i t e r a t u r e .  T h e  p r o b a b i l i t y  o f  c l i n i c a l  i l l n e s s  r e l a t e s  t o  e a c h

o f  t h e  m e m b e r s  o f  t h e  c r e w  a t  t h e  e n d  o f  o n e  e i g h t - h o u r  d a y  a n d

n o t  t o  t h e  s i t u a t i o n  w h e r e  t h e  R B C  c h o l i n e s s t e r a s e  d e p r e s s i o n  i s

t h e  r e s u l t  o f  s e v e r a l  e x p o s u r e  e p i s o d e s  e x t e n d i n g  o v e r  m u l t i p l e

d a y s .  I n  o r d e r  t o  p r e d i c t  t h e  n u m b e r  o f  c a s e s  o f  i l l n e s s e s  t h e

p r o b a b i l i t y  f r o m  F i g u r e  1  i s  u s e d , t o g e t h e r  w i t h  t h e  c r e w  s i z e ,

t o  f o r m  t h e  p a r a m e t e r  o f  a  b i n o m i a l  d i s t r i b u t i o n  w h i c h  t h e n

a l l o w s  t h e  c a l c u l a t i o n  o f  t h e  p r o b a b i l i t y  t h a t  0 ,  1 ,  2 ,  . . N

w o r k e r s  w i l l  b e c o m e  i l l .

E c o n o m i c s  a n d  H e a l t h  I m p a c t s  o f  R e - E n t r y  R e g u l a t i o n

T h e  m o d e l s  p r e s e n t e d  i n  t h e  t w o  p r e c e d i n g  s e c t i o n s  c a n  b e

u s e d  t o  e v a l u a t e  t h e  i m p a c t  o f  r e - e n t r y  r e g u l a t i o n s  o n  a p p l e

g r o w e r s '  r e v e n u e s  a n d  a p p l e  h a r v e s t e r s '  s a f e t y .  T h e  a n a l y s i s

w i l l  b e  c o n d u c t e d  u n d e r  t h e  a s s u m p t i o n s  t h a t  a  f l i g h t  o f  c o d d l i n g

m o t h s  a r r i v e s  f o u r  d a y s  b e f o r e  t h e  o p t i m a l  h a r v e s t  d a t e  to ( i . e . ,

t0-ta=4), t h a t  p a r a t h i o n  i s  a p p l i e d  a t  a  r a t e  o f  2 . 0  p o u n d s  p e r

a c r e  A I A ,  a n d  t h a t ,  a s  i s  t y p i c a l , t h e  c r o p  p r o d u c e d  o n  a  5 0 - a c r e

b l o c k  w i l l  b e  h a r v e s t e d  i n  o n e  d a y  b y  a  c r e w  o f  1 0 .  L o s s e s  i n

g r o w e r s '  r e v e n u e s  w i l l  b e  c o m p a r e d  t o  t h e  p r o b a b i l i t y  t h a t  a t

l e a s t  o n e  w o r k e r  w i l l  d e v e l o p  m i l d  s y m p t o m s  o f  p a r a t h i o n

p o i s o n i n g  f o r  r a i n f a l l  l e v e l s  o f  0 ,  1 , a n d  2  i n c h e s  d u r i n g  t h e

r e - e n t r y  p e r i o d  a s  a  m e a n s  o f  t a k i n g  i n t o  a c c o u n t  t h e  d i f f e r e n c e s

i n  w e a t h e r  c o n d i t i o n s  e n c o u n t e r e d  i n  t h e  d i f f e r e n t  r e g i o n s  u n d e r

i n v e s t i g a t i o n :  C a l i f o r n i a  r e c e i v e s  v i r t u a l l y  n o  r a i n f a l l  d u r i n g

t h e  h a r v e s t  p e r i o d ,  W a s h i n g t o n  r e c e i v e s  0 - 1  i n c h  a n d  M i c h i g a n

r e c e i v e s  1 - 2  i n c h e s  u n d e r  n o r m a l  c o n d i t i o n s .
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T h e  r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  s h o w n  i n  T a b l e  1 .  O n

t h e  h e a l t h  s i d e ,  i t  i s  i m m e d i a t e l y  a p p a r e n t  t h a t  t h e  r e - e n t r y

t i m e s  i s s u e d  b y  E P A  ( 2 4  h o u r s  a f t e r  a p p l i c a t i o n )  p r o v i d e

v i r t u a l l y  n o  p r o t e c t i o n  t o  f a r m w o r k e r s  u n d e r  C a l i f o r n i a

c o n d i t i o n s  a n d  v e r y  l i m i t e d  p r o t e c t i o n  u n d e r  W a s h i n g t o n  o r

M i c h i g a n  c o n d i t i o n s :  a t  b e s t ,  t h e r e  i s  a  4 0 %  c h a n c e  t h a t  a t

l e a s t  o n e  w o r k e r  w i l l  b e c o m e  m i l d l y  i l l .  C a l i f o r n i a  s t a n d a r d s

( 1 4  d a y s )  p r o v i d e  m u c h  b e t t e r  p r o t e c t i o n .  I n t e r e s t i n g l y ,  t h o u g h ,

t h e  c h a n c e  t h a t  a t  l e a s t  o n e  w o r k e r  w i l l  f a l l  i l l  a r e  s t i l l  a s

h i g h  a s  1 0 % .  T h e  r e s u l t s  a l s o  i n d i c a t e  m o r e  s t r i n g e n t  r e - e n t r y

r e g u l a t i o n  m i g h t  w e l l  b e  w a r r a n t e d  i n  W a s h i n g t o n  a n d  M i c h i g a n ,

w h i c h  h a v e  n o  s t a n d a r d s  o t h e r  t h a n  t h e  E P A ' s .

I t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  t h i s  a n a l y s i s  d e a l s  w i t h  t h e

i n c i d e n c e  o f  m i l d ,  n o t  s e v e r e ,  p o i s o n i n g  e p i s o d e s ;  p o s i t i v e

p r o b a b i l i t i e s  o f  s e v e r e  s y m p t o m s s h o w e d  u p  i n  o u r  m o d e l  o n l y  a t

p a r a t h i o n  r a t e s  f a r  a b o v e  n o r m a l  u s a g e  l e v e l s  o n  a p p l e s .

H o w e v e r ,  t h i s  r e s u l t  h o l d s  o n l y  w h e n  t h e  u n i t  o f  a n a l y s i s  i s  a

s i n g l e  5 0 - a c r e  b l o c k .  W h e n  t h e  e n t i r e  a p p l y  i n d u s t r y  i s

c o n s i d e r e d ,  i t  i s  c e r t a i n  t h a t  a t  l e a s t  o n e  w o r k e r  w i l l  d e v e l o p

m i l d  s y m p t o m s  a n d  t h e r e  w i l l  b e  a  n o n - n e g l i g i b l e  p r o b a b i l i t y  o f

s e v e r e  p o i s o n i n g  i n c i d e n t s .

O n  t h e  e c o n o m i c  s i d e ,  i t  i s  e a s i l y  s e e n  t h a t  e v e n  m o d e r a t e

r e - e n t r y  r e g u l a t i o n  i m p o s e s  n o n - n e g l i g i b l e  c o s t s  o n  g r o w e r s  i n

t e r m s  o f  l o s t  r e v e n u e .  A  r e - e n t r y  t i m e  o f  5  d a y s ,  f o r  e x a m p l e ,

r e s u l t s  i n  a  l o s s  o f  0 . 2 %  o f  t o t a l  r e v e n u e ,  e q u i v a l e n t  t o

a b s o l u t e  a m o u n t s  o f  $ 3 0 0  p e r  5 0 - a c r e  b l o c k  i n  C a l i f o r n i a ,  $ 3 8 5  i n

W a s h i n g t o n  a n d  $ 3 3 0  i n  M i c h i g a n .  A c c o r d i n g  t o  t h e  W a s h i n g t o n
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A g r i c u l t u r a l  S t a t i s t i c s ,  t h e  t o t a l  h a r v e s t  l a b o r  c o s t  f o r  a  5 0 -

a c r e  b l o c k  r a n  a b o u t  $ 4 2 5 ,  n o t  m u c h  g r e a t e r  t h a n  t h e s e  l o s s e s .

L o n g e r  r e - e n t r y  t i m e s  p r o d u c e  l o s s e s  o n  t h e  o r d e r  o f  1 - 2 % ;  i f

p r o f i t  m a r g i n s  a m o u n t  t o  a b o u t  1 0 % ,  t h e n  l o s s e s  o n  t h i s  s c a l e

w o u l d  c o n s t i t u t e  1 0 - 2 0 %  o f  t h e  f a r m e r s '  n e t  e a r n i n g s ,  a  n o t

i n c o n s i d e r a b l e  c h u n k .

T h e  e x t e n t  o f  t h e  t r a d e o f f s  b e t w e e n  f a r m w o r k e r  s a f e t y  a n d

g r o w e r r e v e n u e a r i s i n g f r o m d i f f e r e n t r e - e n t r y p e r i o d s c a n

p e r h a p s  b e  g r a s p e d  b e s t  b y  e x a m i n i n g t h e  m a r g i n a l  c o s t  o f  r i s k

r e d u c t i o n  u n d e r  d i f f e r e n t  r e - e n t r y  t i m e s  a n d  t h e  m i n i m u m  v a l u e  o f

i l l n e s s  a v o i d a n c e  t h e y  i m p l y . C a l c u l a t i o n s  o f  t h e s e  v a l u e s  b a s e d

o n  a v e r a g e d  r i s k  v a l u e s  f o r  W a s h i n g t o n  a n d  M i c h i g a n  a r e  p r e s e n t e d

i n  T a b l e  2 . T h e  e s t i m a t e s  o f  t h e  m a r g i n a l  c o s t  o f  r i s k  r e d u c t i o n

o b t a i n e d s e e m  f o r  t h e  m o s t  p a r t  q u i t e  r e a s o n a b l e , t h e s o l e

e x c e p t i o n  b e i n g  v e r y  l e n g t h y  r e - e n t r y  p e r i o d s  i n  M i c h i g a n ,  w h e r e

t h e  r i s k s  a r e  q u i t e  l o w  a n d  h e n c e  c a n  b e  d e c r e a s e d  v e r y  l i t t l e .

T h e  f i g u r e s  f o r  M i c h i g a n  s h o w  d e c r e a s i n g  r e t u r n s t h r o u g h o u t .

W a s h i n g t o n ,  i n t e r e s t i n g l y ,  s h o w s  i n c r e a s i n g  r e t u r n s  f o r  m o d e r a t e

r e - e n t r y  i n t e r v a l s  a n d  d e c r e a s i n g  r e t u r n s  o n l y  f o r  r e - e n t r y

p e r i o d s  o f  1 0  d a y s  o r  m o r e  t h e  m a r g i n a l  c o s t  o f  r i s k  r e d u c t i o n

b e h a v e s  r a t h e r  e r r a t i c a l l y , s u g g e s t i n g  t h a t  r i s k  d e c l i n e s  r a t h e r

s l o w l y  a t  h i g h  ( 4 - 5  d a y s )  a n d  l o w  ( 1 0  d a y s )  l e v e l s  a n d  m o r e

q u i e t l y  f o r  m o d e r a t e  l e v e l s . W i t h  t h e  e x c e p t i o n  o f  v e r y  l o n g  r e -

e n t r y  p e r i o d s  i n  W a s h i n g t o n  a n d  M i c h i g a n ,  t h e  e s t i m a t e s  o f

i l l n e s s  a v o i d a n c e a r e  c o m p a r a b l e  t o  t h o s e  o b t a i n e d  b y  M a u r e e n

C r o p p e r  i n  h e r  s t u d y  o f  s i c k  t i m e  b e h a v i o r  a m o n g  f a c t o r y  w o r k e r s .

T h i s  s u g g e s t s  t h a t  r e - e n t r y  r e g u l a t i o n  i s  a  n o t  u n r e a s o n a b l e

m e c h a n i s m  f o r  i m p r o v i n g  f a r m w o r k e r  s a f e t y .
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I t  s h o u l d  b e  n o t e d  t h a t  t h e s e  r e s u l t s  a p p l y  f o r  a  s i n g l e

f a r m . F o r  t h e  i n d u s t r y  a s  a  w h o l e , t h e  m a r g i n a l  c o s t  o f  r i s k

r e d u c t i o n  a n d  v a l u e  o f  i l l n e s s  a v o i d a n c e  a r e  l i k e l y  t o  b e  e v e n

l o w e r , s i n c e  t h e  r i s k s  w i l l  p r o b a b l y  r i s e  f a s t e r  t h a n  g r o w e r s '

l o s s e s .  T h u s ,  t h e  p r e s e n t  a n a l y s i s  p r o b a b l y  u n d e r s t a t e s  t h e

a t t r a c t i v e n e s s  o f  r e - e n t r y  r e g u l a t i o n .

TABLE 1

IMPACT OF RE-ENTRY TIMES ON HEALTH RISKS AND GROWERS' REVENUES

R e - E n t r y  P e r i o d P r o b a b i l i t y  o f  a t  L e a s t  O n e P r o p o r t i o n  o f
P o i s o n i n g  w i t h  R a i n f a l l  o f R e v e n u e  L o s t

0 ” 1 " 2 ”

0 - 4

5

8

10

14

. 9 3

. 84

. 6 9

. 47

. 1 0

. 7 2

. 69

. 34

. 10

0

. 4 0

. 26

0

0

0

0

. 0 0 2

. 0 1 0

. 0 1 4

. 0 2 4
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5

8

10

TABLE 2
COST/RISK TRADEOFFS IN RE-ENTRY REGULATION OF APPLES

Marginal Cost of a 1% Implicit Value of Poisoning
Reduction in Risk Avoidance

California Washington Michigan California Washington Michigan

$3,333 $6,400 $ 3,883 $3,584 $ 7,758 $ 6,933

$8,000 $6,144 $ 4,328 $9,524 $ 8,031 $ 9,111

$2,727 $3,340 $ 5,500 $3,952 $ 6,484 $ 32,353

$4,054 $8,170 $33,000 $8,626 $28,666 $660,000



F i n a l  R e m a r k s

The preceding analysis was based on a number of

s i m p l i f i c a t i o n s r e g a r d i n g  b o t h  t h e  p r o d u c t i o n  p r o c e s s  a n d  t h e

h e a l t h  h a z a r d s  p o s e d  b y  o r g a n o p h o s p h a t e  u s e  a n d  s h o u l d  t h u s  b e

v i e w e d  a s  i l l u s t r a t i v e  r a t h e r  t h a n  a s  a n  a c c u r a t e  d e p i c t i o n .

On the production side, the most notable of these

s i m p l i f i c a t i o n s  w e r e :

( 1 ) A p p l i c a t i o n  o f  t h e  p e s t i c i d e  w a s  a s s u r e d  t o  b e

c o s t l e s s .  I n c o r p o r a t i o n  o f  a  t r e a t m e n t  c o s t  m i g h t

i n t r o d u c e  a n  a d d i t i o n a l  o p t i o n  f o r  t h e  g r o w e r ,  t h a t  o f

n o t  t r e a t i n g  t h e  c r o p ,   w h i c h  w o u l d  b e  c o n s i d e r e d

e x p l i c i t l y  i n  a  m o r e  r e a l i s t i c  a n a l y s i s .

( 2 )  T h e  s i z e  a n d  t i m e  o f  a r r i v a l  o f  t h e  p e s t  p o p u l a t i o n

w e r e a s s u m e d  t o b e  k n o w n . I n r e a l i t y , b o t h a r e

s t o c h a s t i c . T h e s e u n c e r t a i n t i e s m i g h t a l t e r t h e

f a r m e r ' s o p t i m a l b e h a v i o r . F o r e x a m p l e , u n d e r

u n c e r t a i n t y i t  m i g h t  b e c o m e  o p t i m a l  w i t h  l a r g e r  t h a n

a v e r a g e  p o p u l a t i o n s  o r l a t e r  t h a n  n o r m a l  a r r i v a l  t i m e s

t o  t r e a t  t w i c e , o n c e  p r o p h y l a c t i c a l l y  a n d  a  s e c o n d  t i m e

r e a c t i v e l y ; u n d e r  t h e  o p p o s i t e  k i n d s  o f  c i r c u m s t a n c e s ,

i t  m i g h t  b e c o m e  o p t i m a l  n o t  t o  t r e a t  w i t h  p e s t i c i d e s  a t

a l l .  A  m o r e  r e a l i s t i c  a n a l y s i s  w o u l d  i n c o r p o r a t e  t h e s e

c o n s i d e r a t i o n s .

( 3 )  A t t e n t i o n  w a s p a i d  o n l y  t o  t h e  i m m e d i a t e  p r e - h a r v e s t

p e r i o d . A  m o r e  r e a l i s t i c  a n a l y s i s  w o u l d  e x a m i n e  t h e

i m p a c t  o f  r e - e n t r y  r e g u l a t i o n  o n  t h e  i n t r a s e a s o n a l  u s e

o f  o r g a n o p h o s p h a t e s , i n c l u d i n g  t h e  t r a d e o f f s  t h e  g r o w e r
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f a c e s  b e t w e e n  i n c r e a s e d  d a m a g e  f r o m  p e s t  i n f e s t a t i o n s

a n d  r e d u c e d  y i e l d s  f r o m  s u b o p t i m a l  s c h e d u l i n g  o f

p r o d u c t i o n a c t i v i t i e s .

( 4 ) E v e r y  p i e c e  o f  f r u i t  i n f e s t e d  b y  l a r v a e  w a s  a s s u r e d  t o

b e  u s a b l e  ( o r ,  e q u i v a l e n t l y ,  s a l a b l e  o n l y  f o r

p r o c e s s i n g  u s e s ) . I n  r e a l i t y , p r o b l e m s  a r i s e  o n l y  w h e n

i n s p e c t i o n  r e v e a l s  t h a t  t h e  p r o p o r t i o n  o f  i n f e s t e d

f r u i t  f r o m  a n  o r c h a r d  e x c e e d s  a n  E P A  s t a n d a r d ,  a t  w h i c h

p o i n t  t h e  c r o p  m u s t  b e  s o r t e d  a n d  t h e  b a d  a p p l e s

c a l l e d .  A  m o r e  r e a l i s t i c  a n a l y s i s  w o u l d  i n c o r p o r a t e

t h i s  d a m a g e  t h r e s h o l d . T h i s  p h e n o m e n o n  a l s o  r a i s e s  t w o

p o i n t s  o f  i n t e r e s t  f o r  f u r t h e r  r e s e a r c h :  ( a )  t h e

i n t e r r e l a t i o n s  b e t w e e n  F D A  r e g u l a t i o n  o f  p r o d u c e

q u a l i t y  a n d  E P A  r e g u l a t i o n  o f  p e s t i c i d e  u s e  a n d  ( b )  t h e

r o l e  o f  i n s p e c t i o n  e f f o r t  a n d  e n f o r c e m e n t  o f  F D A

r e g u l a t i o n s  i n  p e s t i c i d e  u s e .

O n  t h e  h e a l t h  s i d e , t h e  m o s t  n o t a b l e  s i m p l i f i c a t i o n s  w e r e :

( 1 ) P a r a t h i o n  a p p l i c a t i o n  r a t e s ,  h a r v e s t  c r e w  s i z e s  a n d

h a r v e s t t i m e  r e q u i r e d  w e r e  a l l  a s s u m e d  t o  b e  u n i f o r m

a c r o s s  a n d  w i t h i n  s t a t e s .  A  m o r e  r e a l i s t i c  a n a l y s i s

w o u l d c o n s i d e r v a r i a t i o n s  i n t h e s e  f a c t o r s , l o o k i n g

e s p e c i a l l y  a t  t h e i r  d i s t r i b u t i o n  i n  d i f f e r e n t  a r e a s .

( 2 ) T h e  d e c a y  r a t e s  o f  p a r a t h i o n  a n d  p a r a o x o n  w e r e  a s s u m e d

t o  b e  c o n s t a n t .  I n  r e a l i t y ,  t h e  d y n a m i c s  o f  t h e s e

s u b s t a n c e s  a r e  d i f f e r e n t  f o r  t h e  f i r s t  1 - 3  d a y s  a f t e r

a p p l i c a t i o n ,  a  c o m p l i c a t i o n  t h a t  m u s t  b e  t a k e n  i n t o

a c c o u n t  i n  e x a m i n i n g  r e - e n t r y  p e r i o d s  o f  o n e  o r  t w o
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d a y s .  M o r e o v e r ,  t h e  l o n g e r  t e r m  d e c a y  r a t e s  a r e

i n f l u e n c e d  b y  e n v i r o n m e n t a l  c o n d i t i o n s ,  n o t a b l y

r a i n f a l l .  T h i s  l a t t e r  c o n s i d e r a t i o n  s u g g e s t s  t h a t  r e -

entry periods could be shortened under some

e n v i r o n m e n t a l  c o n d i t i o n s a n d  l e n g t h e n e d  u n d e r  o t h e r s

( i . e . ,  t h a t  r e - e n t r y  r e g u l a t i o n  c o u l d  b e  m a d e  s t a t e -

dependent) with no increase in actual risk to

f a r m w o r k e r s .  I f  t h e  s a v i n g s  t o g r o w e r s  f r o m  s u c h

c o n d i t i o n a l  r e g u l a t i o n  a t l e a s t  m a t c h e d  t h e  c o s t  o f

m o n i t o r i n g  r e s i d u e  l e v e l s , s o c i e t y  c o u l d  b e  m a d e  b e t t e r

o f f  b y  s w i t c h i n g  t o  i t . T h i s  q u e s t i o n ,  t o o ,  t h e n ,  i s

a n  i m p o r t a n t  o n e  f o r  f u t u r e  r e s e a r c h .
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V . PROPOSALS FOR FUTURE WORK

A . I n t r o d u c t i o n

T h e  f o l l o w i n g  i s  a  p r o p o s a l  f o r  w o r k  t o  b e  c a r r i e d  o u t  u n d e r

t h e " F r a m e w o r k / C a s e  S t u d y  D e s i g n  f o r  a R i s k - B e n e f i t  A n a l y s i s  o f

P e s t i c i d e s "  c o o p e r a t i v e  a g r e e m e n t  ( C R 8 1 1 2 0 0 )  d u r i n g  1 9 8 6 .

During 1985, we focused on three major areas: (1)

d e v e l o p i n g  a  w e l f a r e  f r a m e w o r k  i n c o r p o r a t i n g  r e g i o n a l

h e t e r o g e n e i t y  a n d  F e d e r a l  f a r m  p o l i c y  f o r  e s t i m a t i n g  t h e  b e n e f i t s

o f  p e s t i c i d e  u s e : ( 2 )  m e a s u r i n g  p e s t i c i d e  p r o d u c t i v i t y ;  a n d  ( 3 )

d e v e l o p i n g  a  f r a m e w o r k  f o r  e s t i m a t i n g t h e  i m p a c t s  o f  f a r m w o r k e r

s a f e t y  r e g u l a t i o n s .  T h e  f i r s t  a r e a  w a s  a d d r e s s e d  b y t w o

e m p i r i c a l s t u d i e s  o f  t h e  i m p a c t o f  r e g u l a t i o n  o n a g r i c u l t u r a l

m a r k e t s , o n e  f o c u s i n g  o n  t h e  r o l e  o f  a g r i c u l t u r a l  p o l i c y  i n  f i v e

m a j o r  c r o p s  a n d  t h e  o t h e r  f o c u s i n g  o n  r e g i o n a l  h e t e r o g e n e i t y  i n

t h e e  U . S . c o t t o n  m a r k e t . T h e  c o n c e p t u a l  f r a m e w o r k  f o r  t h e  f o r m e r

w a s  d e l i v e r e d  t o  E P A  i n  t h e  p a p e r  b y  L i c h t e n b e r g  a n d  Z i l b e r m a n ,

" T h e  W e l f a r e E c o n o m i c s  o f R e g u l a t i o n  i n R e v e n u e  - S u p p o r t e d

I n d u s t r i e s " ; t h i s  f r a m e w o r k  w a s  u s e d  t o  c o n s t r u c t  a  c o m p u t e r

a l g o r i t h u m a n d i n t e r a c t i v e IBM PC c o m p a t i b l e s o f t w a r e a l s o

d e l i v e r e d  t o  E P A .  I n  a d d i t i o n ,  w e  d e v e l o p e d  a  r e g i o n a l i z e d

e m p i r i c a l  m o d e l  o f  t h e  U . S . c o t t o n  i n d u s t r y  f o r  u s e  i n  a n a l y z i n g

t h e  r e g i o n a l  w e l f a r e  i m p a c t s  o f  p e s t i c i d e  r e g u l a t i o n . T h e  s e c o n d

a r e a  w a s  a d d r e s s e d  b y  a n  a p p l i c a t i o n  o f  t h e  p e s t i c i d e  p r o d u c t i o n

f u n c t i o n  f o r m u l a t i o n  p r e v i o u s l y  d e v e l o p e d  ( L i c h t e n b e r g  a n d

Z i l b e r m a n  " T h e  E c o n o m e t r i c s  o f  D a m a g e  C o n t r o l " ,  A m e r i c a n  J o u r n a l

o f  A g r i c u l t u r a l  E c o n o m i c s , M a y  1 9 8 6 )  t o  d a t a  o n  c o t t o n  p r o d u c t i o n

147



i n  C a l i f o r n i a .  T h e  t h i r d  a r e a  w a s  a d d r e s s e d  b y  a  s t u d y  o f  t h e

i m p a c t  o f  r e - e n t r y  r e g u l a t i o n  o n  a p p l e  g r o w e r s '  r e v e n u e s  i n

C a l i f o r n i a , W a s h i n g t o n  a n d  M i c h i g a n ,  t h e  c h i e f  U . S .  a p p l e - g r o w i n g

r e g i o n s .

D u r i n g  1 9 8 6 , w e  p r o p o s e  t o  i n t e n s i f y  o u r  e f f o r t s  r e l a t i n g  t o

e s t i m a t i n g  t h e  b e n e f i t s  o f  p e s t i c i d e  u s e  a n d  t o  d i r e c t  t h e m

t o w a r d  p r o b l e m s  o f  i m m e d i a t e  c o n c e r n  t o  E P A  T h u s ,  o u r  w o r k  w i l l

b e  m o r e  i s s u e - o r i e n t e d  a n d  w i l l  r e q u i r e  c l o s e r  c o l l a b o r a t i o n  w i t h

E P A  s t a f f  t h a n  i n  t h e  p a s t . S p e c i f i c a l l y ,  w e  p r o p o s e  t o  c h a n n e l

o u r  e f f o r t s  i n  t w o  m a i n  d i r e c t i o n s . F i r s t , w e  p r o p o s e  t o  r e f i n e

o u r  p r e v i o u s  w o r k  b o t h  c o n c e p t u a l l y  a n d  o p e r a t i o n a l l y  a n d  t o  m a k e

i t  d i r e c t l y  u s a b l e  b y  E P A .  S e c o n d ,  w e  p r o p o s e  t o  a d d r e s s  a  s e t

o f  i s s u e s  r e l a t i n g  m o r e c l o s e l y  t o  t h e  c u r r e n t  a c t i v i t y  o f t h e

E P A ,  s p e c i f i c a l l y ,  a s s e s s i n g  t h e  b e n e f i t s  o f  t h e  u s e  o f

f u n g i c i d e s  a s  a  c l a s s  o n  t r e e  c r o p s .  I n  p a r t i c u l a r ,  w e  h o p e  t o

c o n t r i b u t e  i n  t h i s  w a y t o  t h e  e f f o r t  t o  a s s e s s  t h e  b e n e f i t s  o f

p e s t i c i d e  u s e o v e r a l l  d e s c r i b e d  i n  A l  M c G a r t l a n d ' s  p a p e r  o n  " T h e

U s e  o f  P e s t i c i d e s  i n  U . S .  A g r i c u l t u r e : A  C o m p r e h e n s i v e  A n a l y s i s

o f  B e n e f i t s  a n d  C o s t s " .

T h e  s p e c i f i c  w o r k  e n v i s i o n e d  f o r  t h e s e  t w o  a r e a s  i n

d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  w h a t  f o l l o w s .

B . A  U n i f i e d  F r a m e w o r k  f o r  A s s e s s i n g  t h e  W e l f a r e  I m p a c t s  o f

P e s t i c i d e  R e g u l a t i o n

A s  p a r t  o f  o u r  w o r k  u n d e r  t h i s  c o o p e r a t i v e  a g r e e m e n t ,  w e

h a v e  d e v e l o p e d  a n d  a p p l i e d  t w o  f r a m e w o r k s  f o r  a s s e s s i n g  t h e
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w e l f a r e  i m p a c t s  o f  p e s t i c i d e  r e g u l a t i o n .  O n e  w h i c h  a l l o w s

d i s a g g r e g a t i o n  o f  t h e  r e g i o n a l  e f f e c t s  o f  r e g u l a t i o n  a n d  a n o t h e r

w h i c h  i n c o r p o r a t e s  a g r i c u l t u r a l  p o l i c y . D u r i n g  1 9 8 6  w e  p r o p o s e

to extend this work by (1) refining the framework for

i n c o r p o r a t i n g  a g r i c u l t u r a l  p o l i c y  b y  i n c l u d i n g  a d d i t i o n a l

f e a t u r e s  o f  t h e s e  p o l i c i e s , n o t a b l y  a c r e a g e  s e t  a s i d e s ;  a n d  ( 2 )

c o m b i n i n g  b o t h  a p p r o a c h e s  i n t o  a  s i n g l e ,  u n i f i e d  f r a m e w o r k  f o r

a s s e s s i n g t h e p r o d u c t m a r k e t w e l f a r e i m p a c t s  o f p e s t i c i d e

r e g u l a t i o n .

U . S . a g r i c u l t u r a l  p o l i c y  h a s t w o  p r i n c i p a l  c o m p o n e n t s :  a n

i n c o m e s u p p o r t p r o v i s i o n  ( c u r r e n t l y  d e f i c i e n c y  p a y m e n t s )  a n d  a

s u p p l y  c o n t r o l  m e c h a n i s m  ( c u r r e n t l y  a c r e a g e  s e t  a s i d e s ) . D u r i n g

1 9 8 5 , w e  d e v e l o p e d  a  w e l f a r e f r a m e w o r k  w h i c h  i n c o r p o r a t e d  p r i c e

s u p p o r t  p r o g r a m s .  H o w e v e r ,  t h e  w e l f a r e  i m p l i c a t i o n s  o f  s u p p l y

c o n t r o l  m e c h a n i s m s  h a v e  y e t t o  b e  a d d r e s s e d  i n  a n y  p r a c t i c a l

f a s h i o n .

S u p p l y  c o n t r o l  f e a t u r e s  s u c h  a s  s e t  a s i d e s  h a v e  p r o v e n

e x t r e m e l y  d i f f i c u l t  t o  m o d e l  b e c a u s e  t h e i r  e f f e c t s  o n  f a r m e r s '

d e c i s i o n s ,  a n d  h e n c e  s u p p l y ,  a r e  q u i t e  c o m p l e x .  T o  b e  e l i g i b l e

f o r  d e f i c i e n c y  p a y m e n t s , f a r m e r s  m u s t c o m p l y w i t h s e t a s i d e

r e q u i r e m e n t s .  T h u s ,  t h e y  m u s t  d e c i d e  w h e t h e r  o r  n o t  t o

p a r t i c i p a t e  i n  t h e  f a r m  p r o g r a m  a t  t h e  s a m e  t i m e  t h a t  t h e y  c h o o s e

h o w  m u c h  t o  p r o d u c e , s o  t h a t  t h e  s u p p l y  d e c i s i o n  b e c o m e s ,  i n

e f f e c t ,  a  s i m u l t a n e o u s  d i s c r e t e / c o n t i n u o u s  c h o i c e  p r o b l e m  w h o s e

o p t i m a l  s o l u t i o n  d e p e n d s  o n  f a c t o r s l i k e  l a n d  q u a l i t y  a n d  c a p i t a l

c o n s t r a i n t s  a s  w e l l  a s  r e l a t i v e  p r i c e s . D a t a  o n  t h e s e  f a c t o r s

a r e  u s u a l l y  u n o b t a i n a b l e ,  a s  a r e  d a t a  o n  p a r t i c i p a t i o n  r a t e s
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( e s p e c i a l l y  a t  t h e  s t a t e  a n d  l o c a l  l e v e l s ) .  M o r e o v e r ,  b e c a u s e  o f

s l i p p a g e  s e t  a s i d e s  t y p i c a l l y  a f f e c t  s u p p l y  i n  a  c o m p l e x ,  n o n -

p r o p o r t i o n a l  f a s h i o n  s i n c e  f a r m e r s  i d l e  l o w e r  q u a l i t y  l a n d  t o

s a t i s f y  s e t  a s i d e  r e q u i r e m e n t s , i n c r e a s e  t h e  i n t e n s i t y  o f  i n p u t

u s e , i n c l u d i n g  p e s t i c i d e  u s e ,  e t c .

D u r i n g  1 9 8 6 ,  w e  w i l l  d e v e l o p  a  p r a c t i c a l  m e t h o d  f o r

i n c o r p o r a t i n g  s e t  a s i d e s  i n t o  e s t i m a t e s  o f  t h e  w e l f a r e  i m p a c t s  o f

p e s t i c i d e  r e g u l a t i o n .  W e  w i l l  t h e n  r e v i s e  t h e  f r a m e w o r k

p r e s e n t e d  i n  " T h e  W e l f a r e  E c o n o m i c s  o f  R e g u l a t i o n  i n  R e v e n u e  -

S u p p o r t e d  I n d u s t r i e s "  t o  i n c l u d e  s e t  a s i d e s  a n d  u p d a t e  t h e

a c c o m p a n y i n g  i n t e r a c t i v e  s o f t w a r e  p a c k a g e  f o r  c a l c u l a t i n g  t h e s e

w e l f a r e  e f f e c t s  a c c o r d i n g l y .

O n c e  t h i s  w o r k  h a s  b e e n  a c c o m p l i s h e d ,  w e  w i l l  c o m b i n e  i t

w i t h  o u r  m e t h o d  f o r  r e g i o n a l  d i s a g g r e g a t i o n t o  c r e a t e  a  u n i f i e d

f r a m e w o r k  f o r  a s s e s s i n g  t h e  w e l f a r e  i m p a c t s  o f  p e s t i c i d e

r e g u l a t i o n . T h i s  w i l l  b e  d o n e i n  t h e  c o n t e x t  o f  a n  e m p i r i c a l

m o d e l  o f  t h e  U . S .  c o t t o n  m a r k e t .  S p e c i f i c a l l y ,  w e  p r o p o s e  t o

e s t i m a t e  ( 1 )  s u p p l y  f u n c t i o n s  f o r  t h e  m a j o r  U . S .  c o t t o n  p r o d u c i n g

r e g i o n s  w h i c h  t a k e  i n t o  a c c o u n t  p r i c e  s u p p o r t s ,  s e t  a s i d e s  a n d

o t h e r  r e l e v a n t  a g r i c u l t u r a l  p o l i c i e s  i n  a n  a p p r o p r i a t e  m a n n e r  a n d

( 2 )  t h e  w e l f a r e  i m p a c t s  o f  p e s t i c i d e  r e g u l a t i o n s .  T h i s  w o r k  w i l l

t h e n  b e  u s e d  t o  d e v e l o p  i n t e r a c t i v e I B M  P C  c o m p a t i b l e  s o f t w a r e

w h i c h  w i l l  p e r m i t  E P A  t o  e s t i m a t e  t h e  w e l f a r e  e f f e c t s  o f  p r o p o s e d

r e g u l a t i o n s  a f f e c t i n g  p e s t i c i d e  u s e  o n  c o t t o n .
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C . A  C o m p r e h e n s i v e  A n a l y s i s  o f  t h e  B e n e f i t s  a n d  c o s t s  o f

F u n g i c i d e  U s e  i n  U . S .  A g r i c u l t u r e .

T h e  a i m  o f  E P A ' s  r e g u l a t i o n  o f  p e s t i c i d e s  u n d e r  t h e  F e d e r a l

I n s e c t i c i d e , F u n g i c i d e  a n d  R o d e n t i c i d e  A c t  i s  t o  p r e v e n t  a n d / o r

c u r t a i l  e x c e s s i v e  r i s k s  o f  a d v e r s e  e f f e c t s  o n  h u m a n  h e a l t h  a n d

e n v i r o n m e n t a l  q u a l i t y  f r o m  p e s t i c i d e  u s e . I n  m a n y  c a s e s ,  t h i s

a i m c a n n o t b e  f u r t h e r e d  a p p r e c i a b l y  t h r o u g h  t h e  c h e m i c a l - b y -

c h e m i c a l  r e v i e w  p r o c e s s c u r r e n t l y  u s e d  b y  E P A ;  a l l  t o o  o f t e n ,

c a n c e l l a t i o n o f  o n e  p e s t i c i d e ' s  r e g i s t r a t i o n  m e a n s  o n l y  t h a t

o t h e r ,  n o l e s s  d e t r i m e n t a l ,  c h e m i c a l s  a r e  s u b s t i t u t e d  f o r  t h e

c a n c e l e d s u b s t a n c e , w i t h  t h e  n e t  r e s u l t  t h a t  r i s k s  f a l l  o n l y

s l i g h t l y , i f  a t  a l l , w h i l e  c o s t s  o f  p r o d u c t i o n  c a n  b e  e x p e c t e d  t o

r i s e . I n  s u c h  c a s e s , t h e  n a r r o w n e s s  o f  s c o p e  o f  t h e  r e g u l a t o r y

r e v i e w p r o d u c e s  a p o l i c y  t h a t i s  u n d e s i r a b l e  f r o m  a n y  v a n t a g e

p o i n t .

A n  a l t e r n a t i v e  a p p r o a c h  w o u l d  i n v o l v e  a  c o m p r e h e n s i v e  r e v i e w

o f c h e m i c a l s  o n t h e  b a s i s  o f f u n c t i o n ,  e . g . , h e r b i c i d e s  o n

c o r n / s o y b e a n s , f u n g i c i d e s  o n  t r e e  c r o p s ,  i n s e c t i c i d e s  o n  c o t t o n ,

e t c . A s  M c G a r t l a n d  h a s  a r g u e d  r e c e n t l y ,  s u c h  a n  a p p r o a c h  m a y

w e l l  m a k e  i t  p o s s i b l e  t o  r e d u c e  o v e r a l l  p e s t i c i d e u s e

s i g n i f i c a n t l y  a n d  t h e r e b y  m a k e  n o t a b l e  i m p r o v e m e n t s  i n

e n v i r o n m e n t a l  p r o t e c t i o n .

O n e  c l a s s  o f  p e s t i c i d e s  o f  p a r t i c u l a r  i n t e r e s t  i s  t h a t  o f

f u n g i c i d e s ,  e s p e c i a l l y  t h o s e  u s e d  o n  t r e e  c r o p s .  F u n g i c i d e s  t e n d

t o  b e  q u i t e  t o x i c  a n d  h e n c e  t o  p o s e  s u b s t a n t i a l  r i s k s  t o  t h e

h e a l t h  o f  a p p l i c a t o r s ,  f i e l d w o r k e r s  a n d  s o  o n .  I n  a d d i t i o n ,
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t h e r e  i s  i n c r e a s i n g  e v i d e n c e  e n v i r o n m e n t a l  c o n t a m i n a t i o n  w i t h

t h e s e  c h e m i c a l s  i s  m u c h  b r o a d e r  t h a n  h a d  b e e n  s u p p o s e d . F i n a l l y ,

t h e  s t u d y  o f  f u n g i c i d e s  i s  q u i t e  t i m e l y ,  s i n c e  s e v e r a l  m a j o r

c h e m i c a l s  i n  t h i s  c l a s s  ( c a p t a n , e t c . )  a r e  s c h e d u l e d  f o r  r e v i e w

i n  t h e  n e a r  f u t u r e .

R e g u l a t i n g  t h i s  c l a s s  o f  c h e m i c a l s  a l s o  p o s e s  s o m e  d i f f i c u l t

c o n c e p t u a l  p r o b l e m s  f o r  p o l i c y m a k e r s . A  s u b s t a n t i a l  p r o p o r t i o n

o f  f u n g i c i d e  u s e  i s  d i r e c t e d  a t  e n h a n c i n g  p r o d u c t  q u a l i t y  r a t h e r

t h a n  i n c r e a s i n g  t h e  q u a l i t y  o f  o u t p u t  h a r v e s t e d ,  s o  t h a t  t h e

b e n e f i t s  o f  f u n g i c i d e  u s e  c o n s i s t  t o  a l a r g e  e x t e n t  o f  t h e  v a l u e

c o n s u m e r s p l a c e  o n s u c h f e a t u r e s  a s f e w e r  b l e m i s h e s , f e w e r

i n s e c t s  o r  i n s e c t  p a r t s i n  f r u i t  o r  v e g e t a b l e s ,  e t c .  w h i c h  a r e

n o t r e a d i l y  o b s e r v a b l e . T h i s  s i t u a t i o n  i s  c o m p l i c a t e d  b y  t h e

f a c t  t h a t  m a r k e t i n g  b o a r d s  o f t e n  u s e  t h e s e  i n d i c a t o r s  o f  p r o d u c t

quality as a means of r a t i o n i n g t h e  q u a n t i t i e s  o f  p r o d u c e

e n t e r i n g  t h e  m a r k e t  f o r  f r e s h  p r o d u c e ,  t h a t  i s ,  a s  a  m e a n s  o f

r a i s i n g  t h e  a v e r a g e  r e v e n u e  r e c e i v e d  b y  g r o w e r s  i n  t h e  i n d u s t r y .

T h u s ,  a  c e r t a i n  p r o p o r t i o n  o f t h e  b e n e f i t s  o f f u n g i c i d e  u s e

r e p r e s e n t  g r o w e r s '  g a i n s f r o m  t h e  r e v e n u e - s u p p o r t  m e c h a n i s m s  o f

m a r k e t i n g  o r d e r s r a t h e r  t h a n  t h e  s o c i a l  w i l l i n g n e s s t o  p a y  f o r

e n h a n c e d  q u a l i t y  a n d  e s t i m a t e s o f  t h o s e  b e n e f i t s  m u s t  t h e r e f o r e

b e  a d j u s t e d t o  r e f l e c t  t h a t  f a c t  ( f o r  a  g e n e r a l  a p p r o a c h ,  s e e

L i c h t e n b e r g  a n d  Z i l b e r m a n ,  " T h e  W e l f a r e  E c o n o m i c s  o f  R e g u l a t i o n

i n  a  R e v e n u e - S u p p o r t e d  I n d u s t r y " ) .

I n  i t s  i n i t i a l  s t a g e s ,  t h e n ,  t h i s  p r o j e c t  w i l l  r e q u i r e  t w o

p a r a l l e l ,  b u t  c o m p l e m e n t a r y  e f f o r t s .  O n  t h e  c o n c e p t u a l  s i d e  w e

w i l l  i d e n t i f y  t h e  e l e m e n t s  o f  p r o d u c t  q u a l i t y  c o n s u m e r s  a r e
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w i l l i n g  t o  p a y  f o r ,  i n v e s t i g a t e  f u r t h e r  t h e  u s e  o f  p r o d u c t

q u a l i t y  i n d i c a t o r s  a s  r a t i o n i n g  d e v i c e s  u n d e r  m a r k e t i n g  o r d e r s

a n d ,  o n  t h e  b a s i s  o f  t h e s e  t w o  s t r a n d s ,  b u i l d  a  c o n c e p t u a l

f r a m e w o r k  f o r  e x a m i n i n g  t h e  w e l f a r e  i m p a c t s  o f  r e d u c t i o n s  i n

f u n g i c i d e  u s e .  O n  t h e  e m p i r i c a l  s i d e ,  w e  w i l l  i n v e s t i g a t e  a c t u a l

u s e s  o f  f u n g i c i d e s  i n  t e r m s  o f  t h e  m a j o r  s t r a t e g i e s  i n  u s e ,  t h e

r a n g e  o f  a l t e r n a t i v e s  a v a i l a b l e ,  m e t h o d s  o f  a p p l i c a t i o n ,

a d v a n t a g e s  a n d  d i s a d v a n t a g e s , l i k e l y  s u b s t i t u t i o n  p a t t e r n s  u n d e r

a l t e r n a t i v e  f o r m s  o f  r e g u l a t i o n  ( e s p e c i a l l y  a c r o s s - t h e - b o a r d

c u t b a c k s  o n  a l l  f u n g i c i d e s  a p p l i e d ) , y i e l d  a n d  q u a l i t y  e f f e c t s ,

e t c .  W e  w i l l  t h e n  c o n t i n u e  t h e  c o n c e p t u a l  a n d  e m p i r i c a l

i n v e s t i g a t i o n s  o f  t h e  f i r s t  s t a g e i n  a n  e m p i r i c a l  s t u d y  o f  t h e

w e l f a r e  i m p a c t s  o f  r e d u c t i o n s  i n  f u n g i c i d e  u s e  o n  a  c r o p  o f

n a t i o n a l  i m p o r t a n c e ; p o s s i b i l i t i e s  i n  t h i s  r e g a r d  i n c l u d e  a p p l e s ,

o r a n g e s  a n d  g r a p e s .

I t  s h o u l d  b e  n o t e d  t h a t ,  b e c a u s e  o f  i t s  d i r e c t  p o l i c y

r e l e v a n c e , t h i s  p r o j e c t  w i l l  r e q u i r e  v e r y  c l o s e  c o o p e r a t i o n  w i t h

E P A .  W e  t h u s  e x p e c t  t o  b e  c a r r y i n g  o n  m u c h  m o r e  f r e q u e n t

c o n s u l t a t i o n  w i t h  E P A  t h a n  w e  h a v e  i n  t h e  p a s t .

D. E c o n o m i c  A n a l y s e s  o f  S p e c i a l  R e v i e w  C h e m i c a l s  f o r  t h e  O f f i c e

o f  P e s t i c i d e  P r o g r a m s

E c o n o m i c  a n a l y s e s  p e r t a i n i n g  t o  t h e  r e g u l a t i o n  o f  p e s t i c i d e s

a r e  u t i l i z e d  b y  t h e  A d m i n i s t r a t o r  o f  E P A  f o r  v a r i o u s  p u r p o s e s ,

p r i m a r i l y  t o c o m p l y w i t h t h e r e q u i r e m e n t s  o f t h e F e d e r a l

I n s e c t i c i d e , F u n g i c i d e  a n d  R o d e n t i c i d e  A c t  ( F I F R A )  a n d  E x e c u t i v e
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O r d e r  1 2 2 9 1 .  U n d e r  b o t h  F I F R A  a n d  E . O .  1 2 2 9 1 ,  a n a l y s e s  a r e

n e e d e d  f o r  r e v i e w  o f  e x i s t i n g  r e g u l a t i o n s ,  o r  d e v e l o p m e n t  o f

r u l e m a k i n g ,  p o l i c i e s ,  g u i d a n c e  a n d  s t a t u t o r y  a m e n d m e n t s  f o r

p e s t i c i d e  r e g u l a t o r y  p r o g r a m s . U n d e r  F I F R A , t h e  A d m i n i s t r a t o r  i s

r e q u i r e d  t o  c o n s i d e r  r i s k s  a n d  b e n e f i t s  w h e n  m a k i n g  r e g i s t r a t i o n

d e c i s i o n s  o n  a  p e s t i c i d e .  I n  o r d e r  t o  a s s e s s  t h e  b e n e f i t s ,  d a t a

o n  t h e  i m p a c t s  o f  a l t e r n a t i v e  r e g u l a t o r y  a c t i o n s  o n  s p e c i f i c

p e s t i c i d e s  a r e  n e e d e d .

T h e s e  s a m e  a n a l y s e s  a r e  o f i n t e r e s t  t o  t h e  m e m b e r s  o f  t h e

W e s t e r n  C o n s o r t i u m  f o r  u s e  i n  t h e i r  o w n  s t a t e  r e g u l a t o r y  a g e n c i e s

a n d  o t h e r  n e e d s .  F u r t h e r ,  s t a t e  u n i v e r s i t i e s  a n d  a g e n c i e s  a r e

p r i m e  s o u r c e s  o f  i n f o r m a t i o n  o n  w h i c h  a n a l y s e s  a r e  b a s e d . I t  i s

o f  m u t u a l  b e n e f i t f o r  E P A  a n d  t h e  W e s t e r n  C o n s o r t i u m  t o  c o o p e r a t e

i n  t h e  d e v e l o p m e n t  o f  a n a l y s e s r e l a t e d  t o  p e s t i c i d e  p o l i c i e s ,

s t r a t e g i e s ,  l e g i s l a t i o n ,  r u l e s  a n d  r e g u l a t i o n  o f  s p e c i f i c

c h e m i c a l s .

A c c o r d i n g l y , i t  w i l l  b e  r e q u i r e d  u n d e r  t h i s  a g r e e m e n t  t h a t

e c o n o m i c  a n a l y s e s  o f  j o i n t  i n t e r e s t  b e  c o n d u c t e d ,  a s  s p e c i f i e d  b y

t h e  E P A  P r o j e c t  O f f i c e r  a n d  W e s t e r n  C o n s o r t i u m  P r o j e c t  M a n a g e r .

T h i s w i l l i n c l u d e a n a l y s e s  o f a c t i o n s  o n s p e c i f i c p r o b l e m

p e s t i c i d e s  ( S p e c i a l  R e v i e w s )  a s  w e l l  a s  a n a l y s e s  o f  r e g u l a t i o n s ,

r u l e m a k i n g  p o l i c i e s , s t r a t e g i e s  a n d  g u i d a n c e .

A n a l y s e s  o f  r e g u l a t i o n  a n d  p o l i c i e s  m a y  a d d r e s s  m a n y  i s s u e s

i n c l u d i n g  d i r e c t  e c o n o m i c  c o s t  e f f e c t s  a n d  c h a n g e s  i n  w e l f a r e .

A n a l y s e s  g e n e r a l l y  c o n s i d e r  e f f e c t s  o n  p r o d u c t i o n  c o s t s ,

c o m m o d i t y  p r i c i n g , a n d  d i s t r i b u t i o n a l  e f f e c t s  a s  w e l l  a s  s o c i e t a l

g a i n s  a n d  l o s s e s . A n a l y s e s  o f  S p e c i a l  R e v i e w  C h e m i c a l s  t y p i c a l l y
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w i l l  c o n c e n t r a t e  o n  u s e  s i t e s  i n  t h e  W e s t e r n  U S .  r e g i o n .

T y p i c a l l y ,  e c o n o m i c  i m p a c t s  o f  s h i f t i n g  f r o m  u s e  o f  a  S p e c i a l

R e v i e w  C h e m i c a l  t o  o t h e r  c h e m i c a l s  o r  n o n - c h e m i c a l  a l t e r n a t i v e s

( i n c l u d i n g i n t e g r a t e d  p e s t  m a n a g e m e n t / b i o l o g i c a l  c o n t r o l s ) a r e

t h e  f o c u s  o f  s u c h  a n a l y s e s .  T o  t h e  e x t e n t  p o s s i b l e ,  a n a l y s e s  o f

r u l e s , r e g u l a t i o n s ,  p o l i c i e s ,  e t c . ,  c o n s i d e r  i n d i v i d u a l  p r o d u c e r

u n i t  e f f e c t s  a s  w e l l  a s  n e t  w e l f a r e  c h a n g e s  f r o m  t h e  p r o p o s e d

r e g u l a t i o n .

A n a l y s e s m a y  b e  u n d e r t a k e n i n d e p e n d e n t l y  b y  t h e  W e s t e r n

C o n s o r t i u m  o r  i n  c o o p e r a t i o n  w i t h  t e a m s  o f  e x p e r t s  ( e . g .

u n i v e r s i t i e s ,  p e s t i c i d e  u s e r  g r o u p s ) .  A l s o ,  i n  o r d e r  t o  p e r f o r m

t h e  a n a l y s e s ,  c o n s i d e r a b l e  i n f o r m a t i o n  g a t h e r i n g  w i l l  b e

n e c e s s a r y .  A c c o r d i n g l y ,  t h e  W e s t e r n  C o n s o r t i u m  w i l l  u n d e r t a k e

s u c h  t r a v e l  a n d  i n c u r  o t h e r  e x p e n s e s i n c l u d i n g  t h o s e  r e l a t i n g  t o

t h e o r g a n i z a t i o n a n d c o o r d i n a t i o n  o f m e e t i n g s a n d s y m p o s i a ,

o b t a i n i n g  p e e r  r e v i e w  a n d  o t h e r  i n f o r m a t i o n  g a t h e r i n g  a c t i v i t i e s ,

as may be required. The results of such efforts will be

i n c o r p o r a t e d  i n t o  t h e  a p p r o p r i a t e  a n a l y s e s .

E . O t h e r  P r o j e c t s

I n  a d d i t i o n  t o  t h e  t w o  m a i n  e f f o r t s  d e s c r i b e d  a b o v e ,  w e  w i l l

c o n t i n u e  t o  s t u d y  t h e  p o s s i b i l i t i e s f o r  a p p l y i n g  o u r  a p p r o a c h  t o

e c o n o m e t r i c  e s t i m a t i o n  o f  p e s t i c i d e  p r o d u c t i v i t y  ( L i c h t e n b e r g  a n d

Z i l b e r m a n , " T h e  E c o n o m e t r i c s  o f  D a m a g e  C o n t r o l " ,  A J A E ,  M a y  1 9 8 6 )

t o  U S D A  d a t a  o n  p e s t i c i d e  u s e  i n  U . S . a g r i c u l t u r e  o r  t o  d a t a  o n

p e s t i c i d e  u s e  i n  G e o r g i a  p e c a n  p r o d u c t i o n .
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F . D e l i v e r a b l e s

T h e  o u t c o m e s  o f  t h e  s t u d i e s  u n d e r t a k e n  w i l l  b e  p r e s e n t e d  t o

E P A  i n  t h e  f o r m  o f  a  f i n a l  r e p o r t ,  t o  b e  d e l i v e r e d  a t  t h e  e n d  o f

the budget period. In addition, we will deliver IBM PC

c o m p a t i b l e  s o f t w a r e  a l l o w i n g  E P A  t o  c a l c u l a t e  t h e  w e l f a r e  e f f e c t s

o f  p e s t i c i d e r e g u l a t i o n  o n t h e  c o t t o n  m a r k e t  a s  d e s c r i b e d  i n

S e c t i o n  I I .

156


