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An Empirical Model of Perceived Mortality Risks for
Selected U.S. Arsenic Hot Spots

To N. Nguyen,! Paul M. Jakus,” Mary Riddel,® and W. Douglass Shaw* *

Researchers have long recognized that subjective perceptions of risk are better predictors of
choices over risky outcomes than science-based or experts’ assessments of risk. More recent
work suggests that uncertainty about risks also plays a role in predicting choices and behav-
ior. In this article, we develop and estimate a formal model for an individual’s perceived
health risks associated with arsenic contamination of his or her drinking water. The modeling
approach treats risk as a random variable, with an estimable probability distribution whose
variance reflects uncertainty. The model we estimate uses data collected from a survey given
to a sample of people living in arsenic-prone areas in the United States. The findings from
this article support the fact that scientific information is essential to explaining the mortality
rate perceived by the individuals, but uncertainty about the probability remains significant.
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1. INTRODUCTION

In this article, we develop and estimate an em-
pirical model of subjective mortality risks that as-
sumes individuals may be uncertain about risks
associated with arsenic contamination of drinking
water. Eliciting and measuring subjective risks is im-
portant because risk researchers long have recog-
nized that subjective or individually perceived risks
may be much more important in determining behav-
ior than science-based calculations of risks. More re-
cent research has shown that both risk and uncer-
tainty affect behavior and willingness to pay (WTP)
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to reduce risk.(:?) However, the majority of the sub-
jective risk literature assumes that people can form
point estimates of risk, with no uncertainty (or ambi-
guity) assigned to the risk estimate.® The literature
also shows little concern for the difficulties in eliciting
risk perceptions.) But uncertainty about subjective
risks (and objectively measured risks) is appropriate
in many settings, especially if the environmental, eco-
logical, or epidemiological context of the risky event
means that risks are inherently uncertain. Exposure
to relatively low concentrations of arsenic in drink-
ing water is one such setting, and is the focus of this
study.

Arsenic is a toxin, with long-term consumption
of arsenic-contaminated water at concentration lev-
els above 50 parts per billion (ppb) known to cause
skin damage, problems with circulatory systems, and
lung or bladder cancer. In response to growing ev-
idence that even small amounts of arsenic increase
mortality and morbidity, the regulatory standard was
recently lowered to 10 ppb® from the previous
standard of 50 ppb. Nevertheless, the exact dose-
mortality relationship remains uncertain, especially
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for concentrations between 10 and 50 ppb. Some an-
alysts®?) have raised concerns about the data and
the methodology used by the EPA to estimate the
risks of low-level exposure, and doubt is often cast
on inferences for human effects based on animal and
epidemiological studies. Other critics believe that the
dose-response relationship from arsenic should be
nonlinear rather than the linear model used by EPA.
Estimation of the dose-response relationship is fur-
ther complicated by factors such as individual con-
sumption of contaminated water and related choices,
such as cigarette smoking, that can exacerbate the
effects of arsenic-contaminated water. For example,
the National Research Council (NRC)® has esti-
mated that smokers have at least two times the mor-
tality risk of nonsmokers because both arsenic and
smoking increase the risk of lung cancer. Such con-
founding factors make it difficult for scientists to
offer exact risk estimates for a given exposure to
arsenic; we would therefore expect that perceived
risks held by nonscientists should also reflect this
uncertainty.

Gilboa, Postelwaite, and Schmeidler® have re-
cently examined the role of uncertainty in risk anal-
ysis in the economics arena, and our study provides
a response to their recommendation for more empir-
ical modeling techniques that address uncertain, as
opposed to known, risks. This continues the trend in
risk analysis that began long ago in other fields such
as psychology.(11)5 We present an empirical analy-
sis of perceived risks of consuming drinking water in
regions of the United States that do not meet the new
EPA arsenic standard. Risk perceptions are elicited
directly using a telephone-mail-telephone survey for-
mat that permitted both written and verbal commu-
nication of exposure levels and objective risks to re-
spondents. Survey responses are analyzed using a
straightforward statistical model based on the con-
cept that an individual uses information to form some
estimate of perceived risk but may still have some
degree of uncertainty. The “induced distribution”
approach(’® leads to models of a point estimate of
perceived risk and a measure of the variance (uncer-
tainty or ambiguity). Each model is parameterized
using variables believed to influence either the cen-
tral tendency or the variance. Both the central ten-
dency and variance models allow for heterogeneity

3 Psychologists often distinguish between risk perceptions and risk
judgments, so we advise the reader that we use these terms inter-
changeably here.(1?)
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in risk beliefs and the distribution of the perceived
risk across individuals.(1)

In what follows, Section 2 summarizes the meth-
ods used to collect the data and elicit risks from the
sample of respondents. In Section 3, the empirical
model of perceived risks is presented. The results of
the model are discussed in Section 4, and the last sec-
tion offers some conclusions, and suggestions for ex-
tensions of the model.

2. THE SAMPLE AND SURVEY
OF PERCEIVED RISKS

A more complete description of the survey
methodology used to elicit perceived risks may be
found in Nguyen and more recently in Jakus
et al.'® but we briefly describe the key features
here. Our sample consists of households living in
four communities exposed to arsenic levels in ex-
cess of the new EPA standard of 10 ppb at the time
of the study (late 2006).” Table I provides informa-
tion on drinking water sources and arsenic exposure,
including the mean and range of contamination for
the four communities. The public water supply sys-
tems that provide water to residents of Albuquerque,
Fernley (Nevada), and Oklahoma City were not in
compliance with the federal standard for arsenic. The
Outagamie County/Appleton, Wisconsin region was
selected for the study because arsenic levels in pri-
vately owned wells are known to exceed the federal
standard of 10 ppb but are not regulated under fed-
eral statutes such as the Safe Drinking Water Act.

Others have used more formal modeling at initial
stages (e.g., the mental model approach of Bostrom,
Fischhoff, and Morgan),!”) but here a series of fo-
cus group sessions in Nevada, Utah, and Wisconsin
was used to assist in our design of the survey instru-
ments and creation of an informational booklet. Dur-
ing these sessions, subjects were exposed to several
different text and visual formats for communicating
arsenic risks. The subjects were videotaped and the

6 Our formal modeling of a point estimate of risk and its variance
represents an improvement upon the approaches used by other
researchers.(1:2) In these studies, the distribution of perceived
risk was elicited simply by asking for the quartile range surround-
ing the point estimate® or using the estimated sample variance
to determine the distribution of an individual’s perceived risk.(!)

7 While the sample is not representative of the United States as
a whole, it was constructed to be representative of the types of
people and communities facing risks associated with arsenic con-
centrations above the new EPA standard. It does exclude those
on public systems who do not pay for their water: most likely,
renters.
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Mean Arsenic

Concentration Range of
Area Water Source (ppb) Concentration
Albuquerque, NM (n = 54) Public 25 20-30
Fernley, NV (n = 108) Public 40 No range

Table I. Profile of Water Sources,
Arsenic Concentrations

Oklahoma City, OK (n = 80) Public 17.5 14-21
Outagamie County, WI (n = 55)
Outagamie County, WI (n = 43)
Appleton, WI (n =5)
Appleton, WI (n = 8)

Private, tested 3.84 No range
Private, not tested — 5-105
Private, tested 6.9 No range
Private, not tested — 5-105

tapes studied to detect confusion and emotions in-
volved with particular formats, as both may be im-
portant in processing the risk information.1:18)

Early risk studies found that graphical/visual
communication tools helped people understand
risks,(1) but presentation formats are known to in-
fluence risk perceptions.?”) Particular attention was
paid to the presentation of probabilities that are
lower than 0.05, as these small probabilities often
have been documented to cause problems for respon-
dents. Our presurvey focus groups explored several
words relating to death risks and various formats
for presentation. This work led us to conclude that
science-based mortality risks were best understood
using a risk ladder, where deaths per 100,000 were
presented. Risk ladders depicting death rates have
been used for many years as a good risk commu-
nication device to enhance people’s understanding
of mortality risks.?*2) Although risk ladders have
limitations and are not a panacea for all potential
risk communication problems,?® other risk commu-
nication devices, such as risk grids, also have some
problems. Our focus group participants had strong
preferences for the ladder over the risk grid, so we
decided to focus the risk communication using a lad-
der, with final content revised to reflect participants’
comments.

A first-round random-digit dial survey was then
used to recruit participants into later survey activi-
ties focusing on arsenic exposure and perceived risks.
The short first-round telephone survey collected
information on the respondent’s concerns about
general environmental risks from atmospheric and
water pollutants, how tap water was used in the
household, and demographic characteristics. At the
conclusion of the first phone call, the respondent was
asked if he or she would be willing to participate in
a further survey on the issue of arsenic contamina-
tion and drinking water. Those who agreed to par-

ticipate were then mailed a multipage information
booklet that explained the risks of arsenic exposure
and how these risks could be mitigated. The book-
let also reported arsenic concentrations in the com-
munity in which the respondent lived (i.e., the data
reported in Table I) and requested that respondents
consider their risk of health problems associated with
their consumption of water with arsenic concentra-
tions that violate the new EPA standard. Sufficient
time was allowed to elapse for the participant to con-
sider the information contained in the booklet, after
which the perceived risk was directly elicited during
the final follow-up telephone call.®-*

2.1. Elicitation of Risk and Uncertainty

The information booklet mailed to each respon-
dent described the sources of arsenic contamination,
the effects of long-term exposure, the new 10 ppb
EPA standard for arsenic, and the level of arsenic in

8 The phone/mail/phone procedure is demanding of respondents
but was selected for several reasons. First, a mail-only survey
allows no chance for clarification of potentially difficult risk
concepts by the trained telephone survey team. Pretests of the
information booklet and telephone survey allowed us to de-
velop scripted responses to commonly asked questions. Second,
a telephone-only survey would be unlikely to communicate ade-
quately risk information more easily conveyed using visual aids
via the informational booklet. Finally, laboratory experiments
are attractive settings in which to explore methods of risk elicita-
tion, such as indirect methods that rely on researchers’ inferences
from risky choices that people make. However, our interest here
was in a field study of a larger sample of people actually exposed
to arsenic levels that violated the new standard.

9 The information brochure is available upon request. The risk
ladder can be found at http://agecon2.tamu.edu/people/faculty/
shaw-douglass/2008wr007427.pdf whereas the complete follow-
up survey and codebook can be downloaded at http://agecon?2.
tamu.edu/people/faculty/shaw-douglass/arsencodebook.pdf.
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Table II. Means and Standard Deviations of the Model Variables for Subjects Giving Point Estimates, Range Estimates, and Those
Giving No Estimate of Risk (No Response)

Point Range All Responders No Response
(n=201) (n=96) (n=297) (n=56)
Std. Std. Std. Std.
Variables Description Mean Dev. Mean Dev. Mean Dev. Mean Dev.
Age Years 50.70 16.08 48.96 15.28 50.90 16.11 54.93 17.15
Male = 1if male 612%  489%  542% 501%  56.7%  49.6%  44.6% 50.2%
PPB Estimated concentration of 25 14 23 14 24 14 23 13
arsenic in local water
supply, parts per billion
Treat drinking water 1 = subject treat drinking 522%  501%  49.0%  503%  51.6%  50.0%  53.6% 50.3%
water at home, 0
otherwise
Risky occupation =l if subject ever workedin = 26.4%  442%  219% 41.6% 261% 44.0%  26.1% 44.0%
a risky occupation
Former smoker =1 if the subject has quit 353%  47.9% 31.3% 46.6% 329%  47.0% 26.8% 44.7%
smoking
Ever smoker = 1 if the subject ever 493%  501%  438% 499%  456%  49.9%  357% 48.3%
smoked
Health status Graded 1 (excellent) to 5 2.21 1.00 2.15 0.92 2.18 0.96 2.13 0.90
(poor)
Education Graded 1 (no high school) to 4.56 1.54 4.58 1.73 4.53 1.63 4.34 1.75

7 (advanced university
degree)

the drinking water in their community.!® The book-
let then presented detailed information regarding the
specific mortality risks of arsenic exposure and the
confounding factors that affect an individual’s risk
such as daily water consumption, smoking, and expo-
sure to second-hand smoke. Other factors influenc-
ing risk included the use of an appropriate filtration
system and one’s current health status.

The risk ladder used in the survey brochure is
presented in Jakus et al.('®) The most important rungs
on the risk ladder corresponded to (1) baseline lung
cancer risks (60 deaths per 100,000 people), (2) lung
cancer risks associated with 20 years of water con-
sumption at 50 ppb (1,000 per 100,000), and (3) lung
cancer risks of a smoker after 20 years of water con-
sumption at 50 ppb (2,000 per 100,000). The remain-
ing rungs on the ladder were associated with a series
of low risk events (e.g., 5 out of a million people are
struck by lightning) and high-risk ones (e.g., auto-
mobile accidents kill about 280 out of 100,000 peo-

10 Those receiving water from a public water system were provided
with the mean and range of the arsenic concentration as mea-
sured by the local utility. Those on private wells that had not been
tested were provided with the range of concentration known to
exist in their community.

ple) unrelated to arsenic exposure. Alongside each
rung on the ladder was a tick grid corresponding to
the ladder rungs; each respondent was asked to put a
single mark at the appropriate mortality risk if they
were certain about the risk they faced or, if uncertain,
place two marks on the tick grid associated with the
lowest and highest mortality risk they thought might
pertain.

2.2. The Sample and Basic Statistics

A total of 748 people completed the first-round
“recruiter” survey, with 353 respondents complet-
ing the second-round survey focused on arsenic con-
tamination.!! Of those, 201 respondents provided a
point estimate of risk, while 96 provided a range of
risk, and 56 ultimately could not (or refused to) pro-
vide any estimate of their mortality risk. Table II
reports descriptive statistics for these three groups
(those providing point estimates, those giving range

' The first-round recruiter survey had a response rate of 31%.
Some 565 of these respondents agreed to participate in the
second-round survey, but second-round responses were obtained
from only 353 (47% of the original first-round sample). Our
attrition rate (37%) is in line with others who have used the
telephone-mail-telephone strategy.
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estimates, and those unable to provide a risk esti-
mate at all). The only significant difference is that
the group unable to state a risk estimate has a lower
percentage of males (45%) relative to the group that
made a point estimate of risk (about 61%). This may
be an indication that males are more willing to of-
fer risk estimates than females, or some might say,
that females are more careful and less willing to make
such subjective estimates.

Our final sample excludes subjects who could not
offer risk estimates, thus our sample includes 297
subjects, 68% who offered point estimates and 32%
who offered ranges. Relative to the first-round re-
cruiter sample, sample selection tests indicate that
the final sample is composed of a greater percent-
age of males and people who were more interested
in environmental issues (formal selection models are
available upon request). Examination of the data re-
veals that respondents do have difficulty in assess-
ing all the ways in which one is exposed to arsenic
in drinking water. Approximately 65% of respon-
dents reported drinking at least some water from
the tap, suggesting that 35% drink no water from
their tap, but fully 85% said they used tap water to
make beverages such as juice or coffee. This lack of
careful consideration in assessing exposure has been
documented before (see Shaw, Walker, and Ben-
son 2005,) for example). About 52% of households
in the final sample also report that they treat their
drinking water in some way, though the treatment
method they use may or may not effectively remove
arsenic from their drinking water.

A person reporting a range of risks was assumed
to signal some degree of uncertainty about the risks
posed by arsenic in drinking water. Fig. 1 shows a
histogram indicating the mortality risks as reported
by respondents, where the midpoint of the risk range
is used for respondents who were ambiguous about
the risks. The risk distribution is weighted heavily to-
ward relatively low risk levels, with the median of the
distribution at about 175 deaths per 100,000 people.
This median risk estimate lies between the baseline
risk of 60 deaths from bladder and lung cancer with
no arsenic exposure (based on current estimates by
the Center for Disease Control at its website) and
the risk associated with exposure to an arsenic con-
centration of 50 ppb (about 1,000 deaths); the median
estimate is consistent with the arsenic exposure lev-
els in the sampled communities, all of which lie below
50 ppb.

The risk literature is full of examples that help
guide us about what factors might influence the me-
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Fig. 1. Distribution of risk responses (point and midrange, deaths
per 100,000).

dian or point estimate of risk. Some factors affect
what people judge risks to be, while others may af-
fect how people arrive at these judgments, that is,
their cognitive skills (see the recent discussion in Fis-
chhoff;1? he provides age as an example of a factor
perhaps determining what people know, but not their
cognitive ability). To begin, the median perceived
risk likely varies with objective variables that deter-
mine the arsenic dose-response relationship. Objec-
tive variables include the actual concentration of ar-
senic in the respondent’s drinking water, health, and
smoking status of the subject, and whether or not the
subject works in an occupation that has been shown
to increase arsenic-related mortality risks. We expect
the actual concentration of arsenic in the subject’s
drinking water to be positively correlated with the
perceived risk while those subjects who treat their
water may perceive lower risks. The subject’s health
status likely affects his or her risk perceptions, since
those in failing health are more vulnerable to envi-
ronmental toxins than other, healthier, individuals.
Finally, as conveyed to the respondents, smokers and
those working in risky occupations are more likely
to contract cancer when their water contains arsenic.
If subjects accurately incorporate this information,
then current and former smokers, as well as those
employed in risky occupations, should report higher
perceived risk, all other factors being equal.

While the variables outlined above may affect
perceptions through the dose-response relationship,



median perceived risk estimates have also been
shown to vary with psychosocial factors. For exam-
ple, gender has frequently been shown to affect per-
ceptions®® or risk judgments, with women typically
perceiving higher risk than men, on average.>~%")
Age may also be a factor: Slovic®”) and Riddel and
Shaw() found negative correlations between age and
perceived risk for smoking and nuclear-waste trans-
port risk, respectively. One might believe that cogni-
tive ability of individuals plays an important role in
risk perceptions, so that education may also be a de-
terminant of the median perceived risk, though the
direction of influence is an empirical matter.

Unlike the median risk, much less is known
about what factors influence the perceived variability
because studies that account for uncertainty are rare
and economic theory provides little guidance.!> Pre-
sumably, objective uncertainty about actual arsenic
concentrations in a given water supply may translate
into subjective uncertainty about health risks, so we
estimate models that include the objective range of
arsenic contaminations reported in Table II. Also,
a recent study addressing perceived nuclear-waste
transport risk found that psychosocial factors were
not important determinants of uncertainty; rather,
the number of sources of information the subject
used to form risk perceptions and the range of the
risks stated by the subject were the sole determinants
of the variance of the risk distribution.?>13 In this
study, we do not have a variable that explicitly mea-
sures information held by the subject. However, we
do know that arsenic contamination received signifi-
cant media attention in the Albuquerque media just
prior to the survey, so we include indicator variables
representing the different survey locales to test for
variation in uncertainty based on the locale. We also
consider whether psychosocial variables (such as age
and gender) affect uncertainty of perceived risk.

Table II presents the basic statistics for the vari-
ables used in estimating the empirical model of risk.
The statistical model allows these variables to influ-

12 Presumably, the high degree of uncertainty in the arsenic dose-
response relationship implies high subjective variance estimates,
at least in comparison to relatively well-known mortality risks
such as smoking. Our goal in this research was to elicit risk dis-
tributions based on current information and attitudes rather than
formally testing the relationship between objective and subjec-
tive uncertainty.

13 Riddel used a similar elicitation methodology as this study. She
allowed subjects who were confident in their assessment of risk
to provide a point estimate whereas those who were less certain
about risks stated an upper and lower bound.
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ence the median perceived risk, the uncertainty a
person has about risk, or both. Some 57% of all sam-
ple respondents were Male and the average Age in
the sample was 51 years old. The Education survey
question is categorized into seven levels, with no high
school attendance as the lowest educational level and
the category involving the receipt of an advanced
university degree as the highest level. The majority
of the sample (67%) attended a postsecondary edu-
cational institution, with few failing to receive at least
a high school diploma.

Respondents were asked to rate their own
Health Status from excellent to poor (the variable
has been coded such that a higher number indicates
poorer health.) Over 64% of the sample rated their
current health condition as being very good or ex-
cellent. Some types of jobs have been shown to in-
crease mortality risks from arsenic exposure because
of occupational exposure to other toxins. The sur-
vey thus asked the respondents if they were currently
employed or had been employed in occupations that
scientists believe may increase baseline lung and
bladder cancer risks, such as manufacturing paint,
textiles, leather, dyes, rubber products, or other
chemicals, working as a beautician or hairstylist, or
working in the printing or aluminum industries. The
effects of such occupational exposures were outlined
in the mailed information brochure. As shown in Ta-
ble II, some 26% of respondents worked or still work
in a Risky Occupation.

Questions about smoking behavior were taken
verbatim from the widely used national Health and
Retirement Survey. About 46% of the sample re-
ported being a Former Smoker or Current Smoker.
Former smokers were defined as anyone who had
smoked 100 cigarettes or more in the past, but who
did not currently smoke. Former Smokers comprised
about 33% of the sample.

3. MODELING PERCEIVED RISKS

Any probability distribution with support
bounded by zero and one is a candidate for use in
modeling the variation in an individual’s stated or
elicited perceived risk. Here, we use a probability
density function based on the probit function intro-
duced first by Heckman and Willis('® then extended
by Lillard and Willis.?® The probit function ap-
proach is derived as follows. First, denote individual
i’s probabilistic belief about his or her own mortality
risk by p;. Consider an index function, I;:
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L =m; +u; —e; where: g ~ N, 1),
u; ~ N(O, O'l-z), Sl‘J_Ltl‘. (1)

Here, m; represents all of the information used
to form the person’s best estimate about the proba-
bility, and u; represents uncertainty about the prob-
abilistic risk. The error term ¢; is assumed to be a
standard normal random variable that accounts for
measurement error on the part of the researcher. The
standard deviation of u;, denoted by o, represents a
summary of the information determining a person’s
ambiguity about the risk, where ambiguity might re-
late, for example, to a lack of information about a
risk or uncertainty with respect to how confounding
factors affect risk. When an individual has no un-
certainty about the risk, then she is precise, and re-
searchers in turn measure the risk up to the degree
associated with the usual measurement error term.

The cumulative distribution and density func-
tions, F(p;) and f(p;), respectively, are derived from
Equation (1) as follows. Let:

pi = Prob(I > 0) = Prob(m; + u; — &; > 0)
= O(m; +u;), (2)

where ®(-) represents the cumulative distribution
function for a standard normal random variable. The
distribution function F(p;) can be derived directly
from Equation (2):

F(p¥) = Prob(p; < p¥) = Prob(®(m; + u;) < p)
_ o (M) . 3)

Oj

Note that when o; = 0 there is certainty, so Equa-
tion (3) does not pertain.

Lillard and Willis®® and Riddel®) discuss the
properties of the distribution in Equation (3) in great
detail, but we note a couple of points that are salient
to the current analysis. The median probability of
mortality is equal to ®(m;). For example, if ny; =
—2.326, the median perceived accident risk is 0.01 im-
plying a death rate of 1,000 per 100,000. Successively
smaller (more negative) values of m; indicate lower
perceived risks, all else equal. Note that for an indi-
vidual who is certain about the risk o; = 0 and f(p;)
is degenerate at ®(m;), the median risk.

The expected perceived mortality risk is:

() -
__/01n¢’<® Zw M)dn_ @

p= (& (m)]o,

Note that the expected (average) risk is a func-
tion of both u and o whereas the median is deter-
mined solely by u. The density function f(p;) will typ-
ically be asymmetric for 0 < o < 1, so that for u < 0
an increase in o means an increase in the average, p,
as the distribution becomes increasingly right skew.
Thus, for subjects expressing uncertainty, the aver-
age risk is greater than the median risk.

Our empirical modeling relies upon a likelihood
function based on Equation (3). Consider respondent
i, who marked two rungs on the risk ladder corre-
sponding to the probabilities p;; (lower rung) and p;»
(upper rung). Our task is to estimate the model pa-
rameters to maximize the likelihood that the proba-
bility, p;, falls within the stated range.

To begin, the median of perceived risk, m;, and
the ambiguity, as measured by the standard devia-
tion, o ;, are parameterized to allow for heterogeneity
in the distribution. Specifically, the median and the
standard deviation are given by:

m; = Xa, 5)

an[ :ZIIB’ (6)

where X; and Z; are vectors of variables that influ-
ence the individual’s subjective assessment about the
median and variance of the risk, respectively.

The vectors X; and Z; may share some common
variables; o and B reflect weights that the individual
put on factors in X and Z. Substituting Equations (5)
and (6) into Equation (3) yields the cumulative distri-
bution of the probabilistic belief about the mortality
with terms for the explanatory variables in the vec-
tors X; and Z;:

“1(p) — X
> (pi) — X } ™

exp(Zip)
The individual contribution of the observation i

in the sample likelihood is the likelihood for p; falling
within the stated range, p € [pi1, pi2], specified as:

Fp)=o|

prob(pin < pi < pi2) = F(pn) — F(pin).  (8)

For those respondents who only marked a single
rung, we approximate the likelihood function by as-
suming:

prob(p; = pio) = F (ply) — F(ph). (9

where p{ denotes the midrange from p; to the risk
at the next upper rung and p} denotes the midrange
from p;y to the risk at the next lower rung on the
risk ladder. Multiplication of Equation (8) or (9) over
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Model I Model IT
Variable Coefficient p-Value Coefficient p-Value
Median
Intercept —3.062 0.000 —3.062 0.000
Age —0.004 0.091 —0.004 0.084
Male 0.018 0.821 0.021 0.792
Arsenic concentration 0.011 0.000 0.011 0.000
Treat drinking water —0.007 0.931 —0.012 0.875
Risky occupation —0.033 0.726 —0.030 0.755
Current smoker 0.368 0.282 0.364 0.280 Table IIL. Maximum Likelihood
Former smoker —0.594 0.004 —0.590 0.005 Estimation of Median and Variance of
Health status —-0.016 0.773 -0.015 0.789 Perceived Risk
Health status x current smoker 0.008 0.954 0.010 0.941
Health status x former smoker 0.224 0.011 0.222 0.012
Variance
Intercept —0.564 0.000 0.000 0.000
Arsenic concentration range 0.005 0.746 — —
Health status x current smoker 0.074 0.163 — —
Health status x former smoker 0.059 0.152 — —
Health status x ever smoker — — 0.061 0.000
Albuquerque —-0.275 0.129 —0.238 0.068
Log-likelihood —654.306 —654.390

the appropriate respondents, that is, those who pro-
vide a point estimate versus a range estimate, yields
the sample likelihood function, which is then maxi-
mized.

4. ESTIMATION RESULTS AND DISCUSSION

Based on the discussion reported in Section 2,
several model specifications for the median and vari-
ance of perceived risk were estimated.'* Table III re-
ports the results from two of the most informative
models. The top portion of Table III shows the fac-
tors affecting the median parameter of the distribu-
tion, u, whereas the lower portion shows the factors
affecting the uncertainty measure o. All parameters
are estimated using a single likelihood function for
all sample respondents.

Among the variables we expected to affect the
median of the distribution of perceived risk are the
arsenic concentrations in the community (in ppb),
an individual’s smoking status, health status, the two
of these variables interacted, age, gender, treatment

14 We also estimated models that included indicator variables for
the education levels, but the model consistently rejected any risk-
education relationship. Another specification included indicator
variables for locale in both the median and variance. Only the
Albuquerque indicator variable was statistically significant.

of drinking water at home, and current or past oc-
cupation in a risky industry. A positive sign on any
of these variable coefficients indicates higher median
perceived risk.

The negative sign of Age in both models I and II
shows that older respondents perceive less risk from
arsenic exposure than a younger person, though our
youngest respondents are still over 18 years in age.
Furthermore, gender (Male) is not statistically signif-
icant. However, we remind the reader of the fact that
the risk responders are more heavily male in compo-
sition than the group that provided no risk estimate,
responses from whom could not be used in estima-
tion of this model. Thus, concluding that gender has
no significant influence on the median risk estimate
must be viewed with this sample selection issue in
mind."> Both Models I and II also suggest that work-
ing in a Risky Occupation and being one who Treats
Drinking Water do not affect the median perceived
risk.

The positive and statistically significant coeffi-
cient of Arsenic Concentration, measured in ppb,
in both models I and II implies that people who
live in areas with relatively high arsenic concentra-
tions perceive a greater risk. This result supports the
hypothesis that people understand the connection

15 We thank a reviewer who raised this important point.
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between dose and risk. Fig. 2 further examines this:
it compares the estimated risk distribution for those
consuming 10 ppb arsenic to those consuming 100
ppb with all other significant model variables held
at the sample average. The distribution for high con-
centrations (100 ppb arsenic) exhibits dramatic risk
skew, with a median perceived risk of 1,390 deaths
per 100,000. Median perceived risk is much lower for
the 10 ppb case, at roughly 71 per 100,000.

Health Status alone is not significant at con-
ventional levels. Smoking status enters the median
model in two ways: directly as an intercept shifter
(Current Smoker and Former Smoker) and indirectly
through an interaction between smoking status (Cur-
rent and Former) and Health Status. A somewhat sur-
prising result is that Current Smoker x Health Sta-
tus and Current Smoker variables are not significant,
suggesting that all else equal, current smokers and
those who never smoked have the same median risk
perceptions. Even more surprising is the joint signifi-
cance of Former Smoker x Health Status and Former
Smoker variables. This functional form suggests that
the relationship between median perceived risk and
smoking varies with the subject’s current health sta-
tus for former smokers only. Accordingly, those who
never smoked and current smokers have a unique
intercept equal to the constant term, but former
smokers each have five intercepts that vary with the
self-reported health measure so that as health deteri-
orates, the median perceived risk increases.

We do not have a priori expectations about vari-
ables that may affect the variance, thus we tried a va-
riety of models that controlled for objective sources
of uncertainty and psychosocial factors including
the estimated range of arsenic concentrations in the
water in the subject’s local water supply, education,
gender, age, and indicator variables representing the
five locales surveyed. Two models are reported at the
bottom of Table III. In model I, none of the variables
is significant, but this may be evidence of multico-
linearity.!® We know that since the arsenic concen-
tration range does not vary with locale, the Albu-
querque indicator and Arsenic Concentration Range
are highly correlated. Also, a likelihood ratio test!’
indicates that the coefficients of the health inter-
action variables are not significantly different from
each other. Based on these observations, we estimate
model II, where the interaction variables are com-
bined giving the new variable Ever Smoker x Health

16 A specification suggested by a reviewer included an indicator
variable that takes a value of 1 if the region provides a range
of arsenic risks, 0 otherwise. This variable was not statistically
significant.

17 The log-likelihood test is:

Hy : Barsenic range = 0 and
BHealthStatus x Current Smoker = BHealthStatus x Former Smoker
Hy : at least one of the constraints does not hold
A= —2(—654.4 — (—654.3)) = 0.2 < x? = 3.84
Inference : Cannot reject the null hypothesis.
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Estimated Variance by Locale, Health, and Smoking Status

Current and

Current and

Never Never Former Former
Smokers: Smokers: Smokers: Smokers:
Health Albuquerque Other Locales Albuquerque Other Locales ~ Table IV. Estimated Variance, exp(Z),
by Locale, Health Status, and
1 (excellent) 0.459 0.583 0.484 0.614 Smoking Status
2 0.459 0.583 0.514 0.652
3 0.459 0.583 0.546 0.693
4 0.459 0.583 0.580 0.736
5 (poor) 0.459 0.583 0.616 0.781
Average Risk by Health Status, Smoking Status, and Locale
Never Former Current
Never Smokers: Former Smokers: Current Smokers:
Smokers: Other Smokers: Other Smokers: Other
Health Albuquerque Locales Albuquerque Locales Albuquerque Locales Table V. Average Perceived Risk as a
1 (excellent)  0.007 0.009 0.007 0.004 0.008 0011  Functionof Health, Smoking, and Locale
2 0.007 0.009 0.008 0.011 0.009 0.012
3 0.007 0.009 0.014 0.020 0.009 0.013
4 0.007 0.009 0.024 0.330 0.010 0.015
5 (poor) 0.007 0.009 0.039 0.052 0.111 0.017

Status and Arsenic Concentration Range is dropped
from the model.

Table IV gives the estimated variances by locale,
health status, and smoking status. The Albuquerque
indicator and Ever Smoker x Health Status vari-
able are significant in the new model. Accordingly,
subjects living in the Albuquerque area have more
precise subjective risk estimates than those in other
locales. The new arsenic regulation had received sig-
nificant attention in the local press just prior to our
survey. It may well be that this extensive media cov-
erage of arsenic issues made respondents in Albu-
querque more certain about arsenic risks, but we
have no data on media coverage in the other locales
to adequately test this hypothesis (see the discus-
sion on media coverage of arsenic problems by Bell
et al.®).

The interaction between health status and any
smoking history is positive and significant. The sig-
nificance of the interaction variable suggests that in-
formation given to subjects about the synergistic ef-
fects of smoking and arsenic induced uncertainty,
especially for those who are currently in poor health.
The amount of uncertainty increases as the health of
the subject deteriorates, so that current and former
smokers in poor health exhibit the most uncertainty
about arsenic risks. Current and former smokers in

excellent health living in Albuquerque are the most
certain about risks. Those who have never smoked
fall between these two groups.

As noted previously, an increase in the variance
of the distribution leaves the median the same, but
shifts the average risk, p, to the right as the distribu-
tion becomes increasingly right skew. Table V gives
the estimated average risk as a function of health
status, smoking behavior, and locale for the average
aged subject (age = 51) exposed to arsenic concen-
trations of 50 ppb. Recall that the information book-
let stated an objective expected mortality rate of 0.01
for people exposed to this concentration for 20 or
more years, with the risk double that for smokers and
those in risky occupations. The results suggest that
some groups tend to perceive risks lower than the ob-
jective assessments and others somewhat higher. For
example, never smokers in Albuquerque perceive a
risk of p = 0.007, roughly 30% lower than the ob-
jective risk, whereas never smokers in other locales
are closer to the mark with an average risk of p =
0.009. While unhealthy former smokers tend to over-
estimate the risk (e.g., unhealthy former smokers in
other locales have an average risk of p = 0.052), cur-
rent smokers tend to underestimate the compound-
ing effect of smoking and arsenic consumption, as ev-
idenced by the relatively low average risks ranging
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from 0.011 to 0.017. Still, current smokers have
average risks higher than those who have never
smoked.

It is tempting to compare the results we obtain
for smokers to other smoking studies, but the reader
should bear in mind that the elicited risks here per-
tain to arsenic, not directly to dying from smoking.
However, our empirical results are consistent with
some smoking studies. For example, Smith et al.*")
found that smokers, former smokers, and nonsmok-
ers update longevity expectations (mortality risks)
differently after experiencing a health shock such as
a heart attack.

5. CONCLUSIONS AND FURTHER
RESEARCH

Many, if not all, mortality risks lack precision and
are, therefore, best modeled as having some degree
of uncertainty. Nevertheless, few behavioral studies
of choice in the presence of risk explicitly incorporate
uncertainty, presumably because it is computation-
ally complicated. Instead, most risk-related studies in
economics tend to rely upon a simple point estimate
of risk for use in behavioral models, or they fall back
on a single estimate of central tendency. This article
provides a computationally straightforward method
for estimating the perceived risk distribution of mor-
tality risks from arsenic in drinking water using stan-
dard risk-elicitation methods. The empirical model is
parameterized to include the factors that influence
both the median and variance of the perceived risk
distribution, thus allowing us to estimate a model that
allows for individual heterogeneity in the risk distri-
bution.

A notable finding is that subjects conveyed av-
erage risk estimates that were not wildly out of
line with objectively assessed risks given to all re-
spondents in the information booklet. It is possi-
ble that because drinking water is a common ac-
tivity and people who live in arsenic-contaminated
areas know the issues, this result is consistent with
the idea that availability helps people understand
arsenic-related risks.(1231-32) Note, however, we do
not observe evidence of upward bias as some sug-
gest will be found. The model revealed that perceived
risk is positively associated with arsenic exposure lev-
els and related individuating factors that should af-
fect perceived likelihood of mortality. Even though
all of our respondents received the same information
about the science of arsenic risks, risk perceptions
differed across people in several ways.

In particular here, respondents’ smoking habits
are among the strongest influences that affect the av-
erage individual perceived risk: all else equal, un-
healthy, former smokers believe their arsenic risks
to be higher than even people who currently smoke.
Current smokers recognize their increased risk over
those who never smoked, but still understate the av-
erage risk, as compared to the science-based esti-
mates of risk provided in the information brochure.
The key point is that while everyone slightly under-
states risks, the smokers in our sample appear to
understand the relative mortality risks of arsenic in
drinking water.

Contrary to the frequently employed empirical
assumption of a zero variance in risk, we find evi-
dence that the variance of the perceived risk distri-
bution is nonzero. Subjects living in Albuquerque,
where arsenic risks were well publicized just prior
to the survey, had more precise risk estimates than
those in the other locales. And again, smoking status
played an important role in the precision of the risk
estimates, with unhealthy current and former smok-
ers having less precise beliefs than those who never
smoked.

The approach used in this article has several im-
portant implications for scientists and policymakers.
First, it is clear that the problem of communicating
mortality risks that are scientifically uncertain needs
to be better addressed and not ignored. This is not an
easy task: researchers face a tradeoff between trying
to hold respondents’ attention for longer periods of
time to obtain more clarity regarding the risks faced
by specific types of individuals, at the risk of losing
respondents altogether via survey nonresponse.

Our respondents did respond to risk informa-
tion differently, supporting the notion®” that if at
all possible, risk communication should be specifi-
cally tailored to certain types of people rather than
a one-size-fits-all approach. Indeed, the recently re-
leased Center for Disease Control (CDC) cancer
tables break down risks by age, gender, race, and
smoking habits, allowing people to assess their risks
with greater accuracy and, presumably, less ambigu-
ity than when only one average population risk esti-
mate is given to them.?

The next important step to take is to link the
risk model to a behavioral model of averting be-
havior and/or WTP for a change in risk. Other re-
searchers(1:23% have typically found that when indi-
viduals make choices, they act as if they want to avoid
ambiguity. For example, individuals who must make
an important medical decision may seek opportuni-
ties to avoid any uncertainty pertaining to outcomes.



12

A recent paper by Jakus er al.(!9 finds that per-
ceived contamination risks lead to higher expendi-
tures on bottled water. But that analysis uses the
simple stated risks and could be improved upon by al-
lowing uncertainty to play a role in the choice model.
The most elegant solution would be to jointly model
the risk distribution and the decision to consume bot-
tled water. Alternatively, the risk/uncertainty model
could similarly be tied to stated WTP to reduce
contamination. The option price, which is the rel-
evant measure of WTP when risk exists, has been
the topic of considerable economic literature, but
few have considered its meaning outside of the tradi-
tional expected-utility framework where uncertainty
is necessarily excluded (for exceptions see Smith>)
and Jindapon and Shaw®®).

As in virtually any study, several other steps can
also be taken to improve on our initial line of re-
search. We have not closely examined the issue of
latency in the disease as others have,®”) though our
respondents were informed that scientists believe the
cancers would arise only after prolonged exposure.
Latency introduces ambiguity about the length of
time before cancers would occur, and it is likely that
this also contributes to the variance in individuals’
risk distributions. Though we have included individ-
ual demographics to allow for some heterogeneity
across people in their risk and uncertainty attitudes,
the model could be extended to allow for unobserved
heterogeneity.

Finally, it would probably be beneficial to ex-
plore the role of information in a subject’s devel-
opment of the perceived risk distribution by using
a split sample design where subjects are offered dif-
ferent information sets. This would help evaluate the
risk communication process, which many have rec-
ommended.(!? At the extreme, one way to explore
different risk communication information, and its ef-
fect on elicited risks, is to provide one group with
almost no information and another with the most
complete information available, akin to a controlled
laboratory experiment. The effect of the information
content can then be tested, assuming that all other
factors are controlled for that influence risk percep-
tions. However, we discovered in focus groups that
subjects balk at offering risk estimates when they
have little or no information about risks, very likely
because of their lack of familiarity with arsenic risks.
In contrast, available and familiar risk contexts and
concepts might bolster subjects’ willingness to offer
risk judgments, but these in turn may be upwardly bi-
ased, as discussed in a recent issue of this journal.*?)

Nguyen et al.

Thus, a lab experiment would need to additionally
control for all those factors that lead to higher esti-
mates of risk being offered.

Bostrom and Lofstedt®® mention, and cite sup-
porting work, that it is not only the total amount
of information that must be examined, it is whether
that information is actually mentally processed.(!®)
Interestingly, these authors also mention the desire
to have fields that work on risk analysis better com-
municate with each other, that is, psychologists and
decision theorists should better communicate with
economists and vice versa. We, therefore, provide
a reminder that a common procedure in laboratory
experiments is to try to integrate real consequences
from answers to questions, typically by paying sub-
jects not only for their overall participation, but also
for each important risk response they provide or task
that they perform,® which may indeed help support
the processing of the risk information. Though more
difficult to implement, this could perhaps be done in
field surveys t0o0.(?

Outside the laboratory, split sample designs are
likely to be an expensive undertaking because more
subjects must be studied to have a sufficient sample
size in each subgroup. As our study unfortunately
demonstrated once again, risk responses, particularly
coupled with information being sought on behaviors
that relate to those risks, are very demanding of the
respondent, making field, telephone, and mail survey
efforts more difficult than other types of surveys and,
thus, certain to be more costly.
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