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Federal oversight of agricultural biotechnology field testing is based on public concerns
that unknown consequences could arise from such tests, and that firms may not
adequately consider the public consequences of their research and development
activities. In this paper, four general types of ex ante and ex post approaches to manage
public risks from field testing are explored. The analysis shows that the approaches are
least effective at facilitating the research process yet controlling public risks when the
research firm is small in size and potential damages exceed the value of the firm.
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The Food Security Act of 1985 authorized the
secretary of agriculture to establish “appropri-
ate” controls over the development and use of
biotechnology in agriculture. Since that time, the
U.S. Department of Agriculture (USDA) in
conjunction with other federal agencies, univer-
sity officials, and private industry have at-
tempted to define “appropriate” controls and
procedures for their implementation. The need
for such controls was based on public concerns
that unknown consequences or hazards could arise
from such tests and that private firms may not
adequately consider the public consequences of
their research and development activities. For
example, genetically altered microbes could es-
cape from containment facilities of a field test
and cause unexpected harm to nearby fields.
Modified crops with new specific traits, such as
herbicide resistance, drought resistance, or pest
resistance, could develp weedy cousins that take
over local ecosystems and increase control costs.
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“Guidelines for Research Involving Recombi-
nant DNA Molecules” (NIH), the Office of
Science Technology and Policy published the
“Coordinated Framework for Regulation of
Biotechnology” (OSTP). The “Coordinated
Framework,” which outlines the federal plan for
regulating uses of biotechnology, was intended
to provide guidance to researchers for the safe
development of biotechnology. The “Coordi-
nated Framework” generally identified permits
that may be needed from various agencies to
conduct biotechnology experiments. The main
agencies responsible for agricultural technolo-
gies are the USDA’s Animal and Plant Health
Inspection Service (APHIS), through various
regulations for plant pests and animal biologics,
and the Environmental Protection Agency,
through the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) and the Toxic Sub-
stances Control Act (TSCA). However, the
“Coordinated Framework” focused on labora-
tory testing while virtually ignoring field testing
(OAB March 1990).

The USDA Office of Agricultural Biotech-
nology (OAB) has also proposed the voluntary
“Guidelines for Research Outside the Labora-
tory Involving Biotechnology,” which apply to
institutions receiving any USDA support for re-
search with genetically modified organisms (OAB
21 May 1990). While OAB recommendations
under the guidelines are not binding on an in-
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stitution or a private company, ignoring the
OAB’s recommendations might increase the
company’s liability if something were to go
wrong with the experiment. Conversely, if an
institution or company follows OAB recom-
mendations, “those extra steps could be seen as
‘reasonably prudent’ should an unforeseen neg-
ative consequence result from the actual field
trial” (OAB March 1990, p. 6).

Despite federal efforts, however, a unified
approach for regulating field testing that in-
volves biotechnology has not been developed.
It also remains unclear how companies will gain
approval to market some products produced us-
ing modern methods of biotechnology. As a re-
suit, some companies have decided to avoid us-
ing such methods in product development
(Crawford). A consistent and coordinated reg-
ulatory environment is necessary to reduce costs
and uncertainty associated with the regulatory
environment while assuring adequate protection
for the environment and human health (GAO,
NRC).

The primary purpose of this paper is to ex-
plore how different policies alter the choice
problem of the firm and influence the allocation
of funds to existing and new research and de-
velopment activities. In theory, and ignoring
transaction costs, a Coasian-type bargaining ar-
rangement between biotechnology researchers
and local groups could be developed to deter-
mine a technology regulation policy (Coase). Of
course, such bargaining can take place only af-
ter an initial assignment of property rights
(Demsetz). Thus, the analysis in this paper, which
analyzes the implications of the initial assign-
ment of rights, is logically prior to such bar-
gaining; and the type of policies for regulating
biotechnological research and development will
influence any later bargaining attempts. In prac-
tice, biotechnology companies are concerned that
each state will establish separate policies (Craw-
ford). A federal policy on biotechnology field
testing coordinated with state agencies would
probably reduce costs in the regulatory over-
sight process, both to firms and regulatory agen-
cies, and provide consistent signals for research
across locations.'

The approach in this paper follows the liter-
ature on ex ante regulation and ex post liability
(Johnson and Ulen; Rizzo; Segerson; Shavell

' For example, since Monterey County, California, passed an or-
dinance requiring a full environmental review and permit for field
testing in 1986, no applications have been filed, and field testing
occurs elsewhere.
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1987, 1984a, b, 1980; White and Wittman). Fo-
cusing specifically on the case of unilateral ac-
cidents, where only the firm’s behavior affects
risks, we analyze how four different ap-
proaches—a fixed-cost regulatory standard, a
marginal-cost standard, a property rule, and a
strict-liability rule—influence the allocation of
funds to research and safety activities.

Background and Model Assumptions

Much of environmental economics and the in-
tegration of law and economics is devoted to
studying the appropriate means of regulating po-
tentially hazardous activities. Following Weitz-
man, the “prices versus quantity” literature ana-
lyzed two general types of ex ante policies for
controlling stochastic externalities: a marginal
pollution tax on firm choices equal to the ex-
pected marginal social damage or a constraint
on firm pollution equal to the expected social
optimum (Fishelson; Watson and Ridker; White
and Wittman; Yohe 1976, 1978). In the end,
either approach could be preferred, depending
on the shape of the expected benefit and cost
functions.

Recognizing the stochastic and sequential na-
ture of many externalities, another group of ar-
ticles has analyzed the use of ex ante regulation
and ex post liability to induce firms to internal-
ize environmental risks (Johnson and Ulen; Rizzo;
Segerson; Shavell 1987, 1984a,b, 1980; White
and Wittman). For example, under a regulatory
standard, a firm must comply with the stan-
dard—spend a certain amount on “safety”—be-
fore conducting an activity. Under strict liability
for damages, the firm fully compensates injured
parties if an accident occurs and if it can be shown
that the firm’s actions caused the damages. A
negligence rule is another approach, where the
firm may not be held responsible for any dam-
ages if it follows stipulated standards or guide-
lines (Kahan). Characteristic of the literature on
liability is that either safety decisions of the firm
are assumed to be separable from its main eco-
nomic activities (Johnson and Ulen, Segerson,
Shavell 1984a, Tiectenberg) or the firm is as-
sumed to earn risk-free returns from a single ac-
tivity (Shavell 1987, 1980).

In contrast to existing studies, we explicitly
consider the economic incentives of a firm with
the opportunity to engage in a new research ac-
tivity, such as field testing of crops produced
using modern biotechnology methods. Thus, we
analyze the case where (a) safety decisions are
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not separable from the main activities of the firm,
(b) the firm engages in a riskless existing activ-
ity and a risky new activity, and (c) the firm has
a fixed amount of initial wealth or research bud-
get at its disposal. While a simplification, the
case analyzed here captures the decision prob-
lem facing research and development (R&D)
firms in the biotechnology industry. In general,
R&D firms engage in multiple projects. While
some R&D projects, such as further develop-
ment of existing products, may offer relatively
certain returns and pose little risk, more basic
research may be much more uncertain.” On the
other hand, the risks of harm associated with
applied field testing of new crop varieties de-
veloped with modern biotechnology methods are
considered more risky than varieties created
through traditional breeding methods.

The allocation of firm wealth among existing
and new research activities is a portfolio allo-
cation problem. For example, consider a re-
search and development firm with initial assets
(or research budget) of x > 0 that has the op-
portunity to conduct a riskless and risky activ-
ity. The riskless activity earns a constant mar-
ginal rate of return of r on each dollar with no
possibility of external damages. Field testing of
traditional varieties or a riskless financial asset
are examples of riskless activities. The risky ac-
tivity, which involves field testing of a new
product developed with biotechnology methods,
earns a reward equal to B with a probability of
success p(®), where p(®) is an increasing and
concave function of firm assets allocated to the
risky activity.’ The risky activity can also cause
damage outside the firm equal to h with prob-
ability d(e®), where d(®) is an increasing and
convex function of firm assets allocated to Ac-
tivity 2.* Modeling uncertainty in the research
process and the externality process as indepen-
dent Bernoulli distributions with parameters p(®)
and d(®) provides enough generality while re-
taining clear implications of the model. Such as-
sumptions are common (Shavell 1984a, Tieten-
berg).

? Randomness in benefits and externalities is common to many
industries, not just biotechnology R&D because of biological or
geological uncertainties (¢.g., the spatial distribution of mineral re-
serves and animal populations) and weather.

* While we will use the term “risky” activity, the probability dis-
tributions may not be known with certainty, and, therefore, the model
could involve decision making under uncertainty or risk.

4 Because h is constant and d(®) depends only on firm actions,
only the incentives for safety or precaution of the firm are consid-
ered. Thus, injured parties cannot take precautionary actions to re-
duce the level of harm.
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The structure of the model develped here is a
straight forward generalization of existing models
that focus on minimizing the cost of safety pre-
cautions for the risk-neutral firm (Shavell 1984a,
Johnson and Ulen, and Tietenberg). However,
the model is specifically designed to illustrate
how a firm with the opportunity to conduct a
particular research project responds to different
regulatory approaches. Of course, because the
cost of various R&D programs vary widely, dif-
ferent size firms will generally select from a dif-
ferent set of projects.

While the probability functions p(®) and d(®)
depend only on the amount of money allocated
to the risky activity, the probability functions
could be written more generally as p(u.x) and
d(u,x, p,x), where u, is the percentage of assets
allocated to the risky activity, u, is the per-
centage of assets allocated to safety activities,
and 1 — p, — u, is allocated to the riskless ac-
tivity. The function d(®) would be increasing in
i, and decreasing in u,, with d(®) convex. For
some problems, safety activities may impede the
productivity of the resources allocated to the risky
activity, or a reduction in potential damage can
be obtained only by using a different and less
productive technology. In such cases, the prob-
ability of success could also be writien as
p(wy,12), where p(®) is increasing in u,, non-
increasing in u,, and concave. To clarify the
analysis without changing its basic qualitative
nature, it is assumed that resources allocated to
safety activities substitute for resources allo-
cated to the risky activity in the probability of
damage function d(®). Thus, the firm implicitly
chooses y, = 0 and controls the probability of
damage through the allocation of resources to
the risky activity. For example, easy substitu-
tion in the probability of damage function oc-
curs in biotechnology field testing: the size of
the experiment can be reduced, but containment
facilities and other safety activities can also be
reduced, leaving the probability of damage rel-
atively constant.

In the absence of regulations, a firm has no
incentive to internalize the possibility of damage
from its actions into the decision-making pro-
cess. Assuming the firm allocates wealth be-
tween the riskless and risky activities to maxi-
mize expected profits, the firm’s problem
becomes

()  max (1+ (1 - wx+ p(ux)B,

O=p=1

where the first term in (1) is income from the
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riskless activity and the second term is the ex-
pected return from the risky activity.

Assuming an interior solution, the first-order
condition for expected profit maximization can
be rearranged to yield

) (1 + 1) =p'(wxB,

where u/ = /(1 + r, x, B) is the firm's optimal
percentage of assets allocated to the risky activ-
ity, which is decreasing in 1 + r and x and in-
creasing in B. Concavity of p(®) ensures sec-
ond-order conditions for a maximum are satisfied
at an interior solution. Equation (2) has the usual
interpretation that the firm equates the marginal
rate of return for the riskless activity to the mar-
ginal expected benefits for the risky activity. A
corner solution ;,Lf =0 (u = 1) exists when the
rate of return on the riskless activity is every-
where greater (less) than the expected marginal
benefits from the risky activity.

It is also illustrative to consider the case where
society maximizes the sum of expected net ben-
efits from riskless and risky activities.® Soci-
ety’s problem is

3

maximize (1 + (1 — ux

O=p=<i
+ p(ux)B — d(px)h,

where the terms in (3) are returns from riskless
and risky activities and expected harm from the
risky activity.

At an interior solution, the first-order condi-
tion for problem (3) can be rearranged to yield

4

where u’ = p’(1 + r, x, B, k) is society’s op-
timal investment choice, which is decreasing in
1 + r, x, and A but increasing in B. Concavity
of p(®) and convexity of d(®) ensure that sec-
ond-order conditions are satisfied at an interior
solution. Equation (4) has the usual interpreta-
tion that society equates the return from the risk-
less activity to the expected marginal net social
benefits from the risky activity. A corner solu-
tion of ' = 0 may occur as potential harm grows
relative to benefits.

Problem (3) identifies the quandary facing so-
ciety and policy makers. Society values the ben-

(1 +r)=p'(ux)B —d(uoh,

* Because benefits and costs do not fall on identical parties, in
which case the utility effects are not comparable, we do not imply
that expected net benefits should be society’s welfare criteria. How-
ever, the net-benefit objective remains a basis for comparing al-
ternative regulatory approaches found in earlier works.
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efits from both riskless and risky activities but
wants to limit its exposure to harm. Thus, the
regulatory question involves designing institu-
tions that provide the incentives for the firm to
internalize expected damages d(ux)k from the
risky R&D activity.

Approaches for Controlling Public Risk

In the absence of a regulatory authority that can
force a firm to allocate funds according to some
social optimum, indirect methods must be used
to provide the incentives for the firm to inter-
nalize potential externalities. Four approaches
are considered: a fixed-cost regulatory standard,
a marginal-cost regulatory standard, a property
rule, and a strict-liability rule. While not ex-
plicitly considered in this paper, the model could
also be generalized to analyze a negligence rule
or the joint use of ex ante and ex post institu-
tional approaches, such as a standard combined
with a strict-liability rule.S

A Fixed-Cost Regulatory Standard

Consider first a fixed-cost regulatory standard,
where ¢ represents the cost of following the
standard for conducting the risky activity. Given
that the cost of the standard directly reduces a
firm’s assets, the expected-profit maximization
problem of the firm becomes

(5) maximize (1 + (1 — p)x — q)

0=pu=]
+ p(ulx — q))B,

where the first term is income from the riskless
activity, the second term is expected retums from
the risky activity, and p is the percentage of as-
sets (x — g) allocated to the risky activity. Al-
though g is a fixed cost of conducting the risky
activity, the level of g reduces firm wealth, which
in turn affects the firm’s choice of u. The firm
will allocate funds to the risky investment ac-
cording to the optimum in equation (5) as long

¢ Under a negligence rule, three basic conditions must be met for
a firm to be held responsible for damages (Kahan). It must be shown
that (a) the firm did not follow a stipulated level of due care, (b)
damages were actually suffered, and (c) the firm’s lack of due care
actually caused the damages. In some situations, any contribution
to damages created by the complaining party may also be consid-
ered. See Shavell (1987) and Kahan for more complete discussions.
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as the resulting expected profit is greater than
(1 + r)x. Thus, a standard could drive the firm
out of the risky activity altogether, even though
some level of the activity is socially desirable.

At an interior optimum, the first-order con-
dition to (5) can be rearranged to yield

(6 1+ =p'Wix-qB,

where p" = u/(1 + r, x — ¢, B) is the firm’s
optimal investment decision under the standard,
which is decreasing in r and x and increasing in
B and gq.

When 0 < " < 1, equations (2) and (6) im-
ply that 1 + r = p'(u"(x — @)B = p'(n'"B,
which occurs when w/x = w'(x — ¢). Thus, the
total level of investment in the risky activity un-
der a standard remains equal to the level of in-
vestment for the unregulated firm. To maintain
this equality of the marginal rates of return across
the two activities, the firm under a regulatory
standard must increase the percentage of its re-
maining assets to the risky activity.

Because the level of investment in the risky
activity remains the same with or without the
standard at an interior solution, society also faces
the same amount of risk, i.e., d(u'x) = d(n"(x
— ¢)). This result, while extreme in quantitative
magnitude, is qualitatively similar to a result in
Segerson and focuses on an important feature of
a regulatory standard. The firm’s ability to sub-
stitute around a standard to equalize rates of re-
turn across activities determines the effective-
ness of a fixed-cost standard in reducing public
risk. In Segerson, where standards are placed on
only observable actions of the firm, a regulatory
standard provides the incentive to substitute into
unobservable actions. Thus, the degree of sub-
stitution in the probability function d(®) be-
tween directly productive activities and safety
activities determines how effective the standard
is in reducing risk.

A Marginal-Cost Regulatory Standard

The second approach is a constant marginal-cost
standard, where a firm pays a fixed amount 7
per unit of investment in the risky activity. Thus,
if ux is invested in the risky activity, the firms
pays Tux in tax, and invests (1 — w4 — 7u)x in
the riskless activity. Thus, the cost of following
the standard increases with the investment in the
risky activity.

For example, the USDA guidelines identify
four levels of confinement, such as physical
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barriers to limit the release of an organism to
the environment, that correspond to five levels
of safety concerns identified in the document
(OAB 21 May 1990). The NIH guidelines refer
to four levels of containment, with level four
being the most restrictive and costly (NIH). While
both guidelines refer to the “safety” of the ex-
periment, one way to improve safety is to re-
duce the size of the field test, cither by “de-
creasing the number of organisms used in the
experiment or decreasing the land area” (OAB
March 1990, p. 32).

Under a marginal-cost standard, the firm’s
problem becomes

(7 max (1 + 1 — p— 7)x + p(px)B

subjectto 1/(1 + 1) = u =0,

where the constraint ensures the firm does not
violate its budget constraint.

Assuming an interior solution, the first-order
condition can be rearranged to yield

t3) A+rn=p'ExB-—1(1+r),

where u” = p’(1 + r, x, B, 7) is decreasing in
1 + r, x, and 7 and increasing in B. The firm
allocates funds to the risky investment accord-
ing to equation (8) as long as expected profit at
the optimum in (7) is greater than (1 + r)x.
Because of the wealth constraint of the firm,
a marginal-cost standard implies an equal re-
duction in wealth (1) as well as the opportunity
cost of the lost investment from that wealth (7).
Thus, the total marginal cost of the standard is
equal to 7(1 + r). It is directly observable from
equation (8) that investment under a marginal-
cost standard is always less than that for the un-
regulated firm or for the fixed-cost standard.’

A Property Rule (Environmental Bond)

With a property rule, the firm must post a bond,
S, to conduct the risky activity, which is re-
turned with interest if no accident occurs.® Be-

? The marginal-cost standard can also be interpreted as a mar-
ginal-tax rule. Note, however, from equations (4) and (8), that the
optimal tax when the firm has a wealth constraint is 7* = d"(u’h/
(1 + 1. Thus, at society’s optimum and in the presence of con-
strained firm wealth, the optimal tax is less than expected marginal
social damage.

¥ We use the term “property rule” following Bromley, and Cal-
abresi and Melamed. In other words, under the property rule, a firm
cannot interfere with society’s entitlement to limit the risky activity
unless the firm pays prior compensation (insurance in this case) in
the form of the bond.



Larson and Knudson

cause the firm retains ownership of the bond S
when no damages are created, the property rule
partially eliminates the incentives under a fixed-
cost standard to increase the amount of available
wealth allocated to the risky activity.

Under the property rule, the firm’s problem
becomes’

(9 max (1 +r)(1 — wiix—38)

O=u<l
+ pp(x = SHB + [1 — d(pu@x — HI(1 + S,

where the first two terms in (9) are the returns
from the riskless investment and the expected
returns from the risky activity, the last term is
the amount the firm expects to have returned af-
ter conducting the risky activity, and u is inter-
preted as the percentage of assets x — § allo-
cated to the risky activity. From the firm’s point
of view, the bond is equivalent to allocating a
predetermined amount in a third asset with an
uncertain rate of return (1 + (1 — d(u(x — 5)))
<+ r).

Assuming an interior solution, the first-order
condition for the firm under a property rule can
be rearranged to yield

(1) (A +n=p'Eix-HNB
=S + nd'(W(x - 5)),

where w# = (1 + r, x =8, B, (1 + rS) is
decreasing in 1 + r and x, increasing in B, and
indeterminate in §. The firm will conduct the
risky activity according to equation (10) as long
as profits at the optimum in equation (9) are
greater than (1 + r)x.

The allocation of funds under a property rule
can be readily compared to firm choices under
a regulatory standard and society’s problem. First,
assuming interior solutions and d'(®) > 0, equa-
tions (6) and (10) imply that p'(p’(x — §)) —
p'(p'x = @) = (S/B)1 + nd'(w(x — 5)) >
0. As a result, because of p'(®) > 0 and the
concavity of p(®), u’(x — S) < u"(x — q). Thus,
with interior solutions, total investment in the
risky activity under a property rule with bond §
is less than total investment under a standard with
costs g, and expected damages are less under
the property rule than the regulatory standard.

° Another type of property rule could specify a bond S that must
be posted before conducting the risky activity, but the firm is reim-
bursed S(1 + r) — h if an accident occurs when 5(1 + ») > h, and
the firm is liable for the additional amount k — $(1 + r) if an
accident occurs when £ > S(1 + r). For brevity, only one type of
property rule is examined here. A variable bond rule of S(ux) could
also be considered where S'(px) > 0.
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Second, assuming interior solutions and a bond
of $ = h/(1 + r), equations (4) and (10) imply
that p'(W'x)B — d'(Wx)h = 1 + r = p'(uf(x —
B — d'(u(x — S))h when pw'x = p(x — §).
Thus, when the bond is set such that § = h/(1
+ r), total investment in the risky activity under
the property rule is equal to the social optimum.
As a result, investment in the risky activity and
expected damages are larger than what are so-
cially desirable under a property rule for levels
of S below the value 2/(1 + r), and vice versa.

Strict Liability

Under a strict-liability rule, the firm pays com-
pensation for damages if damages occur and if
the firm is shown to have caused the damage
(Harl; Johnson and Ulen; Shavell, 1984a). For
example, even though damages occur, scientific
knowledge may not be available to determine
that the firm’s actions caused the damages
(Johnson and Ulen), or damaged parties may not
be able to prove successfully in court that the
firm caused the damages (Cooter). Previous lit-
erature on strict liability recognizes that bank-
ruptcy laws or finite firm assets may reduce the
incentives for precaution (Cooter; Johnson and
Ulen; Rizzo; Shavell 1987, 1984a,b, 1980). In
effect, firm decisions do not influence the max-
imum amount of compensation that the firm can
pay. Thus, two cases are considered: one where
the firm can compensate fully for damages and
one where the firm cannot compensate fully.

In the model analyzed here, the firm’s final
wealth position is random when decisions are
made. As a result, the firm’s ability to pay com-
pensation is also random. If 4 is the level of
damage caused by the risky activity when an ac-
cident occurs, the potential compensation the firm
can pay under strict liability is min[h, (1 + r)(1
— p)x] if the risky activity is not successful and
minfk, (1 + r)(1 — w)x + B} if successful.

In effect, three situations may be relevant for
the firm and socicty after the risky activity is
conducted. As shown in figure 1, the relevance
of the three cases depends on firm size (x), the
potential return from the risky activity (B), the
riskless rate of return (1 + r), and the potential
harm (k). In case 1, where 0 =< A < (1 + (1
— w)x, the firm is always able to compensate
fully for harm after conducting the risky activ-
ity. Incase 2, where (1 + N (1l — ux < h <
(1 + r)(1 — w)x + B, the firm is only able to
compensate fully for harm if it is successful in
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$to
Risky
Activity
) 4
Case 1 Case 2 Case 3
I
B x(1+n x(1+r)+B
harm
Figure 1. Three cases under liability

the risky activity.'® And in case 3, where (1 +
r)(1 — p)x + B = h, the firm is not able to
compensate fully for harm even if it is success-
ful in the risky activity."

In general, to determine the optimal alloca-
tion of wealth under a strict-liability rule, the
firm must solve

(11) max (1 + (1 —p)x + p(ux)B

O=pu=l1
= d(px)t{ p(ux)min[h, (1 + r)(1 — wx + B]
+ (1 = p(ux))minfh, (1 + (1 — ul},

where the first two terms are expected income
from the riskless and risky activity, ¢ is the prob-
ability that the firm is shown to be responsible
for damages, and the last term is expected lia-
bility from conducting the risky activity. In gen-
eral, the firm’s decision problem (11) can be
analyzed as follows. Given the parameters of the
problem, the firm first chooses for each possible
case the optimal u, where i = 1, 2, 3, for the
three cases. From this set of u/’s, the firm then
chooses the u;' that maximizes overall expected
profits.

The firm’s optimal choice in case 1, where
full compensation is possible, is essentially the
standard result for a strict liability rule (Shavell
1984a) when bankruptcy or limited liability is
not an issue. The firm’s first-order condition in
case 1 is identical to society’s decision rule (4)

' The line separating case from case 2 in figure 1 is defined by
AWy =x—=h/(1 + Nfor0<h=<x(1+r).

' The line separating case 2 from case 3 in figure 1 is g(h) = x
—th—-B)Y/l +ryforB=h=x(l+7)+B.
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except, because the firm is not sued with cer-
tainty, expected liability is now only rh. Thus,
resources allocated to the risky activity under a
liability rule for case 1 are greater than for so-
ciety’s expected net-benefit criteria.'> However,
investment in the risky activity in case 1 is less
than that for the unregulated firm and for the
firm under the regulatory standard. A strict li-
ability rule in case 1 is also equivalent to a prop-
erty rule where the bond is set such that S = th/
(1+n.

The firm’s first-order condition for case 2,
where full compensation for damages is only
possible if the firm is successful, and the first-
order condition for case 3, where full compen-
sation is never possible, show how the presence
of random firm wealth complicates well-known
liability results. In case 2, expected liability is
equal to {p(u)h + (1 = p(ux))(1 + (1 —
ua)x}, while in case 3 expected liability is equal
to {p(ux)B + (1 + (1 — p;)x}. Because ex-
pected liability falls from case 1 to case 2 to
case 3, one would expect that the allocation of
wealth to the risky activity should increase in
case 2 and case 3 relative to case 1. In fact, this
result is directly observable from figure 1. For
example, case 1 and case 2 are possible when
h = B. For any level of h = B, the allocation
of assets to the risky activity for case 1 must be
less than that for case 2. All three cases are pos-
sible when the level of harm is in the range B
=< h = x(1 + r), which implies that the allo-
cation of assets to the risky activity is lowest for
case 1 and greatest for case 3. When the level
of harm is in the range x(1 + ) = h = x(1 +
r) + B, case 2 and case 3 are possible, and the
allocation of assets to the risky activity for case
2 must be less than that for case 3. Only case
3 is possible when x(1 + r) + B = h.

For the multiactivity firm under uncertainty,
random firm wealth and the option of bank-
ruptcy can dilute the incentives for safety be-
yond what is already recognized in the litera-
ture. The incentives for safety are also reduced
as firm size decreases relative to potential re-
turns. Thus, the results in this section are qual-
itatively similar to earlier studies (e.g., Shavell
1987), but this dilution grows as potential ben-
efits and/or harm increase relative to firm wealth.
A firm that is wealthy relative to # and B will
probably choose p,' or u,’, generating a case |
or case 2 outcome. However, all three cases may

2 As Shavell (1984a) notes, a liability rule of the form A/t cre-
ates the incentive to allocate resources according to the social net-
benefit criterion.
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be relevant for medium size firms relative to &
and B. Case 2 or case 3 may be most relevant
for the smallest firms relative to & and B. Future
research is needed to consider the relative im-
portance of three cases for different situations—
types and location of firms in various industries,
and how strict liability might provide the incen-
tives to conduct certain risky activities in a small
firm setting."’

Conclusions

This analysis shows how four policy approaches
create different incentives to conduct risky re-
search activities, All of the approaches are least
effective at controlling public risks and provid-
ing the incentives to conduct the research activ-
ity when the research firm is small in size (de-
fined by wealth) relative to the benefits that may
follow from the research. For example, under
the fixed-cost regulatory standard, a marginal-
cost standard, or a property rule, it is very pos-
sible that a firm would find a corner solution
optimal and allocate no wealth to the risky ac-
tivity. As a result, public regulation could drive
relatively small firms out of the industry, the
very firms that are playing a central role in
bringing new agricultural biotechnologies to the
market.

While this paper begins to address the effects
of institutional choice on resource allocation by
the firm, many issues remain. Issues for further
investigation include risk-averse research firms,
dynamics in the research process, learning, and
the temporal resolution of uncertainty. Through-
out the paper, it is also assumed that a regula-
tory agency can enforce the different types of
policies. However, the costs of implementing
and enforcing environmental policies are central
to regulation under uncertainty. In the presence
of asymmetric and imperfect information, firms
may choose which regulatory regime is pre-
ferred through compliance with regulatory stan-
dards or a property rule or through noncompli-
ance and the liability regime. Thus, further
research is needed to analyze how firm deci-
sions depend on the specific design, implemen-
tation, and enforcement of the various regula-
tory mechanisms. Other types of policies warrant

'* As Ringleb and Wiggins find in the context of corporations in
hazardous sectors in the United States, legal liability may also cre-
ate incentives to divest certain hazardous activities of a larger-scale
firm into smaller autonomous units to limit exposure to large lia-
bility payments.
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further investigation. For example, joint and
several liability is another litigation strategy,
which has been applied to toxic waste clean up
under the Comprehensive Environmental Re-
sponse, Compensation, and Liability Act (Tie-
tenberg). Under joint and several liability, one
firm can be held responsible for all the damages
created by a group of firms. This type of lia-
bility could have implications for joint biotech-
nology research conducted by private firms and
public groups such as universities or govern-
ment agencies.

[Received June 1990; final revision received
January 1991.]
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