Table 1  Exposure to air pollution and norbidity in adults and

children: Odds ratios and 95% confidence intervals

Synptom or di sease Qdds Lower Upper
Ratio Confidence limt
A. Respondents
Wnter cough & cold 1. 432202 0.973711 - 2.106581
Per manent cough without cold 1.718250 1.267392 - 2.329494
Wnter cough without cold 1. 434010 1.151725 - 1.785482
Per manent phl egm & col d 1. 572290 0.979119 - 2.524816
Wnter phlegm & cold 1. 400047 0.977708 - 2.004823
Per manent phl egm wi thout cold  1.347164 1.024256 - 1.771871
Wnter phlegmw thout cold 1. 282863 1.040762 - 1.581281
Cough & phl egm 1. 566648 1.247142 - 1.968010
Wnter phlegmé& cold 1. 574363 1.252040 - 1.979665
Wieezing & cold 1. 358134 1.052843 - 1.751950
Wieezi ng whil e breat hing 1. 352105 1.065619 - 1.715611
Dyspnoea 1. 802163 1.530547 - 2.121982
Rhinitis 1. 305185 1.043520 - 1.632463
Eye “infection” 1. 302482 1.030010 - 1.647031
Headache 1. 595975 1. 356035 1.878371
B. Children
Cough or phlegm & col d 1. 695780 1.209402 - 2.377761
Cough or phl egmw t hout cold 1. 922437 1.365540 - 2.706449
Cough or phl egm 1. 969765 1.528539 - 2.538353
Wheezing with cold 1.694218 1.150931 - 2.493961
VWheezi ng 1.466871 1.130402 - 1.903492
Asthma or bronchitis 1. 487382 1.139776 - 1.940998
Pneunoni a 1. 269068 1.008890 - 1.596343
Rhinitis 1.271813 1.013503 - 1.595958
Eye “infection” 1. 495645 1.109688 - 2.015841




Table 2. WIlingness to pay equations - nonzero bids only

Regression coefficients

Expl anatory variable wTP® WwTP®
Denogr aphi ¢ and soci oecononi ¢ vari abl es:
Age (years) -7.86 (0.29) -0.73 (0.073)
Sex (1=female) 55.28 (4.76)
Education (years) 12.18 (0.71)
Blue collar worker (1=blue collar) -53.33 (6.80)
Nurmber of children ages 0-18 -24.64 (2.19) -6.93 (1.56)
Ethnic origin | (1=born in AfricalAsia) 26.93 (6.20)
Ethnic origin Il (1=born in Europe) 109. 38 (6.38)
Annual municipal taxes 0.22 (0.006)
Attitudinal variables:
Perceived exposure to pollution at work
(1=yes) 81.29 (5.29) 14. 42 (4.31)
Percei ved nei ghborhood air quality (1-6) -21.14 (1.51)
Bel i eves budget share allocated to pollution
abat nent too high -382.22 (57.85) 101.72 (38.87)
Bel i eves budget share allocated to pollution
abat nent too | ow 163.85 (5.90)
Ready to devote time to public activities
concerned with pollution abatenment (1=yes) 39.62 (1.64) 5.54 (1.30)
Per ception of governnent influence on
pol | ution abatement (1=yes) -26.99 (5.90)
Pol lution induces defensive actions by
respondent (1=yes) 8.63  (4.48)
Heal th status
Perceived health status (1=not healthy) -67.55 (5.46)
Fam |y history (exc. respondent) of asthng,
pnuenonia, or bronchitis (1=yes) 24.60 (4.78) 8.81 (4.29)
Fam |y history exc. respondent) of respi-
ratory system synptonms (1=yes) 55.91 (4.58)
Adj ust ment  fact or -952. 98 (23.63) *
| ntercept 7708. 53 *
Adj. R® 0.54 0. 64

*

, Not significant.
Cough, sputum wheezing, dyspnoea



Table 3. CVM Experinments: wTp® (in NI'S, per househol d,
excluding protest zero bids, except in binary choice)

Elicitation N Mean Medi an
met hod

Sanpl e 2,518 34.5

Standard max. WP 1, 855 37.7

Repeat bids: One-tine paynent

st bids 343 26. 4
ond bids 195 67.8 (+22.2)

Annual paynent

1st bids 343 26. 4
2nd bids 195 67.8 (+22.2)
Bi nary choice 360 66. 2 65.0




Table 4. CVM Experinments: WIP® (in NS, per househol d
excluding protest zero bids except in binary choice)

Elicitation N Mean Medi an
met hod
Sanpl e 1,704 68. 6
Standard max. WP 1, 348 70.9

Repeat bids: One-tine paynent

1st bids 199 64. 2
2nd bi ds 195 89.0 (+24.8)

Annual paynent

1st bids 157 54.5
2nd bids 163 77.9 (+23.4)
Bi nary choice 360 69. 1 67.2




Table 5. Direct (CYM valuations of perceived air quality changes

(I'ncludes zero bids)

Pollution level after change

Pr esent
pol | ution
| evel Good Moder at e Poor Very poor
(a) WrP®
Mean = 26
Good Medi an= 15
N = 847
(b) WrTP® (c) WIP®
Mean =37 .9 Mean = 40
Moder at e Medi an= 28 Medi an= 28
N =750 N =749
[
(d) WIP (e) WIPe
Mean =47 .2 Mean =42 .7
Poor Medi an= 40 Medi an= 32
= 192 N =192
* Values in table refer to neans and nedi ans of the indicated

sanple air quality stratum and stated in NS per househol d

per year.

Si gni fi cance Levels:
Nonparanetric median test for 2 sanples:

Hy: WIPS (cell B) = WIP® (Cell d) veevrnenrenenennns 0.015

Hy: WTP® (cell a) = WIP® (cell c) WP (cell e).. 0.001
Paired t-test for nmeans (2 tailed):

Hy: WTPS (cell b) = WTP® (cell C)vevrrnrinrnnnnnnns 0. 001

H.: WIPS (cell d) = WIP® (cell €).vuvvuvnnennnnn... 0. 049

o



Table 6. Parameter Estimates of the Budget Share Equatlion
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Table 7. Estimated Logit Regression: Consunption of Medical Care

Services (Physician Visits) - Respondents
Expl anatory Variable Regr essi on St andar d
coefficient error

I nt ercept -4, 397 0.217
Heal th status 0.715 0. 097
AV14 0.018 0. 005
Sex (1=fenule) 0. 405 0.134
No children 0-18 yrs. (1=none) 0.588 0.134
Birth origin Asia-Africa (1=yes) 0. 346 0. 154

n = 3,612

Dependent variable: 1 = visited a physician in past 2 weeks

Health status O = healthy
1 = suffers from at |east one of synptom
2 = suffers from at least 1 disease




Table 8. Estimated Logit Regression: Health Risks and Exposure to
Pol I ution - Respondents

Expl anatory Variable Regressi on St andar d
coefficient error
[ nt ercept (hl) 0. 880 0.134
| nt ercept (hz) -0.732 0.134
AV14 0.011 0. 002
Education (1=low level, 0-8 yrs.) 0.248 0.078
Birth origin (1=Europe or Anerica) O0.285 0.072
Sex (1=fenal e) 0. 289 0. 064
No children 0-18 yrs. (1=none) 0. 254 0.088
Age of respondent (<40) -0. 845 0.120
Age of respondent (41-50) -0. 481 0.123
Age of respondent (51-60) -0. 372 0.102

n = 3612
2 _
x© = 316.5 (8 df).

Dependent vari abl e:

By

ha

suffers fromat least 1 synptom or disease

suffers fromat |east 1 disease




Table 9. Restricted activity or bed days

Expl anatory Vari abl e Regressi on
coefficient
AvV14 0.028
(0.012)

Income (1= "low' incone-below NI'S 1,300/ m.) 0. 80
(0.295)

I nt ercept -3.79

2 =24.2 (18 df).

Dependent variable: 1 = Stayed home at |east 1 day during
the past two weeks.




Tabl e 10. Conparisons Between Direct & Indirect Valuations
(Including zero bids. Man household values i n NI S)
wTP® wTp®
VM
Standard bids 37.70 70..90
Repeat bids 67.80 89. 00
Bi nary choice 66. 20 69. 10
| ndi rect
Expenditure function 9.81 73.25
Heal th production 32.43
Cost of illness (bed days) 185.0

-
Corresponding to changes in perceived pollution |evels.
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ODD RATIOS FOR SYMPTOMS & DISEASES
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Abst r act

W exam ne the inpact of self-protection on the ex ante value of reduced
hunman exposure to an environnental hazard. Assuming a continuous distribution
of health outcones and self-protection that influences both the probability and
the severity of an undesired outcone, we develop three propositions:

1) If risk is endogenous such that self-protection influences the
probability or the severity of an undesirable outcome, then unobservable
utility terms cannot be elimnated fromthe individual’s ex ante valuation
expressi on.

2) If risk is endogenous, know edge of the convexity or the nonconvexity
of physical dose-response relations is insufficient to sign unanbi guously
the change in an individual's ex ante marginal valuation of risk, even
when consuner cognition is perfect.

3) If risk is endogenous, self-protection expenditures will not be a
consi stent |ower bound of the ex ante value that a risk-averse individua
attaches to a reduction in risk.

These three statenents inply that several propositions originally
devel oped for cases of exogenous risk and which form the analytical basis for
most recent enpirical work on the value of health risk changes are not
i mredi ately transferable to settings where endogenous risks prevail.



|. I NTRODUCTI ON

Any person who mght suffer harm from exposure to an undesirable state of
nature can reduce expected ex post costs by purchasing market insurance. Mra
hazard, however, conpels insurers to defray only a fraction of these costs
[Arrow (1963), Shaven (1979)].1L Consequent |y, individuals use self-
protection to reduce both the ex ante probability and expected costs of the
uni nsured event [Ehrlich and Becker (1972)].2L W consider the inplications of
this for nodels used to value risks to human health.

In particular, we find that:

1) Gven noral hazard, when self-protection influences the

probability, the severity, or both of an undesirable state

unobservable utility terns cannot be elimnated from the individual’s

ex ante valuation expression. Consequently, enpirical studies that

attribute differences across groups in ex ante value estimates solely

to unobserved differences in household health production technol ogies

are m spl aced.

2) with noral hazard and self-protection, know edge of the

convexity or nonconvexity of physical dose-response relations is

insufficient to sign unanbiguously the change in an individual’s ex

ante marginal valuation for a reduction in the level of the hazard,

even when consumer cognition is perfect. Therefore, we do not

support the traditional argument that those individuals exposed to

greater risk with greater income nmust place a higher value on a given

risk reduction

3) wth noral hazard, an increase in the level of the environnental

hazard does not necessarily lead to an increase in the level of self-

protection. Therefore, self-protection expenditures are not a



consistent |ower bound of the ex ante value a risk averse individua

attaches to a reduction in risk.

These three statenments inply that several propositions originally
devel oped for cases of exogenous risk and which formthe anal ytical basis for
most recent enpirical work on the value of health risk changes are not
imedi ately transferable to settings where endogenous risks prevail.’l

Berger, et al. (1987) appear to be anong the first to consider endogenous
risks in the context of human health.+Z Qur treatnent differs from their
semnal effort in tw significant ways. First, though they state the genera
continuous distribution case of risks to human health, they exam ne ex ante
value only in a world of two nmutual |y exclusive and independent states of
nature: survival or death. W extend the ex ante value concept to the genera
continuous case. By maintaining continuity throughout, we allow the individua
to choose between contractually defining states of nature or naking an effort
to alter states of nature. Spence and Zeckhauser (1972) denonstrate that the
ability to influence states of nature enhances both the ex ante and the ex post
gains from adaptation. In particular, we assume that individuals recognize
that outcones are stochastically related to actions, inplying that predictions
of behavior and the relative values that notivate it depend not only on
preference orderings over outcones, but also on preference orderings of
lotteries over outcones.

Second, Berger, et al. (1987) nodel only probability-influencing self-
protection. They disregard the severity of the health outconme being risked
even though they concede that prior self-protection can influence both
probability and severity. As pointed out by Ehrlich and Becker (1972) the

distinction between self-protection that influences probability and self-



protection that influences severity is somewhat artificial. The distinction is
often said to be nade for theoretical convenience [see for exanple Hiebert

(1983)]. In contrast, we nodel the effects of self-protection that influences
both the probability and the severity of the undesired state, and consider the

effects on the ex ante value of reduced risk.

2. THE MODEL

Consider an individual who is involuntarily exposed to a health risk under
a particular liability regime. Assune the risk is created by exposure to an
ambi ent concentration of an environmental hazard, r, taken from the rea

interval, R

Because of noral hazard, the individual cannot acquire enough market insurance
to avoid the risk completely. The individual nust decide froma real interval,

S how much self-protection, s, to undertake

G ven exposure to the. hazard, the individual is uncertain as to which, i,

of N alternative health outcomes will occur. Let
H = {hy, hy, ..., hyl} (3)

denote the outconme space where outcomes are the individual’s human health
capital returns ordered from smallest to |argest, given the individual’s
genetic and devel opment history.

Let £(hg; s, r) denote the probability of outcome i occurring given that
self-protection, s, is undertaken and that the exposure level to the

environnental hazard is r. Assune the follow ng about £(-):



Assunption 1. £(hy;s, r) >0 for every i ¢[1, . . . . N and every s € S and
r ¢ R.
Let F(hy; S, r) denote the corresponding distribution function defined

over the support [a, b]

b
F(hi; s, r) - J f(hi; s, r)dh (4)
a

where a and b are the minimm and nexi num heal th outcones. £ W assurme the

foll owi ng about F(-«):

Assunption 2: F(hy; S, r) is twice continuously differentiable ins e S and
reR for every i ¢[1, .. .. N.

Assunption 3: Fg(hy; s, ©) Sofor every sesandr ¢ Rand every i ¢[1,

Nl in the sense of first-order stochastic dom nance. L

Assunption 4: F_(hz;s, r) 2 Ofor every se Sandr € Rand every i ¢ [1,

N in the sense of first-order stochastic dom nance.

Assunption 5: No restrictions are placed on the convexity of the distribution
function in the imrediate neighborhood of an optimal [evel of self-
protection, s*, for all s e Sand r ¢ R and for every i ¢ [1, . . . . N.

The individual is risk averse with a von Neumann-Morgenstern utility index
over wealth W WW. The follow ng assunptions are nmade about UW:

Assunption 6: U is defined over the real interval (W,=] where Wis Q

Assunption 7: Lim_UW = -ED
WoW

Assunption 8 U is strictly increasing, concave, and thrice continuously
differentiable.
For each health outconme the individual mght realize, he selects a mninum
cost conbination of nmedical care and foregone work and consunption. Let

C = C(hy; s, r) (5



be his ex ante expectation of realized costs which depend on the uncertain

heal th outcome, self-protection, and the exposure |level to the hazard. Assume

the foll owing about c(.):

Assunption 9: C is strictly decreasing, convex, and thrice continuously
differentiable ins e Sfor everyi ¢[1, . . . . N such that ¢ <0 and

c > 0 for all h ¢ H.

SS
Assunption 10: C is strictly increasing and thrice continuously differentiable
inr eRfor every i €[1, ..., N such that ¢, > 0. No restrictions,

however, are placed on €., and Ccg, for all h e H

r
G ven inconplete insurance purchases, intertenporally separable utility,
and constant expected prices for medical care, the individual’s choice problem

is then

b
Max [J U(W - C(h; s, r) - s)dF(h; s, r)]. (6)
S a

Note that the price of self-protection has been nornalized to unity. The
subscript i is suppressed to maintain notational sinplicity.
Gven the nodel, we are now able to develop the propositions stated in the

i ntroduction.

3.  EX ANTE VALUE AND W LLI NGNESS-TO PAY

3.1 Endogenous Risk. A few recent refinenents to the willingness-to-pay

approach to valuing environmental hazards have acknow edged the frequently
endogenous form of the problem For exanple, Rosen (1981), Berger, et al
(1987), and Viscusi, et al. (1987) note that self-protection affects surviva
or injury probabilities, while Shibata and Wnrich (1983) and Cerking and
Stanley (1986) allow self-protection to influence the severity of ex post
damages. In a nonstochastic world or in an uncertain world with only two

5



feasible states, these studies denonstrate that marginal wllingness-to-pay can
be expressed solely in terms of the marginal rate of technical substitution
between hazard concentrations and self-protection. This result cannot be
generalized to a continuous world wth endogenous risk.
Proposition 1: Gven the nodel assunptions, when self-protection
influences either the probability or the severity of health outcomes
or both, the individual's marginal wllingness-to-pay for reduced
risk cannot be expressed solely in terns of the narginal rate of
technical substitution between anbient hazard concentrations and
self-protection. In particular, unobservable utility terns cannot be
el imnated from expressions for the ex ante value of reduced risk.’l
Proof: To show that for a continuous distribution the individual’s
conpensating variation statement of wllingness to pay for reduced risk
includes the unobservable utility terns, we examne self-protection that
influences either the distribution or the severity (costs) of the health
out cones or bot h.

First, maximze the expected utility index (6) by selecting an optina
| evel of self-protection s ¢ S yielding the followng first-order condition for

an interior solution

Ev, = -E[UC.] + I:UwCthdh. (7
The left-hand side of (7) represents the marginal cost of increased self-
protection in ternms of the utility of foregone wealth. The right-hand side
reflects two types of marginal self-protection benefits: the first termis the
direct utility effect of enhanced wealth resulting from reduced expected ex
post costs; the second termis the indirect utility effect of a stochastically

dom nating change in the distribution of health outcones.

6



The indirect effect was derived by integrating by parts the effect of

self-protection on the distribution

b b b
J U(+)dF_(+) = UF_|_ + J U C F_dh
a s s'a a Whs,

b
- Jauwchrsdh,
since Fg(aj;+) = Fg(b;+) = 0. Assune that inproved health outcomes will
decrease the ex post costs, €, <O0.

Solve for the conpensating variation statement of the willingness-to-pay
for reduced risk by totally differentiating the expected utility index (6), and
then applying the first-order condition (7). Wen self-protection influences
both the probability and severity of health outcomes such that Fg < 0 and Cg <
0, the willingness to pay expression is:

v IUwChFrdh - Iuwcrdr . (5
dr Ju C.F dh - fu C_dF ’
. w S w s

h

~

where all integrals are evaluated over the support [a, b]. Qoviously, the

unobservable utility indexes cannot be renoved from the individual’s

willingness to pay expression (8).

Even the assunption of a sinple two state world fails to renove the

utility ternms from (8). For exanple, let n(s, r) and (1 - n(s, r))

respectively represent the subjective probabilities of healthy and of sick

states. Let Ug(W - s) and U;(W - s - C(s, r)) be the expected utility of being

heal thy or sick, where Ug > U;. The individual thus chooses s € S to maxin ze
EU = n(s, r)Ug(W - s) + (1 - n(s, r))Uy(W - s - C(s, r)). (9)

Following the sane steps as before, the willingness to pay expression is
n [U, - U] - (1 - mU!IC
%g - ﬂr[Uo - Ul] - (1 - n)U%Cr > 0, (10)
s 0 1 0"s -

7




where =, < 0, ng > 0, U} = au,/sw, and Uy = aug/aw. Again, utility terns
cannot be renoved.

Next allow, as do Gerking and Stanley (1986), self-protection to influence
the severity, Cg < 0, but not the probability, ¥Fg =0, of health outcones.
Further assume that F, - 0 which, with Fg = 0, inplies that neither collective
nor individual actions will influence the probability of a particular health

outcone, i.e., hazard concentrations resenble sunspots or the phases of the

moon. Wth these assunptions, expression (8) reduces to:

aw E(u.C_] [?mecr - cov(U_, cr):} - "

dr Eluc ] | EUEC - cov(U_, C)
w s w S w S

For the unobservable utility terms to be absent from (11), the two covariance
expressions nust be zero;, however, our nodel assumptions do not allow them to
be zero. Therefore the two utility terms cannot be renoved

Finally, assume, as does Rosen (1981), that self-protection affects
probability, Fg < 0, but not severity, €g = 0. In Rosen's (1981) terms, one
cannot be nore severely dead. For sinilar reasons, ¢, = 0. Under these

condi tions, expression (8) reduces to:

o _ Ju C F dh (12
dr iUwCthdh ’

and again the willingness-to-pay expression cannot be rid of the unobservable
utility terms, which concludes the proof. *Z

V¢ could examine additional cases. For exanple, self-protection mght
influence only the probability of a health outcone, but hazard concentrations
could affect probability and severity, or vice versa. The results would not
change: utility ternms would loomup in the willingness-to-pay expressions
inplying that policy efforts to aggregate across individuals and to account

8



simul taneously for the reality of probability and severity unavoi dably involve

interpersonal utility conparisons.

3.2 Nonconvex Dose-Response Relations. Proposition 1 poses hurdies to

procedures which would establish a social risk-benefit test by sunm ng

unwei ghted conpensating or equivalent variations across i ndi vi dual s. *Z Yet

anot her problem for consistent aggregation is the anbiguous effect that a
change in hazard concentrations has on the sign of conpensating variation. In
a contingent valuation study of the risk valuations attached to hazardous waste
exposures, Smith and Desvousges (1986, 1987) report increasing margina
valuations with decreasing risk. This finding is but the latest in a 15-year
long series of analytical [Starett (1972), Wnrich (1981)] and enpirica

[ Crocker (1985), Repetto (1987)] papers which use prior information on physica
dose-response relations, individual abilities to process infornmation about
these relations, or individual perceptions of the relations to produce a
declining marginal valuation result for nmore of a desirable commodity.

However, when risk is endogenous, no one has yet asked whether convexity of the
margi nal value of risk follows when cognition is not an issue.

An individual’s conpensating variation can be shown to be ambiguous in
sign even if the strongest possible case for negative effects of increased
hazard exposure is inposed. To illustrate, define strong convexity as follows.
Definition 1. Strong convexity of risk is defined as: convex ex post cost,

Cir > 0; convexity of the distribution function, Frr > 0; and declining
mar gi nal productivity of self-protection, €5, >0, €, >0, Cgy > 0 and

Fsr > 0. Strong nonconvexity describes the conditions nost favorable for the
traditional argunent that increased risk requires progressively increasing
conmpensation to maintain a constant |evel of expected utility. Increased

9



exposure increases the probability and the expected ex post costs of
undesirable health outcomes to the hazard at an increasing rate; noreover, the
mar gi nal productivity of self-protection is decreasing across the board

The opposite case is strong nonconvexity. Strong nonconvexity defines the
weakest case for negative effects of increased exposure to the hazard.
Definition 2: Strong nonconvexity of risk is defined as: nonconvex ex post
cost, C.p < 0; concavity of the distribution function, F.. < 0; and increasing
mar gi nal productivity of self-protection, Cgp < 0, Chr < 0, €sh < 0 and

F.. < 0.19L

ST
The follow ng proposition states the result:

Proposition 2. Even in the absence of cognitive illusions or failure to
consider all scarcity dinensions of the risk-taking problem a maintained
hypot hesis of strong convexity of risk is insufficient to guarantee that
increased exposure to a hazard requires progressively increasing
conpensation to maintain a constant |evel of expected-utility. Simlarly,
strong nonconvexity is insufficient to guarantee progressively decreasing
conpensat i on.

The proposition is supported by Dehez and Dreze (1984, p. 98) who show
that the sign of the nmarginal wllingness-to-pay for safety given an increase
in the probability of death is generally anbiguous. Dreze (1987, p. 172)
concludes that any assertions about this sign given a change in safety “...nmust
be carefully justified in terms of underlying assunptions”.

Proposition 2 contradicts the argument of Winstein, et al. (1980) and
others that individuals at greater risk must have a greater demand for safety.
Consequently, contrary to Rosen (1981), individuals at greater risk with

greater wealth cannot necessarily be weighted nmore heavily when risk reductions

10



are valued. Simlarly, the assertions by Kahneman and Tversky (1979) and Snith
and Desvousges (1987) that increasing marginal wllingness-to-pay for reduced
risk constitutes a |apse from rational econom c behavior are not supported.“i
Proof: To dermonstrate that an increase in hazard concentration has an
anbi guous effect on an individual's conpensating variation, differentiate the
conmpensating variation in expression (8) with respect to the hazard exposure:
d(dw/dr)

1 2 - -
dr Q E[wacr Uwcrr] ZI[UWCrCh Uwchr]Frdh

+ juwchrrrdh:]

(13)
A
+ QZ E[Uwcscr - Uwcsr] M “Uwchr - wachcr]Fsdh
+ J[Uwcscr - Uwcsr]Frdh + IUwCthrdE]’
wher e Q= waCthdh - IUwCde >0,

4 = fuCFdn - JUCdF <O,

and alf integrals are evaluated over the support [a, b].

The terns on the right-hand side of (13) can be defined in terms of direct
and indirect utility effects given an increase in exposure to a hazard. @ > 0
and A < O represent the combined first-order direct and indirect utility
effects of s and r. The first and fourth terns in (13) represent second-order
direct utility effects on expected costs with an increase in exposure. Gven
strong convexity, the sign of the first termis negative. The sign of the
fourth termis anbiguous in the sense that alternative parameterizations are
concei vabl e in which either U,CgC, Or UL, doninates in absolute magnitude
The second, fifth, and sixth terns are second-order direct and indirect utility
effects weighted by the marginal effect on the distribution of either s or r.
G ven strong convexity, the signs of all three ternms are anbiguous in the above
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sense. Wthout prior information on the magnitude of the narginal effects on
the expected cost function, there is no reason to expect one termto domnate
The third and seventh ternms represent the second-order indirect and cross-
indirect utility effects of increased exposure. By the definition of strong
convexity, the sign on both terms is negative. Wthout knowing the relative
magni tude of all the direct and indirect utility effects, however, strong
convexity is insufficient to sign (13) unanbiguously. Likewise, the assunmption
of strong nonconvexity is also insufficient to sign (13). Wether one inposes
strong convexity or strong nonconvexity the sign of (13) is ambiguous.

Al though sufficient conditions for increasing or decreasing marginal
willingness-to-pay can be determned, there is, in the absence of prior
information or sinple ad hoc assunptions, no reason to expect that one or two

terns will dom nate expression (13). This concludes the proof.

3.3 Self-Protection Expenditures as a Lower Bound. Consi deration of self-

protection has not been linmted to problems of ex ante val uation under
uncertainty. A substantial literature has energed, e.g., Courant and Porter
(1981), and Harrington and Portney (1987), which denonstrates that under
perfect certainty the marginal benefit of a reduction in a health threat is
equal to the savings in self-protection expenditures necessary to maintain the
initial health state. This result cannot be extended to the uncertainty case
when sel f-protection influences both ex ante probability and ex post severity.
Proposition 3: Neither strong convexity nor strong nonconvexity of risk is
sufficient to sign the effect of a risk change upon self-protection
expenditures. Therefore these expenditures cannot be used to determne
the welfare effect of a risk change
Proposition 3 contradicts Berger et al.'s (1987) argunent that if
increased exposure increases the marginal productivity of self-protection
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Fgr < 0} then self-protection will increase with exposure. Consequently,
Berger, et al.'s (1987 p. 975) sufficient conditions for “plausible” results do
not hold when self-protection influences both probability and severity.

Proof: To denobnstrate that strong convexity is insufficient to determne
the effect increased hazard exposure has on self-protection, take the first-

order condition in equation (7) and apply the inplicit function theorem The

effect of increased exposure on self-protection is

ds E - -
iz "~ E[wacr(l + cs) Uwcrs] + I[Uwcs wach(l + Cs)]Frdh

L= h
(14)
- J’[Uwchr - waCrCh]Fsdh + waCthrdh /D
wher e
D = E[wacs(l + cs) - Uwcss} + 2I{Uwcsh - waCth]Fsdh
(15)
-IwaCthdh + IUwCthsdh <0
and all integrals are evaluated over

sufficient condition of the maxim zation problem (6), and is assumed to hold
whenever (7) holds.

Gven D < 0, the sign of (14) depends on the sign of its right-hand-side
nunerator. The first termin the numerator of (14) is the direct utility
effect of increased exposure on expected costs. Gven strong convexity of risk
and (1 +¢cg) >0 fromthe first-order condition, the sign of the first termis
negative. The second termreflects the indirect utility effect of increased
exposure on the distribution. Gven strong convexity, its sign is ambiguous in
the earlier defined paraneterization sense. The third termis a direct utility
effect weighted by the narginal effect of self-protection on the distribution
(Fg < 0), and its sign is also anbiguous. The signs for the second and third
effect are ambi guous since there is no a priori reason to believe that any one

set of terms domnates the others. The fourth termin the nunerator is the
13



cross-indirect utility effect of increased exposure. Gven strong convexity,
its sign is negative. Therefore, without prior information on the relative
magni tudes of the four direct and indirect utility effects, strong convexity is
insufficient to sign (14) unanbiguously. Gven the conditions nost favorable
to the traditional argument that increased risk will increase self-protection,
we still require prior information on the inpact that increased exposure has on
the marginal productivity of self-protection to support the argunent.

Foll owing the |ogic above, an assunption of strong nonconvexity of risk
leads to a simlar conclusion of an ambiguous effect of increased exposure on
sel f-protection. Consequently, since self-protection nay decrease as exposure
to a hazard increases, self-protection cannot be considered a consistent |ower
bound on the ex ante value a risk averse individual attaches to a reduction in

risk.  This concludes the proof.

4. CONCLUSIONS AND | MPLI CATI ONS

| ndividual s and policymakers use self-protection activities to influence
both their ex ante risks and their expected ex post consequences  The
inplications of this for nodels used to value risks to human health are
unequi vocal |y negative. W show that unobservable utility ternms cannot be
elimnated from marginal wllingness-to-pay expressions, inplying that
enpirical efforts which identify marginal rates of substitution wth
willingness-to-pay are msdirected. W also show that even under the nost
favorable restrictions increased risk need not inply progressively increasing
| evel s of conpensation in order to restore initial utility levels.
Consequently the traditional argument that those who are exposed to greater
risk and have greater wealth nust value a given risk reduction nore highly does

not follow. Finally, we denpbnstrate that increased risk need not inply
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increased self-protection expenditures; thus changes in these expenditures may
not bound the value of a risk change.

Some succor for health risk valuation efforts could be obtained by
steppi ng outside professional boundaries to draw upon prior information from
psychol ogy, bionedicine, and other disciplines. |Insight mght therefore be
gained into the signs and the relative nagnitudes of many terns in expressions
(13) and (14). It is odd that the field of econom cs which explicitly
recogni zes the policy relevance of inconplete markets has historically been
reluctant to use information from other disciplines in order to sinulate the
valuation results of a conplete market. W recognize that there is a grow ng
trend to incorporate restrictions drawn from other disciplines into the
behavi oral postul ates of econom c nodel s. 12/ The results of this paper suggest
that the incorporation process should be accelerated.

Incorporation will not overcome, however, the aggregation problenms posed
by the presence of wutility ternms in individuals’ wllingness-to-pay
expressions. Approaches to aggregate risk-benefit analysis do exist other than
the mechanical summation of consuner surpluses calculated from the singular
val ue judgerment that social welfare and aggregate total income are synonynous.
Gven that individual consunmer surpluses can be estimted, one possibility is
to draw upon the extensive equivalence scale literature, e.g., Deaton and
Miel | bauer (1986), in order to weight each individual or household. Tradeoffs
can then be evaluated using an explicit social welfare function which
recogni zes that personal health is in part self-produced and inalienable.

Alternatively, utilities mght be calculated directly.
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10.

11.

12.

FOOTNOTES

Mral hazard refers to the tendency of insurance to influence an
i ndividual’s incentive to prevent |o0ss

Self-protection includes everything from installing hone water filters in
order to reduce pollutant concentrations in drinking water to nedical care
and the use of tort law. [See Laffont (1980), Crocker (1984)].

The enpirical human health valuation literature typically assumes that
health risks are: (i) independent of individual actions; and (ii) usually
for the sake of analytical and enpirical tractability, individuals require
progressively increasing |evels of conpensation to maintain constant
expected utility when confronted by increasing risk. Jones-Lee, et al.
(1985), for exanple, enbodies both conditions. W argue these assunptions
are unnecessarily restrictive in the sense that they stretch the ability
of econom c analysis to cover the domain of risky phenonena

Psychol ogi sts agree that individuals perceive that they have substantial
control over uncertain events [Perlmuter and Mnty (1979)]. Stallen and
Tomas (1984) conclude that “... the individual is not so nuch concerned
with estimating uncertain parameters of a physical or material system as
he is with estimating the uncertainty involved in his exposure to the
threatening event and in opportunities to influence or control his
exposure” [enphasis added].

The [a, b] interval could also be influenced in subsequent periods by
sel f-protection. W disregard this issue.

Subscripts represent partial derivatives.

Assunptions of a risk-neutral individual with an identity map of ex post
costs would elimnate the unobservable utility expressions. These
assunptions seem excessively restrictive

One might elimnate the utility terns by using the pointw se optim zation
technique that Mrrlees (1974) and Holmstrdm (1979) enploy. However

poi ntwi se optimzation evaluates self-protecting choices individually at
each and every health state rather than in terns of lotteries over health
states. It thus adopts an ex post rather than an ex ante perspective.

See Polemarchakis, et al. (1986) for thinking on aggregation under
exogenous ri sk.

Rogerson (1985) assumes that the distribution function nust generally
satisfy the convexity of the distribution function condition (CDFQC).
Therefore, the assunption of a concave distribution in r and s is perhaps
restrictive. As shown by Jewitt (1988), however, the CDFC assunption is
not universally required in that it satisfies very few of the standard
distributions set forth in statistics textbooks

G ose inspection of the questionnaire formats upon which these assertions
are based reveals that respondent opportunities to influence risk and/or
severity were not fully controlled.

See Warneryd (1986), \Winstein and Quinn (1983) and Snith and Johnson
(1988), for exanple.
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THE ECONOM CS OF QUARANTI NES: AN APPLI CATION TO PESTI G DE REGULATI ON

One of the mpst common practices for dealing with hazardous situations is
sinply to renove the hazard from human proximty, either spatially or tenporally.
Such policies can be termed quarantines. The classic case is that of contagious
di sease control, where infected individuals are kept apart from vul nerable
individuals until the threat of contagion has passed. Qher exanples include
I mprisoning dangerous crimnals; |ocating hazardous industries (e.g., mlitary
testing grounds, nuclear power plants and other hazardous activities) in remte
areas; keeping dangerous chem cals, high voltage equi pnent, etc. in | ocked or
otherwi se inaccessible locations; and keeping workers out of areas recently
treated with pesticides.

Any quarantine involves tradeoffs that nust be eval uated whether the
decision naker is a governnent agency or an individual concerned with self-
protection from sel f-generated hazards. The benefits of quarantines obviously
consist of reductions in hazard. But quarantines typically have costs as well
such as additional disconforts and | ost wages of contagious patients or
productivity |osses from suboptimal siting or scheduling. These tradeoffs nust
be evaluated in determning the appropriate paranmeters of a quarantine, that is,
the length of time and/or location restriction. This paper devel ops a framework
for optimal quarantine determnation and applies it to a w despread form of
quarantine, re-entry regulation of pesticide-treated fields. Section | contains
a nodel of optinmal quarantine determnation. Section Il nodels optimal timnng
of pesticide application wunder re-entry regulation. Interestingly, the

inposition of re-entry regulation may make it optimal for farmers to switch to



prophyl actic treatnent of pests, a practice which has been widely criticized as
inefficient in the literature on pesticide use. Section Ill applies this nodel
to the case of pre-harvest intervals in apple production in three major producing
states. Section |V devel ops a nodel of acute poisoning from exposure to
pesticide residues under different re-entry intervals. Section V conbines the
production and health nmodels into a tradeoff nodel which is then used to obtain

a rough evaluation of current policy.

. Optinmal Quarantine Determnation

Ceneral 'y speaking, quarantine have both a spatial and a tenporal
dimension: how far away the hazard is sited and how | ong the quarantine |asts
Cont agi ous di sease quarantines have both: one nust decide where to locate
infectious patients relative to other patients and the general popul ations well
as how long to continue isolation. Penal policy also does: prison |ocation and
l ength of sentence will both depend on how dangerous a crimnal is. In other
cases, one of these dimensions may be irrelevant. |In pesticide regulation, for
exampl e, only the tenporal dinmension may matter: many pesticide residues are
absorbed by touch and therefore the hazard affects only those entering a treated
field. In siting of mlitary testing grounds, nuclear power plants or other
hazardous facilities, on the other hand, only location matters

Let D represent the spatial dinmension of the quarantine and T the tenpora
dimension. Let Z represent a consunption or production activity affectedly the
quarantine.  The benefits of consunption or production, B(Z D T), depend on Z
and on the quarantine paraneters D and T, as does the level of hazard, HZDT).
Let WB(Z,D,T), HZDT)] denote the utility function of an individual facing

a hazardous situation or a social welfare function. The relevant decision



problemis to choose Z, D and T to maximze utility or social welfare. This is
typically acconplished in two stages. First, mcroeconomc theory is used to
derive a nodel of optimal consunptive or productive behavior conditional on the
quarantine paranmeters D and T. The resulting behavioral nodel is subsequently
used to derive the optinmal policy parameters.

Formal |y, letting subscripts denote derivatives, the necessary conditions
are

(la) WgBy + WygH; = O

(1b) WgBp + WyHp, = O

(le) WgBy + WyHy = O,
The two-stage procedure described above consists of first solving equation (1a)
to get the optimal level of consunption/production activity contingent on the
quarantine, Z*(D,T), and then choosing D and T to maximze WB(Z*(D,T),D T),
H z*(D,T,),D T)] according to the necessary conditions

(2a) Wz(BzZy + Bp) + Wg(HzZp + Hp) = O

(2b) Wg(By2; + Bg) + Wy(HzZp + Hp) = 0.

The case of pesticide regulation considered belowis investigated by first
deriving profit-maxi mzing pesticide use patterns conditional on tenpora
quarantine restrictions, Z*(T), and farmprofits, B(Z*(T)). The risk of acute
or ganophosphat e poi soning of farmworkers is nodeled as a function of pesticide
use, H(Z*(T)). These two conponents are conbined into a tradeoff curve under
an assunption of equal welfare weights on farmincome, B(Z*(T)) , and worker
safety, H(Z*(T)), that is Wg - Wg. Finally, this tradeoff curve is used to
derive the optimal length of the quarantine T* under different environmenta
condi tions.

(One can conceptual ize distance-related quarantine problens in the sane way.



For exanple, the size, operating procedures and transmssion |ine requirenents
of a nuclear power plant may depend on the distance between it and the popul ation
and industrial centers it serves, so that one would begin with a relationship
between these factors and quarantine distance, Z*(D): The risks posed by the
plant, H(Z*(D), D) depend on the quarantine distance D and the operating
characteristics of the plant, Z*(D). These two can be conbined using the
appropriate welfare weights W and Wy to obtain a tradeoff relation that can then
be used to determne the optimal distance D*.

In sum even in regulatory contexts it is typically necessary to solve
private optimzation problens prior to considering the social decision problem
since the private optimzation problens are crucial elenments of the tradeoff
rel ati ons needed. Moreover, close interdisciplinary. cooperation is often
required to specify the hazard functions H since they depend in conplex ways

on conbi ned econom ¢, environmental and bionmedical factors.

[1.  Crop Production Under Re-Entry Regulation

One of the nost conmon neasures used to protect farm workers and ot her
rural inhabitants from the health hazards posed by applied pesticides is to
forbid entry into treated fields for a specified period of tine during which
pesticide residue |levels (and hence health risks) are thought to be excessive.
Simlar regulations aimto protect consuners as well by forbidding harvest for
a specified interval after application of pesticides. O'ten, these re-entry
regulations lead to reductions in growers’ incones by preventing optimal
scheduling of harvest or intraseasonal activities like pruning or irrigation,
causing decreases in yield, quality or price received for the crop. Thus

whet her the decision naker is a governnment agency charged with protecting farm



workers or a farmer deciding whether to work in his/her own field, the
determ nation of an appropriate re-entry interval hinges on the choice of a
tradeof f between risks to hunman health and safety, on the one hand, and the
econom ¢ | osses induced by regulation on the other.

For the sake of sinplicity, we concentrate on the problem of re-entry
regul ations affecting an individual farner’s harvest of a perishable crop
(fruits, vegetables), the kind of crop to which this formof regulation is
applied nost often. W assune that benefits B are restricted to farmprofits,
which are a function of pesticide use Z, itself a function of the re-entry
interval T. W assune also that the farner applies the pesticide at a standard
application rate and focus on the determination of the timng of the application

Assune that there is a time t, representing the earliest date at which the
crop can be harvested; prior to t,, the crop will be immature and hence not
harvestable.  Assune also that after to, the value of the crop declines because
of decreased quality or because of price decreases due to seasonal increases in
aggregate production, so that the farner’'s revenue i s maxinzed by harvesting
at to. Formally, this inplies a revenue function R(t) such that R(ty) - max
(R(t)) - R*, and, letting subscripts denote derivatives, R, < 0 and R,, = 0 for
t >ty,. Production costs, including pesticide materials and application costs,
will be assumed to be constant and will thus be ignored

Now assune that a pest appears at a time t, shortly prior to the optim
harvest time to. If left untreated, the pest will danage a proportion of the
crop which will then be unsal abl e. The larger the pest population is, the
greater the level of damage will be. This damage can be avoided by treating the
crop with a pesticide. To sinplify matters, assume that only a single standard

treatment is available at a negligible cost. If the farmer treats the crop



I mredi ately upon arrival of the pest, i.e. , chooses a treatnent tine ¢, - t,, the
pest will be effectively eradicated and damage W || be essentially reduced to
zero. If, on the other hand, the farmer treats the crop before the pest arrives
(tg < t,), the pesticide will decay; its effectiveness will be reduced by the
time the pest arrives and the farmer will sustain sonme crop losses. The |onger
is the interval between treatment and the arrival of the pest, the greater wll
be the decay of the pesticide and the damage caused by the pest.

These characteristics can be represented formally by letting the proportion
of the crop danmaged by a pest popul ation of size k be a function g(k,t, - t,),
where t, - t, represents the tine el apsed between treatnent and the arrival of
the pest. The preceding discussion suggests that g > 0, g > 0 and g(k,0) = 0
Pesticide decay curves are typically convex, so that one woul d expect get = 0 as
wel |

There are two types of treatnent strategies available to farmers: a
reactive strategy of applying pesticides upon the arrival of the pest, and a
prophyl actic or preventive strategy of applying pesticides in anticipation of
a pest problem  The reactive pest nmanagement strategy wll maxinize profits
whenever it is feasible, which inplies an optiml choice of t, = t, whenever T
<ty - t,. If the re-entry period T is sufficiently long, however (specifically
T>¢ty, - t,), following the reactive treatment plan may force the farmer to delay
the harvest and thereby |ose revenue. In this case the farmer faces a tradeoff
between | o0sing revenue from crop danage and | osing revenue from harvesting
del ays. Under sone conditions, it may become optimal for the farner to adopt
a prophylactic treatnent strategy. Wile this practice has been nuch naligned
in the pest managenment literature, rigidities is scheduling such as those inposed

by re-entry regulation may make it desirable for farnmers



Sone casual enpirical evidence supports the notion that re-entry intervals
actual ly provide a notivation for prophylactic treatnment strategies. In Oregon,
plum growers expecting to need to use parathion for end-of-season codling noth
control typically apply the chenmical 14 days -- the length of the pre-harvest
interval -- prior to the projected harvest date, regardless of whether the pest
is in evidence.

It should be clear that the farmer will never treat any earlier than needed
to be able to harvest at time ¢, i.e. , that ¢, =2¢, - T; treating any earlier
than ¢, - T would inply accepting greater damage in return for no gain in revenue
and is thus less profitable than treating at ¢, - T. It should also be evident
that the farmer will always harvest the crop as soon as possible, that is, at
| east as soon as the re-entry period has ended. |f the re-entry constraint is
non-binding, then the harvest time will be t,. |f the re-entry constraint is
binding, then the harvest will occur T periods after the treatnment tineg;
normal i zed (wthout |oss of generality) to fit the revenue curve R This can
be witten tg + T - ¢t,.

The pesticide use patterns adopted and revenues earned by the farner thus
depend critically on whether or not the re-entry interval constitutes a binding
constraint. If it does not, then a reactive treatnent strategy is always
optimal, &, - t,, the crop will be harvested at t, and revenue will be R*. If
it does, the farmer will face a tradeoff between crop damage and decreased
revenue. The optimal pest management strategy will be determned by the choice

of a treatnent tine t, which nmaxinizes realized revenue, given by:
(3) [1- gk, t, - t)JR(e, + T - ty)

subject to the constraint:



(4) tg- T =ty =< t,.

Because the convexity of the pesticide decay function nakes the danage
function g(k,t, - t;) convex, the realized revenue function (3) will be convex
unless R is quite strongly concave. Thus , the optinal treatment plan nust be
anal yzed according to two cases.

Case 1. The nost likely case is that realized revenue (3) will be convex,

so that the optinmal treatnent time will be either the maxi mum or m nimum possible

time, that is, either ¢, or ¢ -T. In essence, or course, this constitutes a
choice between reactive (¢, = t,) and prophylactic (t, - t, - T) treatnents. The
farmer will choose the one which gives the greatest profit. |If ¢, - ¢t,, there

will be no damage (g = 0) but the farmer will have to wait until ¢, + T - t5to
harvest and will thus realize a revenue of R(t, + T - tg). If €5 - t5 - T, there
wll be damage g(k,t, + T - ¢t4); the farnmer will harvest at t, and thus realize
arevenue [1 - g(k,t, + T - ) ]R*. |f the difference between these two realized

revenues,
(5) V=rR(t, +T - tg) - [1- g(k, tg + T - tg)]R*

is positive, the farmer will adopt the reactive strategy and treat at t,. If it
s negative, the farmer will adopt the prophylactic strategy and treat at t, -
T. An increase in the size of the pest population k will increase V and thereby
make the farmer nore likely to adopt a reactive strategy. An increase in the
re-entry interval T, though, will increase Vonly if the marginal increase in
the proportion of the crop danaged by treating earlier (g.,) is less than the
margi nal increase in the proportion of revenue lost by treating |ater (Rt/Ri).

Thus , if g, > R,/R*, an increase in T will make the farmer more likely to adopt



a prophylactic strategy. An increase in the internal between the arrival of the

pest and the optimal harvest data, that is, in ¢t - t,, wll, of course, have

precisely the opposite effect of an increase in the re-entry interval T.
Case 2: If the revenue function R( ) is sufficiently concave to nake
real i zed revenue (3) concave, the profit-maximzation problem will have an

interior solution defined by:
(6) g.R+ (1 - g)R, =0
with sufficiency assured by:

(7) Q=g R+ (1 - g)R,, =0

which holds by assunption. It is readily apparent that an increase in the re-
entry interval will lead the farmer to treat earlier (dt,/dT - -[R, g, +

(1 - g)R.l/Q ¢ 0), thereby accentuating the tendency toward prophylactic
treatment. If, as one would expect, the increase in damage from treating earlier
is greater for larger pest populations than for smaller ones (i.e. , gy = O, an
increase in the pest population size will induce the farmer to treat |ater
(dty/dk = - [ g R- g R, ] /Q> 0), thereby reducing the tendency toward
prophylactic treatnent. As before, an increase int, - t, Will have the opposite

effect of a increase in T.

[1l. Pesticide Use in Apple Production

Consi der the case of re-entry regulation of organophosphate insecticides
used to protect apple crops frominfestations of codling noth |arvae from noth
flights shortly prior to harvest. The yield and quality of the apples is assuned

to increase up until the maturity date ty, which is the earliest date at which



the crops nay be harvested. After ty, yield and quality will remain constant
for a considerable length of time. However, the price the farmer receives for
the crop will decline as time passes because the aggregate supply of apples will
increase as producers in other regions harvest and market their crops. This
price decline will continue until the price of apples for fresh consunption
equals the price for processing uses, at which point the price will remain
constant. An analysis of the intraseasonal trends in farmlevel apple prices
in three mgjor producing states (Washington, Mchigan, California) indicated that
this price decline is convex and could be represented well by an exponential
tune. Thus , the price received by a grower harvesting a full crop at tine t
zty 1S Rrexp(-a(t - tg)).

The threat posed by a late-season flight of codling moths consists of an
infestation of larvae in the fruit, i.e., of worny apples. This threat can be
all eviated by using organophosphates to kill the noths before they lay eggs.

“Standard doses of these pesticides are typically applied; wthout |oss of
generality, normalize this standard dose to unity. Pesticide decay rates are
typically nodel ed as exponential curves, so that the proportion of the pest
popul ation killed by a treatment applied at t, i s exp{-b(t, - t,) and the
proportion surviving is 1 - exp(-b(t, - t,))}. Assune that all infested fruit is
unsal able and that the proportion of the crop damaged is proportional to
survivorship. Letting k represent the proportion of the crop damaged by a noth
popul ation of standard size, the damage function g(k,t, - t,) Will be in this
case k[l - e{-b(t, - t.)}].

The realized revenue function (3) in this case will thus be:

(8) R = R* exp({-a(ty + T - tg)} (1 - k[l - exp(-b(t, - t4)})
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which is obviously convex. The difference in profit between treating at t,

and treating at t, is thus
(7) V = R¥exp{-a(t, + T- tg)} - R¥(1 - k[l-exp{-(t, + T - ty)}]).
which will be positive whenever

k> [1 - exp{-alt, + T - tg))]1/[1 - exp(-b(t, + T - tg)}] = k,

and negative whenever k < k.. The optinmal treatnment strategy is thus:

t , k>k
9) t =4° ¢
s €, -t k<k

In addition to the conparative static results fromthe general case it is
straightforward to show that the faster the price declines over the season, the
more likely the farmer is to adopt a prophylactic strategy (dv/ da < 0) and that
the faster the pesticide decays, the nore likely the farmer is to adopt a
reactive strategy (dv/db > 0).

To provide a enpirical mechanism for evaluating the inpact of re-entry
regul ation of pre-harvest use of parathion on apples in three main US. producing
states (Washington, California, Mchigan), the nodel was paraneterized as
fol | ows. A regression of weekly data on farmlevel prices received in
Washi ngton, California and Mchigan over the period 1971-1980 on a tine trend
and dummies to control for differences among years and states yielded an estimate
of the revenue decay paraneter a = 0.0024. According to Johannes Joost
California extension specialist on apples, the maxinmum price received in 1984
was about $300/ton, which, at a yield of 10 tons/acre, suggests a maximum revenue

of $150,000 for a 50-acre block. The regression analysis suggested that price

11



level s in Mchigan and \Washington were about 17 percent and 32 percent above that
of California, however, because M chigan harvests about 4 weeks after California
and Washington, 2 weeks, the maxinumprice in these states should be 9.8 percent
and 28.2 percent higher than California, respectively, giving estimtes of about
$165, 000 per 50-acre block in Mchigan and $192,000 per 50-acre block in
Washington. An estinate of the parathion decay paraneter b = 0.8 was taken from
Spear et al. ‘s (1975a) study. of parathion decay in California citrus orchards;
exam nation of parathion decay data on Washington apples (Staiff et al. (1975))
indicated that the decay patterns in the two cases were essentially identical
Conversations with farmadvisors indicated that, if left untreated, a codling
moth infestation caused by a popul ation of nornal size would damage about 10
percent of the crop; thus, k was given a value of 0.10. Cal cul ation of the
damage threshol d for prophylactic spraying over the range of reasonable re-entry
periods, k., resulted in values ranging from.009 to .065, all well below k;
thus, it appears that reactive treatment will always be optimal. In fact, apple
prices would have to fall 2-10 times nore rapidly before prophylactic treatnent

woul d becone desirabl e.

V. Residue Poisoning From Parathion Exposure Among Apple Harvesters

The risk of clinical illness in workers as a result of exposure to residues
of parathion applied to apples at various |ocations was nodel | ed according to
the overall schene laid out by Popendorf and Leffingwell (1982). In essence,
the pesticide is applied, a decay process takes place in which some of the
parathion is converted to the oxygen anal og, paraoxon, and exposure takes place
days or weeks later when crews enter the field to harvest the crop. If clinica

illness results, it is usually due to a dernally absorbed dose of paraoxon.
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There is considerable information available to quantify the various steps in this
process but very limted data on clinatol ogical effects on the decay process
i tself.

The characterization of the residue decay process follows that of Spear
et al. (1975a) and Popendorf and Leffingwell (1978). In both cases, the
di sl odgeabl e foliar residues of parathion and paraoxon are described by |inear
ordinary differential equations. The parameterization of these nodels utilized
data obtained fromcitrus crops, but limted data on apples suggests a simlar
decay pattern (Staiff et al. (1975)). The sinplified form of the nodel used here
describes the residue relevant to worker hazard from day three post-application
onwards. After day three the parathion residue has decayed to the point where
the hazard to workers depends al nost entirely on the paraoxon residue (Spear
(1975b)).

The form of the nodel is:
(10a) dx/dt = -bx
(10b) dr/dt = cx - qr

where parathion residue is denoted by x and the paraoxon residue by r. The units

are in ng/ecm®. The solution to this set of equations is:
(1la) =x(t) = x4 exp(-bt)
(11b) «r(t) = (cxo/b + q) [exp{-qt) - exp{-bt}]
where t is the time post-application in days
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There are, then, four paraneters required to solve for r(t), the paraoxon
residue, b, ¢, g, and the initial condition X¢- The first three paraneters are
weat her dependent whereas the |ast depends on the application rates and pre-
existing levels of foliar dust on the trees. Ngg et al. (1978) have studied
the effect of weather variables on the parathion decay process and have concl uded
that rainfall and |eaf wetness from other sources are the primary determ nants
of the rate of residue disappearance after the period imedi ately post
appl i cation. Hence, climatol ogical variability was nodel ed by assum ng that
the decay paraneters, b, ¢, and ¢q, are the same for all three regions but that
t he paraoxon residue is dimnished as an exponential function of the cumulative
rainfall during the decay period. Under these assunptions the rainfall-nodified

paraoxon residue at entry time T is given by:
(12) r'(T) = r(T) exp({-.291CR)

where CRis the cumulative rainfall during the period (O T). A one inch rainfal
| eads to a dimnution of the residue by 25 percent and a two inch rainfall a 44
percent decline. These predictions are nore or |less consistent with the data
presented by Qunther et al. (1977).

Estimates of the parameters b, ¢ and d are avail able from Popendorf and
Leffingwel |l (1978). Also, the initial condition, %, was estimated fromtheir
data by regressing their paraneter a, against the applied anount in pounds of

active ingredient per acre (AlA). The resulting expression is:
(13) x, = 1690(AIA) 3% ng/cm?

The val ues used for the other paraneters are b - 0.8, ¢ = 0.08 and q = 0.05.

Fol | owing the procedure detailed by Popendorf and Leffingwell (1982) the
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dermal dose in ny/kg is related to the paraoxon residue by the expression
kqr'(t)t, Where t, is the exposure time in hours and ky a constant determ ned
enpirically and set equal to 9.0 as observed in citrus crops. The exposure tine
is taken to be an eight hour shift. For a single organophosphate the relation
between dermal dose and fractional inhibition of red blood cell cholinesterase

(RBCD) is given by:
(14) RBCD = 1 - exp{-w,D/LD,)

where, for paraoxon, the dermal LD, is 1.0 and w, equals to 6.0, mdway in the
reported range of 4.7 to 7.3. Al menbers of a work crew are assuned to be
exposed to the same residue environment which is further assumed to result in
the same cholinesterase depression. Individual variability is nodeled only in
the relationship between cholinesterase depression and clinical illness

The relationship between cholinesterase depression and clinical signs and
synptoms of poisoning was model ed by assuning the probability of illness depended

on the degree of cholinesterase depression according to the expression:
(15) P = 1/[1 + exp(w,; + w, RBCD}]

where w,; and w, were based on clinical experience and values reported in the
nmedical literature (Mdtling et al. (1985), MIlby (1988)). Two sets of
paranmeters were used, one relating to nmild illness and the other to severe
illness. The probability of illness relates to each nember of the crew at the

end of one eight-hour day and not to exposures cumul ated over several days.

V. Profit-Health Tradeoffs in Re-Entry Regulation

The nodels presented in the two preceding sections can be used to evaluate
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the inpact of re-entry regulations on apple growers’ revenues and apple
harvesters’ safety. The analysis was conducted under the assunptions that a
flight of coddling moths arrives four days before the optimal harvest date t,
(i.e., tg- t, - 4), that parathion is applied at a rate of 2.0 pounds of active
i ngredient per acre, and that, as is typical, the crop produced on a 50-acre
bl ock will be harvested in one day by a crew of 500 (10 workers per acre).

Losses in growers’ revenues were conpared to the risk of severe and mld
poi soning to each individual worker. Rainfall levels of 0, 0.5, 1, 1.5, and 2
inches during the re-entry period were used to take into account the differences
in weather conditions encountered in the different regions under investigation:

California receives virtually no rainfall during the harvest period, Washington
receives an average of 0.5 inches and M chigan receives an average of 1.5 inches
under normal conditions.

Table 1 shows the expected nunbers of severe and mld parathion poison
cases under California, Washington and M chigan conditions, plus the fraction
of revenue |ost due to harvest delays. The risk of poisoning is clearly non-
negligible: Wth a pre-harvest interval of four days or less, there will be an
average of 2.5 severe cases and 43 mld cases under California conditions, 1.6
severe and 29 mld cases under Washington conditions and 0.8 severe and 15 mld
cases under Mchigan conditions. (At any given time, there will be alnost 19
times as many mld as severe cases.) Each additional day entry is prohibited
reduces the nunber of nmild and severe cases by about 13 percent, while each
addi tional inch of rainfall reduces themby about 75 percent. Even so, the risk
of poisoning remains non-negligible for a relatively Iengthy period of tine:
If re-entry is prohibited for as much as 2 weeks, there will still be an average

of one severe poisoning incident for roughly every 2 50-acre bl ocks harvested
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in California, one severe incident for every 3 50-acre bl ocks harvested in
Washi ngton and one severe incident for every 4 50-acre bl ocks harvested in
M chi gan.

At the same tine, the losses inposed by re-entry regulation can be
consi derabl e. Each additional day’s delay in harvesting reduces total revenue
by about 0.24 percent, corresponding to $360 per 50-acre block in California
$460 per 50-acre block in Washington and $395 per 50-acre block in M chigan.
By way of contrast, total harvesting |abor costs amount to about $425 per 50-
acre. block in Wshington (H nman, Tukey and Hunter). A pre-harvest internal of
2 weeks would result in a revenue loss on the order of 2.5 percent; since profit
mar gi ns in \Washi ngton appl e production range from3 to 10 percent (H nman, Tukey
and Hunter), such a loss would represent a sizable fraction of net incone.

The optimal pre-harvest interval in each state (assum ng equal social
wel fare weights on farners’ incomes and workers’ health) is deternined by
equating the marginal cost of additional harvest delays in terns of revenue | ost
with the marginal benefits associated with reductions in the number of poisoning
incidents. For illustrative purposes, we calculated these optimal pre-harvest
intervals under the conservative assunptions that benefits were restricted to
average avoided costs, that is, to the average costs of hospitalization plus
average |ost wages. This ignores |ong-termlosses due to chronic neurotoxic
effects, the value of the disutility of suffering poisoning, |osses caused by
additional risks to consuners from residues renmaining at the tine of ingestion
and so on.

A typical severe parathion poisoning case typically requires 3 days of
hospitalization, wth the first day spent in intensive care, followed by two

weeks of recovery, i.e., lost work time. Assuning average costs of $1200 per
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day for intensive care and $500 per day for a standard hospital bed inplies tota
hospitalization costs of $2200. Assuming an average wage of $10 per hour for
an 8-hour day inplies total |ost wages of $800, for a total cost of $3000 per
severe case (Becker (1988)).

A typical mld case requires no hospitalization; medical care wll
typically cost about $40 per case and there will generally be 2 days of |ost work
time, for a total cost of $200 per case (Becker (1988)).

Figures 1, 2 and 3 show the respective marginal costs and narginal benefits
from severe and all poisoning cases associated with different pre-harvest
intervals in California, Wshington and Mchigan. The optinal pre-harvest
intervals are 15 days in California, 12 days in Washington and 9 days in
M chi gan. Current EPA regulations require 14 days regardl ess of rainfall
conditions for applications of parathion on apples such as the one considered
here. Interestingly, the current pre-harvest interval is quite close to the
optimal levels calculated here, although our calculations suggest the
desirability of greater conservatism under California conditions and |ess
conservati smunder M chigan conditions. They al so suggest that, as long as |oca
rainfall can be nonitored effectively, the sane levels of safety inplicit in the
14-day pre-harvest interval can be achieved at |ower cost by naking the pre-
harvest interval dependent on rainfall. For exanple, lowering the pre-harvest
interval from14 to 9 days when there have been 2 inches of rain would cut the
| osses suffered by Mchigan apple growers by $1944 per 50-acre bl ock, almost 50
percent, while lowering it from 14 days to 12 days when there have been 0.5
inches of rain would cut the losses suffered by Washington growers by $904 per

50-acre block, alnost 20 percent.
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VI.. Concl usi ons

Public authorities frequently use quarantines to ensure public safety by
renmovi ng peopl e from hazardous situations either in tinme or space. Individuals
may pursue simlar strategies to enhance their own safety in dealing with
hazards. This paper devel ops a nethodol ogy for assessing the tradeoffs between
productivity or utility losses fromthis type of regulation and reductions in
risk of disease, accident or illness and applies it to the case of re-entry
regulation in pesticides. We show that this formof regulation provides a
rational incentive for prophylactic applications of pesticides, a practice that
has been nuch maligned in the pesticide literature. In an enpirical evaluation
of pre-harvest intervals for parathion used on apples, we demonstrate that the
tradeoffs involved are quite substantial, that the optinmal pre-harvest intervals
inplied by rather conservative benefits estimates are quite close to those
actually set by the Environnental Protection Agency, and that the sane |evel of
worker safety as that inplicitly targeted by EPA can be achieved at |ower cost
by making pre-harvest intervals dependent on rainfall

In order to focus on the main issues in deriving tradeoffs from quarantine
paraneter choices, the nodel used here is partial and rather stylized. Qbvious
i mprovements include incorporating considerations such as: pest population
dynam cs and intraseasonal effects; general equilibrium effects of re-entry
regulation on prices and the distribution of production; choice of anounts of
pesticides and harvest crew size as well as time of application; the influence
of stochastic factors such as weather and size and time of arrival of pest
popul ati ons; and uncertainties about residue decay, dermal absorption
chol i nesterase depression and clinical response. The results we obtain, however

strongly suggest that nore elaborate nodeling of re-entry regulation and other
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forms of quarantine is well worthwhile.

Further research along these lines is especially necessary because
environmental and occupational health problems such as the one addressed here
are a growi ng policy concern. Wil e policy advice has been nonopolized by
natural scientists until recently, recognition of the fact that absolute safety
is often unattainable has led to an appreciation of the inportance of eval uating
tradeoffs between’ enhanced safety and other social goals. A key problemis that
t horough tradeoff assessments require close interdisciplinary cooperation in
modeling a full spectrum of econom ¢, physical and biological processes beginning
with production and termnating in risks to health.® Wiile the difficulties of
organi zing such interdisciplinary cooperation have meant that this sort of
nodel ing has been performed only seldomin the past, hopefully the work reported

here will denonstrate the feasibility and inportance of pursuing it.
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VIl . Foot not es

! Wil e econom sts have studied the Iinks between pollution and health (as in
the volumnous literature on air pollution and health initiated by Lave and

Seskin) and between production and pollution (see for exanple, Anderson

Opal uch and Sullivan), to our know edge none have nodeled the entire path from

production to pollution to health.
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