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Abstract
Pesticide use reduces the variation in crop yields at the
expense of potentially negative consequences to farmers
and their family members. This article examines the
trade-off between decreasing production risk and
increasing health ambiguity because of pesticide use. We
find that under ambiguity, pesticide application
decreases the variation in health outcomes, whereas
under risk, it decreases the expected value of health out-
comes. Health insurance protects health from the pesti-
cide damage but not from the ambiguity effect of
pesticide application, and the optimal choice of pesticide
application does not depend on the farmer’s health pref-
erences over risk or ambiguity. However, in the absence
of health insurance, ambiguity can increase or decrease
the optimal choice of pesticide compared to the risk case.
This suggests that public policies around pesticide usage
should be designed to reflect and account for the multi-
tude of behavioral responses in the presence of ambiguity
and risk.
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1 | INTRODUCTION

In general, risk averse agents prefer to reduce risk at the expense of lower expected returns. However,
examples abound where, rather than trading risk for expected returns, agents make decisions based
on trade-offs between returns and health outcomes. A prevalent example from agriculture is
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pesticide use. The use of pesticide reduces the variation in crop yields at the expense of potentially
negative health effects due to higher concentration of chemicals.

Although there is an extensive literature on the specification of technologies containing damage-
control inputs and the role of risk involving pesticides (Carrasco-Tauber & Moffit, 1992; Chambers
et al., 2010; Chambers & Lichtenberg, 1994; Fox & Weersink, 1995; Lansink & Carpentier, 2008;
Lansink & Silva, 2004; Lichtenberg & Zilberman, 1986; Norwood & Marra, 2003; Saha et al., 1997;
Wechsler & Smith, 2018), there is a lack of consensus regarding the size and direction of health
effects associated with pesticide use.

The epidemiological literature has found evidence that exposure to pesticides is correlated with a
variety of health issues including, but not limited to, depression (Beseler et al., 2008), increased risk
of cancer (Alavanja et al., 2004; Engel et al., 2005; Fleming et al., 2003; Flower et al., 2004), chronic
bronchitis (Hoppin et al., 2007; Ye et al., 2013), adverse birth outcomes (Larsen et al., 2017; Shirangi
et al., 2011), and increased risk of neurologic dysfunction (Alavanja et al., 2004; Li et al., 2014)
among farmers and their family members (Kamel et al., 2000; Kirrane et al., 2005). However, inade-
quate assessment of pesticide exposure due to methodological and ethical constraints is a major limi-
tation of pesticide epidemiology and a source of scientific ambiguity regarding the health effects of
pesticide (Alavanja et al., 2004; Larsen et al., 2017; Shirangi et al., 2011).1 Moreover, the opposing
stances taken by the World Health Organization and the Environmental Protection Agency regard-
ing the risk of cancer associated with glyphosates have brought the issue of pesticide use back into
the limelight and amplified the ambiguity surrounding their health effects (Environmental Protec-
tion Agency [EPA], 2019; WHO, 2015). The lack of an official consensus regarding the implications
of pesticide use for human health suggests these effects may be perceived by farmers as ambiguous
in the sense of Gilboa and Schmeidler (1989).

This article explores the trade-off between production risk and health ambiguity in the case of
pesticide use. Pesticide use can be viewed as a form of crop insurance because farmers benefit from
pesticide protection only if one of the “pest” infestation states is selected by nature. However, inde-
pendent of the pest infestation, once pesticides are applied, the farmer also “buys” into a health lot-
tery, where in some states of nature, health outcomes decrease. Hence, there is a trade-off between
decreasing production risk and increasing health ambiguity.

Our analysis of farmers’ optimal choice of pesticide application and its subsequent health effects
in the presence of ambiguity is motivated by two considerations. First, the need to understand the
role played by ambiguity in farmers’ decisions is recognized as one of the challenges of current
research in agricultural economics (Chavas et al., 2010). However, as far as we are aware, to date,
only a few studies have dealt with ambiguity in agricultural economics, and they are largely confined
to applications outside pesticide usage. Among these, ambiguity has been analyzed in the context of
agricultural technology adoption (Barham et al., 2014; Warnick et al., 2011), environment externali-
ties and climate change (Alpizar et al., 2011; Chambers & Melkonyan, 2017; Cheve & Congar, 2000),
food safety (Chambers & Melkonyan, 2007, 2013; Melkonyan & Schubert, 2009), and structural esti-
mation of farmers’ ambiguity preferences (Bougherara et al., 2017). Two notable exceptions are Hou
et al. (2020) and Couture et al. (2018). Using experimental data, Hou et al. (2020) find that ambigu-
ity measures are more appropriate than risk measures in describing farmer’s behavior because the
probability distribution over the consequences of pesticide use are unknown to farmers. Couture
et al. (2018) investigate the impact of information in reducing the ambiguity of pesticide use.

Second, we contribute to the pesticide literature by providing a conceptualized model of farmers’
production and health behavior in the presence of risk and ambiguity. In doing so, we connect the
epidemiological literature concerning the pesticide effects with the pesticide production literature. It

1For example, reviews of the epidemiological literature found evidence supporting an association between pesticide exposure and human cancer
but failed to identify a causal relation between the two (Alavanja et al., 2004). Some of the reasons are the lack of high-quality evidence from
epidemiologic studies (e.g., sample size, confounding effects due to application of multiple chemicals by farmers, lack of randomize control
trials) and ambiguity regarding extrapolating animal bioassay data to humans or validity of biologic markers of exposure (Alavanja et al., 2004;
Larsen et al., 2017).
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has been recognized that farmers face a trade-off between health during pesticide application and
the pressure to produce. For example, Perry and Bloom (1998), following a qualitative investigation
of pesticide usage by farmers in Wisconsin, conclude that “it is the immediacy of farm sustainability
that impacts directly on health attitudes and perceptions, as though health is another farm commod-
ity, and therefore is potentially expendable.” Hence, casting the choice of pesticide application as a
trade-off between production gains and health losses under risk and ambiguity, respectively, may
help inform and design the public policy. We show that farmers’ choices under risk differ from those
under ambiguity, hence sound public policy designed to alleviate the negative health effects of pesti-
cides must be informed and account for the difference in farmer’s beliefs. This may help explain
why, although farmers are aware of the hazard impose by pesticides, their perceptions of relative
hazard differ from those of WHO even after controlling for age, education, and farm size
(Devi, 2009; Pingali & Roger, 1995).

Analyzing farmer’s optimal pesticide choices in the presence of production risk and health ambi-
guity provides insights that may help guide and inform policy in the area of pesticide externalities.
This is further supported by the fact that most U.S. farms are family run (ERS, 2006), and most pes-
ticide users are farmers (Wilson & Tisdell, 2001). Hence, although the health externality associated
with pesticide use is important (Harper & Zilberman, 1989; Paul et al., 2002; Perry &
Moschini, 2020; Pimentel et al., 1992; Pimentel & Burges, 2014; Tilman et al., 2002; Wilson &
Tisdell, 2001), this article investigates the private, rather than the social, optimal choice of pesticide
among farmers.

We propose a two-period state contingent model where a rational farmer maximizes expected
utility over consumption and maxmin expected utility over health. We find that under ambiguity,
pesticide application decreases the absolute health risk (i.e., the gap between health outcomes),
whereas under risk, it decreases the expected value of health outcomes. Health insurance insulates
health outcomes from the pesticide damage but not from the ambiguity effect of pesticide applica-
tion. Under risk, health insurance uptake increases, whereas under ambiguity the uptake can increase
or decrease compared to the insurance uptake under risk. In the presence of health insurance, the
optimal choice of pesticide application does not depend on the farmer’s health preferences over risk
or ambiguity. However, in the absence of health insurance, ambiguity can increase or decrease the
optimal choice of pesticide compared to the risk case. Expected consumption increases under pesti-
cide application, but the effect on the absolute consumption risk (the gap between state contingent
consumptions) is undetermined.

The article is structured as follows. The model is introduced in the first section. The second and
third sections present the production and health effects of pesticide usage. A comparison of ambigu-
ity and risk effects on health outcomes is performed in the fourth section. A fifth section concludes
the article.

2 | THE MODEL

In this setup, a competitive farmer facing a stochastic technology and health insurance optimizes her
consumption, health, and production choices over two periods. The first period, 0, is certain,
whereas the second period, 1, is uncertain. Uncertainty over the second period is represented by a
finite set of states Ω�Λ�Θ, where Λ is the set of consumption states, and Θ is the set of health
states. In the terminology of decision theory, states represent complete and mutually exclusive
descriptions of the world. Table 1 illustrates the set Ω, where for simplicity Λ¼ 1,2,… ,Sf g and
Θ¼ 1,2,… ,Tf g, and the numbers can be thought of as indexing mutually exclusive descriptions of
consumption and health, respectively. For example, an intuitive interpretation of the states in Ω, for
illustrative purposes say states (1,1) and (2,1), can be (“bad weather conditions for agriculture,” “par-
ticles bearing strong winds”) and (“slightly better weather conditions for agriculture,” “particles
bearing strong winds”), respectively. Uncertainty is resolved by an unbiased entity, nature, choosing
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from Ω. The state choice is revealed after the farmer makes all the relevant consumption, health, and
production decisions, hence the uncertainty.

In the first period consumption is denoted by q0 ∈ Rþþ, whereas the second period
consumption–health bundle is denoted by q,hð Þ, where q ∈ RΛ

þþ represents consumption resulting
from productive activities (i.e., agricultural production), and h ∈ RΘ

þþ represents stochastic health
outcomes. To keep the analysis simple, we assume that q and h are two dimensional vectors (that is,
jΛ j¼ 2 and jΘ j¼ 2, hence jΩ j¼ 4).

The farmer is competitive and takes the input prices, w ∈ RN
þþ, and output price,

p¼ p1,p2
� �

∈ RΛ
þþ, as given.2 To preserve simplicity, we assume p1 ¼ p2 and normalized the

remaining prices by the output price.3 In the first period, the farmer starts with initial wealth endow-
ments ω0 > 0 and chooses the optimal levels of stochastic period 1 output z¼ z1,z2ð Þ ∈ RΛ

þ, pesticide
δ ∈ Rþ, and the first and second period consumption and health, q0, q¼ q1,q2

� �
and h¼ h1,h2ð Þ, by

making the appropriate agricultural and health production decisions.
Production is characterized by a stochastic technology. More formally, technology is represented

by an input correspondence X :RΩ
þ !RN

þ which maps state-contingent outputs and health outcomes
into inputs sets capable of producing them. Specifically, the technology is defined as X z,hð Þ¼
x ∈ RN

þ x can produce z,hð Þ ∈ RΩ
þ

�� ��
where x ∈ RN

þ are inputs. The period 0 cost function associ-
ated with this technology is c w,z1,z2,h1,h2ð Þ¼minx wx : x ∈ X z,hð Þf g. This cost function is an
extension of Chambers and Quiggin’s (2000, 2001) cost function and is assumed convex in both z
and h.4

With probability πq, nature selects the consumption state where the pest affects the agricultural
yields. Ex-ante the farmer can choose to apply pesticide δ ∈ Rþ in order to protect against the yield
loss. Applying pesticide has two effects. First, δ increases the yield in the “pest” consumption state
by f δð Þ for a state contingent output equal to z1f δð Þ, where z1 is the state contingent agricultural
output when δ¼ 0, and f δð Þ is a smooth and concave production function of δ with f δð Þ > 1 for a
positive δ. The pesticide application has no effect on the output in the “no pest” consumption state.

Second, the pesticide δ reduces the health output from h1 to h1g δð Þ, where h1 is the health out-
come corresponding to the “pesticide damage” health state when δ¼ 0, and g δð Þ is a convex damage
function of δ with g δð Þ < 1 for a positive δ. In the absence of pesticide application, δ¼ 0, nature
chooses the health state corresponding to h1 with probability πh and h2 with probability 1�πh,
reflecting the risk embedded in health outcomes. Once the pesticide is applied, δ > 0, the farmer’s
perception of nature’s choice becomes ambiguous. That is, the farmer’s beliefs about the first health
state in Θ are characterized by a closed probability interval πl,πu½ �⊆ 0,1½ � rather than just πh as
before. Instead of a single probability measure, the farmer associates multiple probability measures
with the set of health states Θ.

T A B L E 1 Description of the states set Ω

ΛnΘ 1 2 … T

1 (1,1) (1,2) … (1,T)

2 (2,1) (2,2) … (2,T)

..

. ..
. ..

. … ..
.

S (S,1) (S,2) … (S,T)

2Vectors are written in column format. For example, p¼ p1,p2
� �

is a column vector, whereas pT ¼ p1,p2
� �T

is a row vector.
3We are grateful to an anonymous reviewer for suggesting this simplification.
4Our approach to modeling health decisions follows the same rationale as the “pool player” analogy that is part of Milton Friedman’s rationale
for modeling the behavior of economic agents (consumers, producers, etc.) as the optimization of some objective function. As in the case of the
pool player in Milton Friedman’s analogy, we do not believe that farmers act in the selection of their health outcomes the same way they do in
the selection of, say, their stochastic agricultural outcome, but as long as our assumptions help explain and predict their health behavior, these
assumptions are useful.
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Finally, the farmer can purchase health insurance coverage γ ∈ Rþ for the period 0 price
vh ∈ Rþþ, where the insurance is represented by the functional

I¼ I11h1g δð Þ≤ h,I21h2 ≤ hÞ
� � ð1Þ

1h1 ≤ h2 is an indicator function, which equals 1 if h1g δð Þ≤ h and 0 otherwise, 1h2 ≤ h equals 1 if h2 ≤ h
and 0 otherwise, and h is a health threshold.5

Farmer’s preferences over consumption have the expected utility form and her preferences over
health have Gilboa and Schmeidler (1989) maxmin expected utility (MEU) form.6 Preferences over
consumption and health are represented by the functional

W q0,q,
eh� �

¼max
q0,q,

eh q0þβqEπq u qð Þ½ �þβh min
π ∈ πl ,πu½ �

Eπ v eh� �h in o	 

ð2Þ

where u(�) and v(�) are smooth, strictly increasing and strictly concave functions, βr and βh are discount fac-
tors, and eh¼ðeh1,eh2Þ. A MEU farmer reacts to ambiguity by evaluating every stochastic health out-
come using the probability distribution that yields the lowest expected utility among all probability
distributions from the probability interval πl,πu½ �. Thus, a MEU farmer exhibits complete pessimism
over each stochastic health outcome (i.e., she believes the worse health outcome has the highest like-
lihood to occur). In addition, to simplifying comparisons with previous work (Chambers, 2007;
Chambers & Melkonyan, 2013), the MEU was chosen because it is a subjectively rational framework
(Gilboa et al., 2010). Subjectively rational implies that a farmer cannot be convinced by others that
her decisions are wrong. The practical consequence is that under MEU, decision makers are more
progressive in adopting damage mitigating policies compared to other type of ambiguity alternatives
such as incomplete expected utility (Chambers & Melkonyan, 2017). As such, MEU provides a lower
bound in terms of health damages and a baseline for other type of ambiguity investigations.

In the first period, the farmer chooses q0 ∈ Rþþ, q¼ q1,q2
� �

∈ R2
þþ, z¼ z1,z2ð Þ ∈ R2

þþ,eh¼ðeh1,eh2Þ ∈ R2
þþ, h¼ h1,h2ð Þ ∈ R2

þþ, γ ∈ Rþ , and δ ∈ Rþ to7

max q0þβqEπq u qð Þ½ �þβh min
π ∈ πl ,πu½ �

Eπ v eh� �h in o	
: ð3Þ

q0 ≤ω0� c w,z1,z2,h1,h2ð Þ� vδδ� vhγ, ð4Þ

q1 ≤ z1f δð Þ, ð5Þ

q2 ≤ z2, ð6Þ

eh1 ≤ h1g δð Þþ γI11h1g δð Þ≤ h, ð7Þ

eh2 ≤ h2þ γI21h2 ≤ h,
o

ð8Þ

5We are grateful to the editor for suggesting this representation of the health insurance.
6Recent studies have shown that prospect theory (PT) may be a better approximation of farmers’ preferences over consumption. We decided on
the expected utility framework for two reasons. First, it provides more conservative results (i.e., our results are strengthened by the PT). Second,
expected utility allows for a natural comparison to the Gilboa and Schmeidler (1989) maxmin expected utility (MEU).
7Alternative specifications for the pesticide damage are available. For example, r1þ f δ,r1=p1

� �
instead of r1f δ,r1=p1

� �
, and h1� g δð Þ instead of

h1g δð Þ. However, the pesticide literature subscribes to a multiplicative function representation of the damage. For consistency with previous
work, we adopted this specification.
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The optimization problem has five constraints: budget constraints for the first and second periods
(inequality (4) and inequalities (5) and (6), respectively), and health constraints (inequalities (7)
and (8)).

The first budget constraint requires period 0 consumption, q0, to be no larger than the difference
between the initial wealth endowment, ω0, and the combined costs of producing the output–health
bundle, c w,z1,z2,h1,h2ð Þ, the cost of purchasing the pesticide, vδδ, and the health insurance cost, vhγ.
The second period budget constraints require the available consumption in each state of nature to be
bounded by the state-contingent agricultural returns, z1f δð Þ and z2, respectively. Similarly, health
outcomes in each state of nature are bounded by the health generated via the stochastic technology,
h1g δð Þ and h2, and health insurance, I11h1g δð Þ≤ h and I21h2 ≤ h. The budget and health constraints are
binding because utility is strictly increasing in consumption and health.

3 | PRODUCTION EFFECTS

In this section, we briefly analyze the production effects of pesticide application.8 The first order con-
ditions for determining the optimal stochastic output z1 and z2 in the presence of pesticide applica-
tion, δ > 0, are

βqπq
∂u q1

� �
∂q1

f δð Þ¼ ∂c w,z1,z2,h1,h2ð Þ
∂z1

ð9Þ

and

βq 1�πq
� � ∂u q2

� �
∂q2

¼ ∂c w,z1,z2,h1,h2ð Þ
∂z2

ð10Þ

respectively, where q1 ¼ z1f δð Þ and q2 ¼ z2 because utility is strictly increasing in consumption. In
9ð Þ and 10ð Þ, the optimal outputs z1 and z2 are determined by equating the marginal cost of produc-
ing z1 and z2, ∂c w,z1,z2,h1,h2ð Þ=∂z1 and ∂c w,z1,z2,h1,h2ð Þ=∂z2, respectively, with the discounted
marginal utility of consumption q1 times the pesticide effect f δð Þ and the discounted marginal utility
of consumption q2, βqπq ∂u=∂q1

� �
f δð Þ and βq 1�πq

� �
∂u=∂q2

� �
, respectively.

To simplify the analysis, no complementarities (substitution) effects between health and produc-
tion outcomes are assumed throughout the paper.9 Denote by z ? δ¼0

1 the optimal output z1 in the
absence of pesticide application and z ? δ > 0

1 the optimal output z1 under pesticide application. Simi-
larly, denote z ? δ¼0

2 and z ? δ > 0
2 . By assumption f δð Þ > 1, and it follows that

βqπq
∂u z ? δ¼0

1

� �
∂q1

f δð Þ > βqπq
∂u z ? δ¼0

1

� �
∂q1

¼ ∂c w,z ? δ¼0
1 ,z2,h1,h2

� �
∂z1

ð11Þ

implying z ? δ > 0
1 f δð Þ > z ? δ¼0

1 (that is, the optimal consumption in the “pest” consumption state
increases under pesticide application). Pesticide application has no effect on expression (10), the first
order condition governing the optimal choice of output z2, and z ? δ > 0

2 ¼ z ? δ¼0
2 ¼ z ?

2 . Hence, pesti-
cide application increases the expected consumption, E qδ > 0ð Þ > E qδ¼0ð Þ, where qδ > 0 ¼ qδ > 01 ,qδ > 02

� �
and qδ¼0 ¼ qδ¼0

1 ,qδ¼0
2

� �
. The farmer’s absolute consumption risk, the gap between q1 and q2

8The case where the farmer has access to financial markets in addition to the stochastic technology is available in the online Appendix S1.
9Formally, no complementarities (substitution) effects require ∂2c=∂h1∂h2 ¼ 0, ∂2c=∂z1∂z2 ¼ 0 and ∂2c=∂hi∂zj ¼ 0, where i, j¼ 1,2) where c
denotes the cost function c w,z1,z2,h1,h2ð Þ). Allowing for complementarities (substitution) does not enrich the analysis in a meaningful way.
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(Bikhchandani et al., 2013), reacts to the pesticide application. If z ?
2 > z ? δ > 0

1 f δð Þþ z ? δ¼0
1

� �
=2, then

the absolute consumption risk decreases under pesticide application compared to no pesticide appli-
cation.10 The opposite is true if z ?

2 < z ? δ > 0
1 f δð Þþ z ? δ¼0

1

� �
=2.

Result 1. Pesticide application increases the expected consumption, E qδ > 0ð Þ > E qδ¼0ð Þ, whereas
the absolute consumption risk decreases if the output in the no-pest consumption state is strictly
greater than the simple mean of the before and after pesticide application outputs in the pest con-
sumption state, z ?

2 > z ? δ > 0
1 f δð Þþ z ? δ¼0

1

� �
=2, and increases if the inequality is reversed.

The pesticide effect on output choice z1 depends on the concavity of the utility function. For
example, z ? δ > 0

1 ¼ z ? δ¼0
1 if

βqπq
∂u z ? δ¼0

1 f δð Þ� �
∂q1

f δð Þ¼ βqπq
∂u z ? δ¼0

1

� �
∂q1

ð12Þ

Although the optimal choices of output z1 and pesticide δ are simultaneously decided by the farmer,
analytically the effect of pesticide on output can be thought of comprising two parts. First, the pesti-
cide scales up the marginal utility of consumption like in 9ð Þ (the utility effect), while decreasing the
marginal utility of consumption due to scaling up the consumption q1 ¼ z1f δð Þ (the consumption
effect). As such, the optimal choice of z1 depends on which of the two effects dominate. For a small
perturbation of pesticide δ in 12ð Þ, the expression becomes

∂2u z ? δ¼0
1 f δð Þ� �
∂q21

z ? δ¼0
1 f δð Þ¼� ∂u z ? δ¼0

1 f δð Þ� �
∂q1

ð13Þ

which can written in the more familiar form of the Arrow-Pratt measure of relative risk aversion

R z ? δ¼0
1 f δð Þ� �¼�z ? δ¼0

1 f δð Þu
00 z ? δ¼0

1 f δð Þ� �
u0 z ? δ¼0

1 f δð Þð Þ ¼ 1 ð14Þ

When R z ? δ¼0
1 f δð Þ� �

< 1, the utility effect dominates the consumption effect and z ? δ > 0
1 > z ? δ¼0

1 ,
whereas the opposite is true when R z ? δ¼0

1 f δð Þ� �
> 1. The advantage of casting the effect of pesticide

on the output z1 in terms of the Arrow-Pratt coefficient of relative risk aversion is that it provides an
accessible testable condition for data oriented investigations.

Result 2. The optimal output in the pest consumption state, z1, increases under pesticide appli-
cation if the pesticide application scales up the marginal utility by more than the scaling up of output
z1 due to pesticide application decreases the marginal utility.

4 | HEALTH EFFECTS

In this section, we analyze the health effects of pesticide application and compare the health effects
of pesticide under ambiguity to the health effects of pesticide under risk. First, we consider the case
when health insurance is triggered in all states of nature, I¼ I1, I2ð Þ. Second, we consider the case

10The proof of this statement is as follows. Because z ? δ > 0
1 f δð Þ > z ? δ¼0

1 , the absolute risk decreases only if z ? δ¼0
1 < z ?

2 . There are two cases. First,
if z ? δ > 0

1 f δð Þ ≤ z ?
2 , then z ? δ > 0

1 f δð Þþ z ? δ¼0
1 < 2z ?

2 and the result follows. Second, if z ? δ > 0
1 f δð Þ > z ?

2 , then the absolute risk decreases only if
z ?
2 � z ? δ¼0

1 > z ? δ > 0
1 f δð Þ� z ?

2 from where, by rearrangements, it follows z ? δ > 0
1 f δð Þþ z ? δ¼0

1 < 2z ?
2 and the result follows.
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when health insurance is not available or when the insurance is available, but it is not triggered by
the farmers’ health decisions (i.e., h1g δð Þ > h and h2 > h).

Under ambiguity, the farmer’s beliefs about the “pesticide damage” health state are captured by
the closed interval πl,πu½ � rather than the probability πr ∈ πl,πuð Þ as in the case of risk.11 A farmer
with MEU preferences solves the ambiguity by maximizing the minimum expected value of health

outcomes over the probability interval πl,πu½ �. If eh1 ≤eh2, then π¼ πu implies the lowest expected

value Eπ½uðehÞ� compared to any other π ∈ πl,πu½ �. Similarly, if eh1 >eh2, then πl corresponds to a
probability distribution that minimizes the expected value of health outcomes.

The first order conditions for determining the optimal health outcomes h1 and h2 and net health
outcomes eh1 and eh2 in the presence of pesticide application, δ > 0, and health insurance,
I¼ I1,I2ð Þ, are

Ph
1g δð Þ¼ ∂c w,z1,z2,h1,h2ð Þ

∂h1
ð15Þ

Ph
2 ¼

∂c w,z1,z2,h1,h2ð Þ
∂h2

ð16Þ

and

Ph
1 ¼ βhπ

∂v eh1� �
∂eh1 ð17Þ

Ph
2 ¼ βh 1�πð Þ

∂v eh2� �
∂eh2 ð18Þ

respectively, where Ph
1 ¼ vhI1= I1þ I2ð Þ2 and Ph

2 ¼ vhI2= I1þ I2ð Þ2 are state-contingent stochastic dis-
count factors induced by the health insurance. In equations 15ð Þ and 16ð Þ, the optimal health out-
comes h1 and h2 are determined by equating the marginal effort of producing h1 and h2 with the
stochastic discount factor Ph

1 times the pesticide damage, g δð Þ, and stochastic discount factor, Ph
2,

respectively. In equations 17ð Þ and 18ð Þ, the optimal net health outcomes eh1 and eh2 are determined by
equating the discounted marginal utility over health eh1 and eh2 with the stochastic discount factors.

Independent of risk or ambiguity, the pesticide application affects equally the health outcome h1
via the direct effect g δð Þ in 15ð Þ. The optimal health outcome h1 under pesticide application, h

? δ > 0
1 ,

is lower than the optimal health output h1 in the absence of pesticide, h ? δ¼0
1 , because by assumption

g δð Þ < 1. Pesticide damage g δð Þ reduces the marginal value of effort that applies toward the health out-
come h1 (i.e., Ph

1 is scaled down by g δð Þ reducing the marginal valuation of h1). In the absence of
complementarities or substitution effects in health outcomes across states, the optimal health out-
come h2 is unaffected by pesticide application in 16ð Þ.

In addition, health insurance separates the health outcome choices h1 and h2, equations 15ð Þ and
16ð Þ, from net health outcome choices eh1 and eh2, equations 17ð Þ and 18ð Þ. As such, the pesticide
effect (i.e., the direct damage effect g δð Þ) does not change the optimal net health effects eh1 and eh2.

Result 3. Under pesticide application, δ > 0, the health outcome in the pesticide damage health
state, h1, decreases independent of ambiguity and risk. Health insurance insulates the net health

11The choice may seem arbitrary considering πh could be higher than πu or lower than πl . However, the choice πh ∈ πl ,πu½ � is consistent with
the idea that πl ,πu½ � equals 0,1½ � as ambiguity becomes extremely severe. Hence, πh ∈ πl ,πu½ � seems the more reasonable choice of the three.
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outcomes eh1 and eh2 from the pesticide damage g δð Þ and, in the absence of complementarities or sub-
stitution effects between health outcomes across states of nature, the health outcome h2 does not
respond to pesticide damage.

Because of health insurance induced separation, the farmer reacts to the direct pesticide damage
g δð Þ, by increasing the health insurance participation and reducing the effort put towards the
affected health outcome, h1. Specifically,

γ¼Ph
1

vh
eh1�h1g δð Þ

� �
þPh

2

vh
eh2�h2

� �
ð19Þ

and total differentiating 19ð Þ results in

dγ¼ Ph
1

vh
deh1� g δð Þdh1�h1gδδ

� �
þPh

2

vh
deh2 ð20Þ

where dδ¼ δ because we compare the case of zero pesticide with δ > 0 and dh2 ¼ 0 because indepen-
dent of risk or ambiguity the pesticide has no effect on the optimal health outcome h2 in 16ð Þ.

Under risk, probability π¼ πr and the pesticide application does not change the optimal values
of eh1 and eh2 because of the health insurance induced separation in 17ð Þ and 18ð Þ. As such, the
change in insurance under risk, dγr , equals

dγr ¼�Ph
1

vh
g δð Þdh1þh1gδδ
� �

> 0: ð21Þ

Under ambiguity, probability π≠ πr and the pesticide application affects both eh1 and eh2 in 17ð Þ and
18ð Þ despite the health insurance separation. For example, if π¼ πl < πr , the case π¼ πu > πr is

treated similarly, the optimal net health outcomes eh1 and eh2 under ambiguity, eha1 and eha2, are lower
and higher, respectively, than the optimal net health outcomes eh1 and eh2 under risk, ehr1 and ehr2.
Because πl=πr < 1, the marginal utility ∂vðeh1Þ=∂eh1 must increase in 17ð Þ for the equation to hold

and the optimal eh1 decreases under ambiguity compared to risk. Similarly for eh2. Health insurance
insulates health outcomes h1 and h2 from the ambiguity effect (i.e., change in the probability distri-
bution over health states). In 15ð Þ and 16ð Þ, h1 and h2 do not respond to the ambiguity driven
changes in the probability π because of the separation induced by the health insurance.

Furthermore, the absolute health risk between net health outcomes (i.e., the gap between eh1 and eh2)
decreases under ambiguity, ehr1 >eha1 >eha2 >ehr2, because eha1 >eha2 for π¼ πl. The change in the absolute
health risk suggests farmers become more cautious with their health in the presence of ambiguity. This is
due to the change in farmer’s beliefs over the distribution of states of nature. Ambiguity changes the prob-

ability of the pesticide event to πl < πr , decreasing the marginal valuation of eh1 compared to eh2 (i.e., foreh2 probability increases from 1�πr to 1�πl). When π¼ πu > πr the inequality is reversedehr1 <eha1 <eha2 <ehr2, but the absolute health risk between net health outcomes still decreases compared to risk.
Under ambiguity, the change in health insurance includes the pesticide effect (i.e., the direct effect of

the damage function g δð Þ) but also the ambiguity effect via the change in probability π, and it equals

dγa ¼ dγrþ
Ph
1

vh
deh1þPh

2

vh
deh2 ¼ dγrþβh πl

∂v eh1� �
∂eh1 deh1þ 1�πlð Þ

∂v eh2� �
∂eh2 deh2

0
@

1
A ð22Þ
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where the second equality follows from the first order conditions 17ð Þ and 18ð Þ. Under ambiguity,
insurance uptake can increase or decrease compared to the risk. For example, suppose πl ffi 0, then

dγa ffi dγrþβh 1�πlð Þ ∂vð
eh2Þ

∂eh2 deh2 > dγr ð23Þ

similarly, suppose πl ffi 1 (not 1 but close to 1), then

dγa ffi dγrþβhπl
∂vðeh1Þ
∂eh1 deh1 < dγr ð24Þ

In the presence of a health insurance, the farmer externalizes the health damage due to pesticide applica-
tion. The extent to which the reliance on health insurance increases depends on whether the farmer per-
ceives the health damage as risky or ambiguous, and on the direction of ambiguity. This suggests that
public policy designed to mitigate the health effects of pesticide application must also deal with implica-
tions of farmers preferences for risk and ambiguity. In addition, identifying whether risk or ambiguity
plays a role in farmer’s health decisions is closely related to the farmer’s willingness to subscribe to certain
risk positions in their health outcomes in the presence of pesticide application.

Result 4. Under risk, pesticide application does not change the absolute health risk between net

health outcomes eh1 and eh2, but increases the reliance on health insurance compared to the no
pesticide case.

Result 5. Under ambiguity, pesticide application decreases the absolute health risk between net
health outcomes eh1 and eh2, but the reliance on health insurance can increase or decrease compared
to the risk case. Health insurance insulates the health outcomes h1 and h2 from the ambiguity effect
(i.e., the change in the probability distribution over health states). The net health outcomes eh1 andeh2 respond to ambiguity despite the health insurance.

We briefly consider the health effects of pesticide application when health insurance is not avail-
able or when the insurance is available but it is not triggered by the farmers’ health decisions
(i.e., h1g δð Þ > h and h2 > h). The first order conditions for determining the optimal health outcomes
h1 and h2 are

βhπ
∂v eh1� �
∂eh1 g δð Þ¼ ∂c w,z1,z2,h1,h2ð Þ

∂h1
ð25Þ

and

βh 1�πð Þ
∂v eh2� �
∂eh2 ¼ ∂c w,z1,z2,h1,h2ð Þ

∂h2
ð26Þ

where the net health outcomes are eh1 ¼ h1g δð Þ and eh2 ¼ h2. In 25ð Þ and 26ð Þ, the optimal health out-
comes h1 and h2 are determined by equating the marginal cost of health effort with the discounted
marginal utility of eh1 weighted by the pesticide damage g δð Þ and discounted marginal utility of eh2,
respectively.

In the absence of the separation induced by health insurance, the farmer internalizes the health
damage of pesticide application. Specifically, under risk, π¼ πr , the optimal net health outcome
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ehrδ > 01 ¼ hrδ > 01 g δð Þ decreases, compared to the optimal net effect in the absence of pesticide applica-

tion ehrδ¼0

1 , in response to the direct damage g δð Þ in 25ð Þ. As before, h2, and by extension eh2, do not
respond to the pesticide application in the absence of complementarities or substitution effects

between health outcomes across states of nature. The expected value of net health outcomes, E eh� �
,

decreases under pesticide application and the absolute health risk increases if the optimal net health

outcome eh2 > ehrδ > 01 þehrδ¼0

1

� �
=2 and decreases if eh2 < ehrδ > 01 þehrδ¼0

1

� �
=2.

Under ambiguity, probability π≠ πr and the pesticide application adds an additional effect on

health because of the change in probability distribution. Specifically, if π¼ πl < πr then eha1 >eha2, the
optimal net health effects eha1 <ehrδ > 01 , eha2 >ehrδ > 02 , and the absolute health risk between net health out-
comes under ambiguity decreases compared to the absolute health risk under risk and pesticide
application. However, the expected value of the net health outcomes under ambiguity can increase
or decrease compared to the risk case under pesticide application. Specifically, the difference is

E eha� �
�E ehrδ > 0� �

¼ πr
πl
πr
ha1�hrδ > 01


 �
g δð Þþ 1�πrð Þ 1�πl

1�πr
ha2�hrδ > 02


 �
ð27Þ

and for very small values of πl and πr (e.g., πl ffi 0 and πr ffi 0) E eha� �
�E ehrδ > 0� �

ffi ha2�h2 > 0,

whereas for very large values of πl and πr (e.g., πl ffi 1 and πr ffi 1 but not 1)

E eha� �
�E ehrδ > 0� �

ffi ha1�hrδ > 01 < 0.

The case when probability π¼ πu > πr is treated similarly, but one scenario stands out. As before,
in 25ð Þ the pesticide damage g δð Þ reduces the marginal value of effort that applies towards the health
outcome h1. However, in the absence of health insurance induced separation, the ambiguity effect,
πu > πr , pushes against the pesticide damage g δð Þ. In particular, if the ambiguity effect outweighs the
damage effect, g δð Þπu > πr , the marginal value of h1 increases under ambiguity compared to risk.
However, in general, the effect of pesticide damage may be expected to outweigh the ambiguity
effect, g δð Þπu < πr , or pushes in the same direction, g δð Þπl < πr , reducing the marginal valuation of h1
compared to risk.

In the absence of health insurance, the farmer internalizes the health damage due to pesticide
application. Public policies designed to reduce the health damage must consider whether the farmer
perceives health outcomes as risky or ambiguous in the presence of pesticide application because,
under risk, the expected value of health outcomes decreases, whereas, under ambiguity, the absolute
health risk decreases. Thus, the success of said public policies in mitigating the health damage will rely
on selecting tools designed to incorporate the farmer’s choices dependence on her health preferences.

Result 6. Under risk and in the absence of health insurance, pesticide application decreases the
expected value of the net health outcomes, but the absolute health risk increases if the optimal net
health outcome in the no-pesticide damage health state is strictly greater than the simple mean of
the before and after pesticide application health outcomes in the pesticide damage health state,eh2 > ehrδ > 01 þehrδ¼0

1

� �
=2. The absolute health risk decreases if the inequality is reversed.

Result 7. Under ambiguity and in the absence of health insurance, pesticide application
decreases the absolute health risk compared to the risk case, but the expected value of the net
health outcomes under ambiguity can increase or decrease compared to the risk case under
pesticide application.
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5 | OPTIMAL PESTICIDE CHOICE

In this section, we analyze the optimal choice of pesticide δ considering the trade-off between pro-
duction and health outcomes. We consider both the case when the farmer has access to health insur-
ance and the case when the farmer does not have health insurance or the health insurance payments
are not triggered by farmer’s health choices.

The first order condition for determining the optimal pesticide usage δ in the presence of health
insurance is

βqπq
∂u q1

� �
∂q1

z1f δ δð ÞþPh
1h1gδ δð Þ¼ vδ ð28Þ

In 28ð Þ, the period 0 discounted return from pesticide application, βqπq ∂u q1
� �

=∂q1
� �

z1f δ δð Þ, must

cover the period 0 discounted health damage, Ph
1h1gδ δð Þ, in addition to the price of purchasing the

pesticide in period 0, vδ. The optimal amount of pesticide δ depends on farmer’s preferences over

consumption, βqπq∂uðq1Þ=∂q1, but it is independent of her preferences over health, βhπ∂vðeh1Þ=∂eh1,
because of the health insurance induced separation, Ph

1. Thus, farmers with different preferences over
consumption outcomes q1 may disagree on the marginal productivity of pesticide δ because of their
subjective beliefs over the pesticide’s benefits, but they will not disagree due to differences in their
health beliefs.

Due to the presence of health insurance, the preferences over risk (i.e., π¼ πr) and ambiguity
(i.e., π ∈ πl,πu½ �) play no role in the choice of optimal pesticide application δ. From the health per-
spective, a risk averse farmer and an ambiguity averse farmer will make the same pesticide choice.
Their choice will account for the marginal pesticide damage, gδ δð Þ, but it will not respond to their
risk or ambiguity preferences due to the health insurance induced separation. This suggests that pub-
lic policies designed to reduced the ambiguity surrounding pesticide use (e.g., information dissemi-
nation campaigns) will not influence the optimal choice of pesticide application in the presence of
health insurance.

Result 8. In the presence of health insurance, the optimal choice of pesticide application does
not depend on the farmer’s health preferences over risk or ambiguity.

In the absence of health insurance or when the health insurance’s payoffs are not triggered, the
first order condition for determining the optimal pesticide usage δ is

βqπq
∂u q1

� �
∂q1

z1f δ δð Þþβhπ
∂v eh1� �
∂eh1 h1gδ δð Þ¼ vδ ð29Þ

The interpretation of 29ð Þ is similar to that of expression 28ð Þ with the exception that, in the absence
of health insurance, farmers with different preferences over health outcomes h1 disagree on the mar-
ginal productivity of pesticides δ because of their subjective beliefs over the pesticide damage in addi-
tion to the difference in their beliefs over the pesticide’s benefits.

In this case, preferences over risk and ambiguity play a role in determining the optimal choice of pes-
ticide application δ. Specifically, the probability π can be interpreted as a weight measuring the
importance of pesticide damage in the farmer’s decision to apply pesticide. Under risk, π¼ πr
whereas, under ambiguity, π ∈ πl,πu½ �. If π¼ πl < πr corresponds to the probability distribution that
solves the farmer’s ambiguity, then ceteris paribus ambiguity decreases the cost of pesticide com-
pared to the risk scenario by reducing the importance of health damage in the farmer’s decision to
apply pesticide. Thus, in this case ambiguity increases the pesticide usage by farmers. Intuitively, for
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small values of πl (that is, πl ffi 0) the share of health damage in farmer’s decision to apply pesticides
is significantly reduced. On the contrary, if π¼ πu > πr , then ceteris paribus ambiguity increases the
cost of pesticides compared to risk, playing a role in reducing the amount of pesticides used by the
farmer. From a public policy perspective, this suggests that ambiguity reducing policies (such as
information and educational campaigns) are likely to influence the optimal choice of pesticide. How-
ever, the design and efficiency of such public policies will depend on the direction of ambiguity effect
on pesticide usage.

Result 9. In the absence of health insurance, ambiguity can increase or decrease the optimal
choice of pesticide compared to the risk case.

6 | CONCLUSION

Although the epidemiological literature has identified an association between pesticide exposure and
various illnesses, methodological limitations in the assessment of pesticide exposure have made ques-
tionable the identification of a causal relationship. This scientific ambiguity and recent disagree-
ments between WHO and EPA regarding the health effects of active ingredients in pesticides have
brought the negative implications of pesticide use for human health to the forefront of the debate
involving the lingering effects of chemical use in regions with large-scale agriculture. The debate is
exemplified by two examples.

First, Monsanto’s parent company, Bayer, announced on July 29, 2021 that it will remove glyph-
osate from store shelves beginning in 2023 to avoid future lawsuits related to its potential to cause
cancer, but “this move is being made exclusively to manage litigation risk and not because of any
safety concern” (Bayer, 2021). Roundup is the most widely used weed killer in the United States,
containing glyphosate as its main ingredient (Renda, 2021). Furthermore, although glyphosate will
be replaced in Roundup, it will continue to be made available to professionals and agricultural mar-
kets Bayer (2021). Studies have found glyphosate to be a possible carcinogen. In 2019, a California
man was initially awarded $75 million in punitive damages and $5 million in compensatory damages
in a court case ruling that years of Roundup application likely caused non-Hodgkin lymphoma. The
total damages were eventually reduced to $20 million, which was upheld by the U.S. Ninth Circuit
Court (Renda, 2021). Monsanto has now set aside $4:5 billion for future Roundup-related lawsuits
(Bayer, 2021). Meanwhile, global regulatory agencies, including EPA, conclude that there is no scien-
tific evidence that glyphosate causes cancer (EPA, 2019, 2020).

Second, litigation related to the pesticide chlorpyrifos is on the rise. Since 1965, farmers have
been spraying chlorpyrifos on crops such as corn, citrus, apples, broccoli, and strawberries. In 2009,
the American Healthy Homes Survey found traces of chlorpyrifos in more than two-thirds of the
homes analyzed, suggesting that certain pesticides might remain in homes in large quantities (Stout
et al., 2009). Four lawsuits were filed in July 2021 in the California Superior Court in Fresno County
claiming that chlorpyrifos has been linked to neurological damage in children, inducing memory
loss, attention deficit disorder, and lower IQs (Frazin, 2021; Romo, 2021). On August 18, 2021, the
EPA issued a final ruling that chlorpyrifos can no longer be used in food production, in order to pro-
tect both children and farmworkers (EPA, 2021).

This article examines the trade-off between decreasing production risk and increasing health
ambiguity due to pesticide use. We find that under ambiguity, pesticide application decreases the
variation in health outcomes, whereas under risk, it decreases the expected value of health outcomes.
Health insurance protects health from the pesticide damage but not from the ambiguity effect of pes-
ticide application. Under risk, health insurance uptake increases, whereas under ambiguity the
uptake can increase or decrease compared to the insurance uptake under risk. In the presence of
health insurance, the optimal choice of pesticide application does not depend on the farmer’s health
preferences over risk or ambiguity. However, in the absence of health insurance, ambiguity can
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increase or decrease the optimal choice of pesticide compared to the risk case. Expected consump-
tion increases under pesticide application, but the effect on the absolute consumption risk is
undetermined. This suggests that public policies aiming at reducing pesticide related externalities
should consider the integrative decision environment faced by farmers. Potential efficiency gains in
policy implementation can be obtained by capitalizing on the type of preference for health outcome
(i.e., risk and ambiguity) and the insurance-induced separation faced by farmers in health outcomes.

Naturally, our results depend on the assumptions made, but this is true for any economic model.
We operate in a stylized setting, and to the extent that stylized settings differ from the real world, so
do our predictions. To this end, we adhere to a conservative approach in selecting our assumptions.
For example, we assumed farmers’ preferences over consumption can be reasonably represented
within an expected utility framework to avoid strengthening the derived results.

Future research can measure empirically the results developed in this paper. For example, the
separation between the farmer’s preferences over risk or ambiguity and health decisions in the pres-
ence of health insurance can be carefully exploited by using the variation in health insurance cover-
age over regions and time, and the extent of access to glyphosate-based pesticide by farmers. Under
reasonable quasi-natural experiment conditions, the pesticide health damage can be disentangled
from the ambiguity effect of pesticide application to derive implications for policy design. Similarly,
field or lab experiments can be employed to measure the differential effects of risk and ambiguity
over health insurance demand under pesticide application or on the health decisions in the absence
of health insurance. Contingent on the magnitude of the measured effects, public policy can be
designed to inform specific aspects of decision making (e.g, health insurance provision versus pesti-
cide education and information campaigns).
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