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Abstract

Previous literature has shown that when there is a deterministic relationship between abatement
choices and outcomes, penalty threats can be designed to induce polluting firms to undertake ef-
ficient abatement measures voluntarily. We develop a simple game theoretic model to investigate
whether a similar policy can be designed and applied to reduce stochastic bycatch. The policy
would induce fishers to undertake efficient avoidance measures voluntarily to reduce interactions
between fishing vessels and bycatch species. Our findings indicate that when the performance
standard (a threshold of allowable bycatch mortalities per fishing season) is set at both the firm
level and the industry level, the penalty threat is sufficient in inducing risk neutral agents to
undertake the first best level of avoidance activity voluntarily. The optimal threshold, which
determines the marginal benefit associated with an efficient choice in the voluntary period, de-
pends on the degree of variability in the actual bycatch level and the discount factor. The net
impact of environmental uncertainty on the optimal threshold is ambiguous and depends on the
underlying distribution of bycatch mortalities, given the efficient level of avoidance measures.
These findings identify and emphasize the information requirements of environmental policies
involving penalty threats, which determine their effectiveness in inducing the first best choices
voluntarily. These requirements do not arise in the absence of stochasticity. While in principle
this policy can be designed to induce the efficient behavior, successful implementation of the
policy requires a strong monitoring system to evaluate firm performance. Also, even when the
environmental target is met voluntarily by the group, free-riding is not eliminated in equilibrium.
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1 Introduction

Commercial fishing activities often result in the unintentional capturing of non-target (bycatch)

species, some of which are commercially valuable. Bycatch species without any market value are

usually discarded, either because trading of these species is deemed an unlawful activity or there

is no market for these “goods”. Examples of such bycatch victims are seabirds like albatross and

petrels (Berghin, 1997; Belda and Sanchez, 2001), sea lions (Underwood et al., 2008), porpoises

(Bisack and Sutinen, 2008), dolphins (Teisl et al., 2002; Dans et al., 2003), and sea turtles (Bisong,

2000). Some of these species are classified as either threatened or endangered by the IUCN’S Red

List of Threatened Species and the U.S. Endangered Species Act of 1973. The bycatch victims often

get severely injured and die as a result of their interactions with the fishing vessels. However, these

species are valuable to society,1 which implies that the damage from bycatch is collectively borne

by society. This has motivated governments, conservation organizations and the general public

worldwide to get involved in finding effective tools to reduce the volume of bycatch associated with

commercial fishing.

Since undertaking costly avoidance measures to curtail bycatch implies cutting back on fishers’

profits, in the absence of government policy, fishers do not have the incentives to undertake mea-

sures to avoid interactions with these species. In some cases, however, the market may provide the

necessary incentives for fishers to adopt environmentally friendly fishing methods. For example,

when consumers are willing to pay a higher price for a product that has been harvested in an

environmentally friendly way, fishers may voluntarily adopt measures to avoid interactions with

the bycatch species. A prime example of a successful eco-labeling campaign that has been effective

in reducing bycatch is the ‘dolphin-safe tuna’ campaign (Teisl et al., 2002). However, in other con-

texts such as the sea turtle case, these incentives either do not exist or have not been successfully

exploited. The absence of market-based incentives calls for government intervention to design and

implement incentive-based mechanisms that would induce fishers to use environmentally friendly

methods of fishing.

When designing bycatch reduction policies, a key factor that needs to be considered is the

stochastic nature of the problem. In addition to activities undertaken by fishing vessels, the actual

level of bycatch can be affected by random factors like weather, water temperature, joint distribu-
1For example, society might benefit purely from their existence (existence value) and might want to preserve them

for future generations (bequest value). There could be some ‘option value’ for these animals as individuals may
want to have the option of seeing them in the future. Also, conserving these animals would allow for conservation of
biodiversity, a necessary condition in attaining sustainable ecological balance (Tisdell and Wilson, 2002).
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tion of the target and the bycatch species in the ocean, etc., which are beyond the control of both

the regulator and the fishers. The absence of a deterministic relationship between avoidance activi-

ties that fishers undertake to reduce bycatch and the actual level of bycatch makes it challenging to

design effective bycatch reduction policies. Also, given that these species are migratory in nature, it

is extremely difficult to get an accurate estimate of their population. Thus, it is usually difficult to

gauge the impact of any policy that aims to conserve these species by influencing human behavior.

The lack of sufficient knowledge of marine ecosystems and the spatial and temporal distribution of

these aquatic species is also a major obstacle to the conservation process. Another impediment to

the conservation efforts is the challenges associated with monitoring marine resources and fishers’

daily at-sea activities, given a limited budget. Nonetheless, U.S. regulatory agencies such as the

National Marine Fisheries Services (NMFS) are committed to efforts to protect these endangered

species and are actively involved in finding means to mitigate bycatch, while recognizing the social

benefits that arise from harvesting the target species.

In this paper we investigate the effectiveness of bycatch reduction policies with background

penalty threats in inducing fishers to undertake efficient measures voluntarily to mitigate bycatch.

Over the last few decades, the U.S. government has often used policy instruments involving vol-

untary approaches (VA) to meet environmental targets, particularly in the case of agricultural

pollution (Andrews, 1999). Voluntary conservation programs involving tax benefits, local part-

nerships and landowner recognition have also been used to promote landowner participation in

conservation of endangered species.2, 3 In the U.S., regulation has been the standard tool used

in reducing bycatch.4 However, in other contexts voluntary approaches (VA) have been used for
2In the context of conservation policies, U.S. regulatory agencies have usually adopted ‘carrot’ approaches that

provide some form of benefit to the agents in exchange for undertaking voluntary conservation measures. Benefits have
been in the form of tax credits, subsidies and cost sharing schemes. An example of a voluntary conservation program
involving a carrot approach is the Private Stewardship Grants Program, which is administered by the U.S. Fish and
Wild Life Service and which provides federal grants on a competitive basis to landowners engaged in conservation of
endangered species on private land. The following link provides a comprehensive list of federal voluntary (incentive
based) conservation programs: http://www.biodiversitypartners.org/incentives/programfed.shtml.

3Bycatch reduction policies involving a carrot approach have been used in other parts of the world, such as the
‘Turtle Bycatch Release Incentive Program’ initiated in Kenya in 1998 by Watamu Turtle Watch (a non-governmental
organization that is committed to conservation of sea turtles) (Ferraro, 2007). If a fisher caught a live turtle in his
net, brought it back to shore and reported to WTW, he would be compensated for bringing the turtle safely and any
associated cost he incurred as a result of the bycatch. One potential concern with a program like this is that it could
create incentives for fishers to deliberately catch turtles and bring them back to the shore for the incentive payment.

4For example, in the context of the shrimp industry, a technology standard in the form of the TED regulation
has been used to mitigate sea turtle interactions with shrimp trawlers. In the Hawaiian longline swordfish fishery,
the regulatory agency used a performance standard to place limits on the total number of allowable loggerhead and
leatherback turtle interactions. As per the policy requirements, the fishery had to be closed down in March 2006
when the industry hit the limit (Segerson, 2007).
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conservation of endangered species.5 In spite of a fairly wide application of voluntary approaches

to meet environmental goals, evidence suggests that these instruments work best as complements

to regulation. The background threat of regulation is critical in motivating voluntary actions by

the participants (Lyon and Maxwell, 2001).6

We develop a theoretical model of the fishing industry where fishers incidentally capture non-

marketable bycatch species while harvesting the target species. The particular policy we focus on

includes a voluntary approach coupled with a background threat of a permanent tax on bycatch

mortalities, which will be levied if the environmental target is not met voluntarily. The policy

provides fishers with some flexibility to meet the pre-set bycatch target because it specifies an end

but allows fishers to choose the means to meet the target and avoid tax payments both in the cur-

rent period and the next period. The voluntary approach associated with this policy can provide

firms the flexibility to adopt cost effective abatement measures, and might allow the environmental

target to be met more quickly due to reduced negotiation and implementation lags. If the policy

is designed to induce fishers to make the efficient choice voluntarily, the regulator will not have to

incur any administrative costs of imposing the bycatch tax. Also, this could be politically more

favorable than a policy instrument such as a pure tax on bycatch.

The model is used for two purposes. First, we show that both when the policy is implemented

on a single fisher and when it is applied to the industry as a whole, the background threat of a

permanent tax is sufficient to induce fishers to make an avoidance choice voluntarily, given that

the performance standard has been set optimally. Second, we identify the factors that affect the

optimal policy design. The optimal performance standard depends on two factors: (i) the discount

factor and (ii) the degree of variability in the bycatch level, given that the fishers have made an

efficient choice in the voluntary period. When the policy is applied at the industry level, some

incentives to free ride in the voluntary stage remain under the optimal parameter choices. Unlike

other stochastic environmental problems such as nonpoint source pollution, adopting a group policy

over a single fisher policy will not bring about a significant reduction in monitoring costs in the

context of endangered species protection.

The paper is arranged as follows. Section 2 provides a brief discussion of the related litera-
5For example, in the whale watching industry, a voluntary approach has been used to induce boats to comply with

speed requirements while approaching whales (Wiley et al., 2008).
6Segerson and Miceli (1998) show that the credibility associated with the threat is a determining factor in evalu-

ating the effectiveness of a voluntary agreement.

4



ture. In Section 3 we outline the policy and present the simplest version of the model in which the

policy is applied at the firm level. The following section presents the model in which the policy is

applied at the industry level, and the fishers as a group face the tax threat. Section 5 provides a

discussion of the main results and some concluding remarks.

2 Related Literature

This paper contributes to two distinct literatures. The first is the economics literature on bycatch,

which is somewhat limited. Boyce (1996) and Herrera (2005) analyze the efficiency properties of

several policies like quotas, taxes, and trip limits in mitigating bycatch. Abbott and Wilen (2006)

show that in the absence of any penalty, fishers fail to account for the adverse effect of their harvest-

ing activity on the bycatch species. Hicks and Schnier (2008) examine the impact of dolphin-safe

tuna labeling scheme on the spatial distribution of fishers’ harvesting effort and their willingness

to reduce dolphin bycatch in the context of the Eastern Tropical Pacific tuna fishery.

Secondly, we contribute to the growing literature on voluntary approaches to environmental

protection. The theoretical literature on the application of voluntary approaches to protect en-

dangered species has focused mostly on the role of voluntary approaches as instruments to induce

private landowners to participate in conservation of endangered species that live on their land

(Parkhust and Shogren, 2003; Smith and Shogren, 2002; Langpap and Wu, 2004). This litera-

ture has mostly analyzed the willingness of landowners to participate in voluntary programs rather

than the effectiveness of participation (i.e., whether participation itself ensures the achievement of

conservation goals). To the best of our knowledge, previous theoretical literature on conservation

policies has not dealt with the application of voluntary approaches to marine conservation issues.

A policy similar to the one discussed in this paper has been examined by Segerson and Wu

(2006) in the context of nonpoint source pollution from agriculture where the relationship between

firms’ abatement choices and the resulting environmental outcome is assumed to be deterministic.

The key difference between the Segerson and Wu framework and our model is that we explicitly

consider the stochastic nature of bycatch in analyzing the efficiency properties of this policy and

consider the impact of environmental uncertainty on the policy parameters.

The absence of real world data has motivated economists to use experimental data to test

how participants respond to these type of incentive based policy instruments. A seminal work by

Spraggon (2002) in the experimental literature on nonpoint source pollution provides a comparison
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of relative performances of policy instruments such as tax, tax-subsidy, subsidy and group fines

in inducing group compliance with a pre-set standard.7 The only experimental evidence on the

performance of the Segerson and Wu (2006) policy is provided by Suter et al. (2006), which shows

that their policy can work as well as a pure ambient tax. The experimental literature in the context

of conservation policies is limited and has primarily concentrated on finding estimates of willingness

to pay for conservation of different endangered species.8

3 Basic Model

Consider a fishery that consists of n identical, risk neutral fishing firms or fishers, indexed by

i = 1, 2, .., n. The fishing activities that fishers undertake to harvest a commercially valuable species

results in interactions between the fishing vessels and a bycatch species that inhabits the same nat-

ural environment as the target species. Among other factors, the level of interactions depends on

any activity undertaken specifically by the fisher to avoid interactions.9 Let avoidance activity

undertaken by fisher i be denoted by ai. The number of interactions are also affected by random

factors (ε) that are beyond the fisher’s control, such as weather, ambient sea water temperature

and water currents. Note that in our model these environmental factors are the only source of

uncertainty.10

Let the total number of bycatch mortalities caused by firm i during a fishing season be de-
7Other authors, such as Cochard et al. (2005), show that when both the threshold limit and the group fine are

set at a significantly high level and when there is communication among players even before the policy is put into
effect, the group fine is more effective in inducing an efficient outcome. Vossler et al. (2006), evaluate the relative
effectiveness of ambient mechanisms in a nonpoint pollution context and find that group communication increased
the efficacy of mechanisms that involve fixed fines, but resulted in inefficiency in the context of the tax-subsidy
instrument.

8Hanley et al. (2003) conducted a choice experiment to investigate public preferences for wild goose conservation in
Scotland, and found that in general individuals are willing to pay for conservation measures, even when the preference
over the design of conservation policy differed significantly among the respondents. Experimental results based on a
survey conducted by Thuy (2005) on 800 households from major Vietnamese cities (Ha Noi and Ho Chi Minh City)
showed that Vietnamese respondents, who had never paid for environmental services before were in general willing to
contribute for undertaking conservations measures to protect rhinos. A contingent valuation approach showed that
residents of Macao, China placed little value on conservation efforts to protect the black-faced spoonbill, a globally
endangered species that is found in Macao (Jiajun, 2007). The only willingness to pay study we are aware of that
has been in the context of marine turtle conservation is by Nabangchang et al. (2008). The authors conducted an
experiment in which they surveyed households from China, Vietnam, Philippines and Thailand and estimated their
willingness to contribute toward marine turtle conservation programs. Their results indicate that households are not
willing to accept a modest but mandatory surcharge on their residential electricity bills, as individuals place a low
priority on marine turtle conservation compared to other public policy issues.

9These activities could include using devices specifically designed to avoid interactions, fishing in different location
to avoid turtles, or fishing at a different time in the day or season. This is analogous to abatement measures undertaken
by polluting firms.

10This is distinct from papers like Segerson and Miceli (1998), where the uncertainty stems from the fact that if
an environmental target is not met voluntarily, the regulator can exercise the option of imposing a regulation (i.e.,
the threat) with a positive (but less than one) probability.
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noted by xi, which is a function of ai and ε. We assume
∂xi
∂ai

< 0. The total number of mortalities

that result from industry level bycatch in a season is denoted by X =
n∑
i=1

xi.

The marginal damage to society from each bycatch mortality is assumed to be a constant

d.11 Given the total worldwide population of sea turtles, this assumption is not unrealistic.

The total social damages from x number of bycatch mortalities caused by the fishery is given

by D(X) = d
n∑
i=1

x(ai, ε). The probability that x(ai, ε) ≤ x for any standard x is given by F (x, ai),

where
∂F

∂ai
> 0.

The amount of fish harvested by firm i is given by y(ai). In reality, harvest depends on three

factors: the intensity of fishing activity (for example, the number of nets used by the fisher, or the

number of hours out in the sea,), any avoidance activity undertaken by the firm, and random factors

such as weather and water conditions. However, since our focus is on the stochasticity associated

with bycatch interactions, for simplicity we do not explicitly consider the role of the number of nets

or random factors in determining the harvest and so yi = y(ai), i.e., the yield depends only on the

level of avoidance activity. Note that we do not make any assumptions about the sign of y′(ai).

In reality there can be a positive, negative or no effect of avoidance activity on harvest. We only

assume that the net effect of ai on profit is negative. Let c(ai) denote the ith fisher’s variable costs

of undertaking any avoidance activity, where c′(ai) > 0 and c′′(ai) > 0. Fisher i incurs a fixed cost

Zi per season. It reflects the cost of leasing out a vessel for a season and any other fixed costs that

are borne by the fisher.12

The market is perfectly competitive and bycatch is the only source of inefficiency. We as-

sume that even though the regulator cannot observe the avoidance activity undertaken by each

fisher on each day of the season, he can fully observe the actual level of bycatch at the end of

the fishing season. This assumption is critical because successfully implementing a performance

standard requires an effective monitoring mechanism to evaluate performance (for more discussion

on this, see section 5). We assume that the monitoring costs and the costs associated with imposing

the taxes (if need arises) are sufficiently low such that from a social perspective, it is worthwhile
11Previous authors have considered nonlinear damage functions while studying regulation of nonpoint pollution.

See, for example, Yates and Cronshaw (2001), Hansen (2001) and Hennessy and Feng (2008).
12The cost of sorting (and discarding) the bycatch species from the target species is assumed to be zero. This cost

can be significant in case of smaller bycatch species like finfish, (see Herrera, 2005).
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to implement this policy.13 Given that there are no other distortions in the perfectly competitive

market, we define the first-best or socially optimal level of avoidance activity. The regulator aims

to maximize the expected net social benefit for the entire fishing season, which is defined as the

following:

∞∑
T=0

βT [
n∑
i=1

{Py(ai)− c(ai)− Zi} − E[D(X)]], (1)

where P is the price of a pound of harvest, which the fisher takes as given. We look at a time

horizon that consists of infinite number of fishing seasons (T = ∞). The discount factor is given

by β, where β ∈ (0, 1). Note that the social problem is not inherently dynamic, but it will be

useful to specify it in this way for comparison with the private problem under the policy, where the

dynamics will be important. The number of fishing trips in a season is assumed to be fixed.14 The

following optimality condition for the social problem implicitly defines the socially efficient level of

avoidance activity:15

c′(a)− Py′(a) = −dE[
∂x

∂a
]. (2)

The expression on the LHS is the marginal cost of undertaking a. It is the marginal change in

profit from an increase in a. The RHS is the marginal benefit of undertaking a, where the benefits

arise from reduced damage from sea turtle mortalities.

3.1 Single fisher policy

The regulator designs the following policy intended to induce each fisher to undertake the socially

efficient level of avoidance activity (a∗) voluntarily. At the beginning of the initial fishing season,

the regulator sets an allowable standard of sea turtle mortalities (x) for a single fishing season.

Once set, the standard remains unchanged for all periods i.e., up to T =∞. The fisher is granted
13The policy is intended to be solely an externality correcting mechanism, and not a revenue generating device for

the government (represented by the regulator).
14In practice, both the number of trips and the length of a trip may vary depending on a number of factors, like

the weather and water condition. For example, in the context of Gulf of Mexico shrimp fisheries, the length of trip
typically ranges from a single day to a couple of weeks. However, for our purpose, we assume that both the length of
a trip and the number of trips are fixed and equal for all fishers. Also, we assume that the fisher makes his avoidance
decision at the beginning of the season and sticks with the same decision throughout the season. We understand that
this may not be always true in reality and that the fisher may adjust his initial decision based on current conditions.
For example, if his trawler interacted with too many turtles or dolphins yesterday, the fisher might choose a higher
a today. However, for simplicity, we abstract from this consideration.

15Given our assumption of identical fishers, for the sake of convenience we drop the subscript i.
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an initial period (T = 0) in which he can make an abatement choice voluntarily. Let his choice

of avoidance activity in a voluntary period be denoted by av. Note that given the stochasticity

associated with bycatch, no choice of a can ensure that the standard (x) will be met with certainty.

However, the fisher can affect the likelihood of meeting the standard with his choice of a. At the end

of the fishing season, if the total number of sea turtle mortalities caused by his fishing activities is

at or below or at the allowable standard, i.e., x(av, ε) ≤ x , then in the next fishing season (T = 1)

he is again given the opportunity to meet the standard voluntarily. If, however, in the initial period

the actual number of turtle mortalities exceeds x, then the fisher permanently enters what we refer

to as the ‘tax stage’ of the game. Once the fisher is in the tax stage, if he exceeds the allowable

standard of sea turtles in any season, he will be required to pay taxes proportional to the total

number of bycatch mortalities for that season. In the tax stage the fisher faces the following tax

payments (τ) in each fishing season:

τ = ρx(at, ε). (3)

Here at is defined as the level of avoidance activity chosen by the fisher in a tax period. Once

set, the tax rate (ρ) remains unchanged for all periods (i.e., across every season). A fisher is not

allowed to ‘bank’ the balance between x and the actual number of turtle mortalities in any season,

i.e., in a given season if he is below the threshold limit (i.e., the allowable standard of bycatch

mortalities), he cannot carry over the balance to the next period. Thus, the policy does not allow

him to ‘smooth out’ his bycatch levels across seasons, i.e., a ‘bad’ outcome in one period cannot be

offset by a ‘good’ outcome in a previous period. The tax rate has to be set optimally to induce the

fisher to undertake the efficient level of avoidance activity in each period in the tax stage. Figure

1 (appendix) depicts the fisher’s sequence of decisions with the policy in place.

va

va ta

Repeat tax stage 
forever

VA Repeat tax stage 
forever

),( vaxF

xx ≤

)),(1( vaxF−

xx >

)( taxρTax = 

Figure 1.1: Fisher’s sequence of decisions with the policy in place
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Consider the fisher’s optimization problem in a single tax period, where the fisher aims to max-

imize his profit for the season, given by the following expression:

E[πt(at)] = [Py(at)− c(at)]− Z − ρE[x(at, ε)] = π(at)− ρE[x(at, ε)], (4)

where we define π(at) as [Py(at) − c(at) − Z]. The fisher aims to maximize his expected profit

for the season by choosing a at the beginning of each fishing season. In the absence of any policy,

fishers will set a = 0 because it is costly to undertake a. The corresponding first order condition

implicitly defines his profit maximizing choice of at in the tax stage:

at : π′(at) = ρE
∂x

∂at
. (5)

A comparison of equation (2) and (5) indicates that a Pigovian tax rate equal to the marginal

damage is sufficient to induce efficient behavior in the tax stage, which allows us to state the fol-

lowing proposition.

Proposition 1: If ρ = d, then at = a∗ is the unique Nash equilibrium in the tax stage of the

game.

This is analogous to the standard result in the literature, which states that firms can be in-

duced to make efficient choices if the marginal penalty imposed equals the marginal damage caused

by their production activities (Baumol and Oates, 1988). However, we can resort to this simple

solution because the damage function is assumed to be linear in the number of interactions. If in-

teractions are stochastic, then with a non-linear damage function a tax rate equal to the marginal

damage would imply that the tax rate must be random to induce efficient behavior. Specifically,

it would depend on the covariance between the marginal damage and the marginal impact of the

fisher’s avoidance activity.16

Given the optimal tax rate (ρ∗), the question is whether x can be set such that the fisher

would be induced to choose a∗ in the voluntary stage. Because of the uncertainty associated with

the level of interactions, the fisher cannot guarantee his choice will ensure that he is below the

standard at the end of the voluntary period.17 However, his choice of avoidance activity can affect
16See Horan et al. (1998) for a detailed discussion of this issue.
17In a world without uncertainty regarding bycatch, the socially optimal level of avoidance activity would ensure
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the distribution of the bycatch interactions. The probability density function gives the range of

sea turtle interactions, which is conditional on the level of avoidance activity undertaken by the

fisher. The fisher’s choice of avoidance activity in the voluntary stage can shift this distribution to

the left so that the likelihood of his actual bycatch level being below the standard is higher. At the

beginning of the voluntary period, the fisher will choose the level of avoidance activity (av) that

will maximize the stream of expected income for the current and all future periods, V (av):

V (av) = πv(av) + βF (x, av)V + (1− F (x, av))[
∞∑
T=1

βTE{πt(a∗)}]. (6)

The first term on the right hand side is the profit earned by the fisher in the initial voluntary

period. The second term is the fisher’s earnings if he is back in the voluntary stage in the next

period after meeting the standard in the initial period, multiplied times the probability of being in

that state, discounted back to the current period. Here V represents the present value of the stream

of expected earnings calculated from any future voluntary period. The third term is the present

value of his expected earnings if he permanently enters the tax stage, again discounted back to the

current period, multiplied times the probability that he will enter the tax stage. The corresponding

first order condition that implicitly defines the fisher’s optimal choice in the voluntary stage is:

∂πv
∂av

+ βFav [V − E(πt)
(1− β)

]. (7)

The expression Fav is the partial derivative of the probability function with respect to av. The first

term in equation (7) is the marginal cost of avoidance activity realized through reduced profit in the

initial voluntary stage. The second term is the present value of discounted marginal private benefit

of avoidance activity. The marginal benefit of making an avoidance decision in the current period

stems from the expected marginal benefit of reduced probability of permanently entering the tax

stage in the next season and lower expected tax payments. Note that in the initial voluntary period,

the fisher’s choice of av will determine the likelihood of being in a particular state (voluntary or tax)

in the future, but it will not affect the expected earnings in the future, conditional on that state.

Thus, V is independent of the choice of av in the initial period, which implies ∂V
∂av = 0. However, if

everything else remains unchanged, then in equilibrium his optimal choice will remain unchanged in

every voluntary period. The present value of the future stream of income in equilibrium is obtained

that the fisher does not exceed the standard. Hence, the fisher’s choice set is reduced to only two choices (0, a∗). The
fisher will not choose any level of a between 0 and a∗ as his investment in a will not prevent him from entering the
tax stage in the next period.
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by setting V (av) = V in equation (6) above and solving for V (av). In equilibrium the present value

of the stream of expected income, discounted back to the current period, is given by:

V (av∗) =
πv(av∗)

[1− βF (x, av∗)]
+

β[1− F (x, av∗)]
(1− β)[1− βF (x, av∗)]

E[πt(a∗)], (8)

where av∗ is the fisher’s optimal choice in the voluntary period. After substituting V (av∗) from

equation (8) for V in equation (7), the first order condition reduces to:

∂πv
∂av

+
βFav

1− βF (x)
[πv(av)− E{πt(a∗)}] = 0, (9)

where [πv(av)−E{πt(a∗)}] is equal to ρ∗E[x(a∗)] (after simplification). The above equation implic-

itly defines the optimal choice in the voluntary stage, av∗. Setting av∗ equal to the socially efficient

choice a∗, and comparing equation (2) with equation (9), we obtain the following equation that

implicitly defines the optimal standard of allowable sea turtle mortalities (x∗) that will induce the

fisher to set his av∗ equal to a∗:

d
∂E(x)
∂a

=
−βFa

[1− βF (x)]
ρ∗E(x). (10)

The optimal standard depends on the discount factor, the expected number of interactions at a∗

and the marginal impact of a on the probability function at a∗, given by the expression Fa. We

state the following proposition based on our solutions from the tax stage optimization problem and

equation (10).

Proposition 2: For any general distribution of bycatch mortalities, the strategy (av, at) = (a∗, a∗)

is a subgame perfect Nash equilibrium if the optimal tax rate (ρ∗) is equal to the marginal damage,

and the threshold (x) is set equal to x∗.

Note that even though the socially efficient choice a∗ is not affected by either the degree of

uncertainty or the discount factor (refer to equation 2a), they affect av∗ and the stream of current

and discounted future income, V (av∗), through F (x∗) and the intertemporal linkages established

by the policy. This necessitates the need to understand the implications of these effects and the

necessary adjustments to x∗, given a change in any of these factors. To analyze the impact of the

discount factor on x∗, we derive the following expression from equation (10):
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∂x∗

∂β
= − Fa

β[{1− βF (x∗)}Fax + βFaFx]
. (10a)

In equation (10a), Fx is the the marginal effect of a change in the threshold on the probability

function. Both Fa and Fx are positive in sign. The expression Fax gives the effect of a change in

the threshold on Fa, where Fa (times a constant term) is the marginal benefit of undertaking any

level avoidance activity in the voluntary period. The sign of this term in equation (10a) essentially

depends on the particular nature of the probability function, i.e., the underlying distribution of

turtle mortalities, and where x∗ lies in the distribution with respect to the mean level of interactions

at a∗, i.e., E[x(a∗)]. Given this ambiguity in the sign of Fax, we cannot sign ∂x∗

∂β . When Fax is

positive or zero, a higher discount factor calls for a lower threshold (optimal) and vice versa. For

the Fax < 0 case, the net effect is ambiguous. This implies that the net impact of a change in β on

x∗ depends on (i) the direct effect of a change in x on F (i.e., Fx) and a change in a on F (given

by Fa), and (ii) the effect of x on the slope of the probability function (Fax). We summarize this

result in the following proposition.

Proposition 3: The net effect of the discount factor on the optimal threshold (x∗) is ambiguous

and is determined by the following factors: (i) Fa, (ii) Fx, and (iii) Fax, given a∗.

To develop a better understanding of how the degree of variability in bycatch mortalities affect

the optimal allowable standard of bycatch mortalities, we make a specific distributional assump-

tion. We assume x follows a continuous uniform distribution over the interval [k(ai)−µ, k(ai) +µ],

where k(ai)− µ ≥ 0. The deterministic relationship between the fisher’s effort to avoid turtles and

the sea turtle mortalities is reflected through the function k(a) and the degree of uncertainty is

captured by µ, where µ is a positive constant. An increase in µ implies an increase the variability

in the bycatch level for any given level of avoidance activity (see figure 1.2 below).
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For this special case, the optimal threshold is given by equation (11):

x∗ =
(2− β)
β

µ, (11)

which is positive for β ∈ (0, 1) and µ > 0. This implies that when x∗ is coupled with a background

Pigouvian tax on bycatch, it will induce fishers to undertake the socially efficient level of avoidance

activity voluntarily. The results we obtained from equations (5) and (11) allow us to state the

following proposition.

Proposition 4: When the number of bycatch mortalities is uniformly distributed over the in-

terval [k(ai)− µ, k(ai) + µ], the strategy (av, at) = (a∗, a∗) is a subgame perfect Nash equilibrium if

ρ = d and x∗ = (2−β)
β µ, for any β ∈ (0, 1) and µ > 0.

From equation (11), we obtain ∂x∗

∂β = −2µ
β2 < 0 for the uniform distribution case. When β tends

to zero, equation (11) implies that x∗ tends to ∞. The value of x∗ falls as β increases because

when fishers place a higher value on their future, the regulator has more flexibility to adjust the

threshold limit. In other words, when the fisher places a very low value on his future, a very high

(lenient) threshold is required to induce him to choose a∗ voluntarily and vice versa. Note this

result depends on Fax (refer to equation (10a)), which is equal to zero in the context of a uniform

distribution. This implies that when the bycatch mortalities are uniformly distributed, any change

in the threshold does not affect the marginal impact of avoidance activity on the probability func-

tion.

For the uniform distribution case, the optimal threshold for the allowable number of sea turtle

mortalities is positively related to µ, which reflects the variability in the interactions. From equa-

tion (11) we find that for a given β, when the level of environmental uncertainty is higher, a higher

threshold level is essential to induce the fisher to undertake the efficient level of avoidance activity

in the voluntary stage.

Note that the randomness in the actual level of the turtle interactions affects only the marginal

benefit associated with choosing any level of avoidance activity in the voluntary stage. The marginal

cost of choosing av is assumed to be deterministic. In order to maintain the correct incentives

needed to induce a first best in the voluntary period, when the degree of uncertainty changes (i.e.,

µ changes), the optimal threshold must be adjusted accordingly, in order to account for the change
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in the marginal benefits from choosing a∗ in the voluntary period (given a fixed tax rate). This

implies that the threshold must be set (and adjusted accordingly) such that the impact of the envi-

ronmental uncertainty on the fisher’s outcome at the end of the voluntary period is discounted, as

long as that he has made an efficient choice in that period. Because given the fisher has chosen a∗,

it is the stochasticity associated with the bycatch level that will determine the fisher’s outcome and

hence, the future stream of income. In a world without stochasticity, this adjustment would not

be required because if the policy is appropriately designed, an efficient choice will ensure that the

fisher will meet the target if he chooses the efficient level of avoidance activity.18 The adjustment

process essentially depends on the distribution of turtle interactions, given a∗. Proposition 5 below

summarizes the conclusions we draw from this discussion.

Proposition 5: A change in the degree of uncertainty (µ) alters the marginal benefit from setting

a∗v = a∗, while the marginal cost remains unchanged. Given ρ∗ = d, x∗ must be adjusted to discount

this impact of uncertainty of the marginal benefit, such the correct incentives needed for a∗v = a∗

are maintained. The required adjustment in x∗ depends on Fax, given E[x(a∗)] and F (x, a∗).

In what follows, we investigate whether an efficient outcome is attainable if the standard is set

at the industry level instead.

4 An Industry Level Bycatch Policy

While a policy based on an individual standard of allowable sea turtle mortalities can induce fish-

ers to undertake the efficient level of avoidance activity voluntarily (under certain conditions), an

industry based standard may be a promising alternative. In the pollution context, policies with

industry level limits have been shown to have some advantages over firm level policies such as lower

monitoring and administrative costs, lower information costs, information sharing, and risk sharing

or risk pooling (Mrozek and Keeler, 2004). The advantages of a group policy over a firm-level policy

in a particular context depend on the specific policy design. In this section, we investigate whether

a policy involving a group target can be designed such that in equilibrium fishers are induced to

undertake voluntarily the efficient level of avoidance activity.

18Even with uncertainty, this adjustment would not be required if the policy involved a symmetric payment scheme
such as a tax-subsidy policy. Under the current policy, the fisher is penalized (by permanently entering the tax stage)
if he fails to meet the target in the initial voluntary period. The asymmetric nature of the payment scheme implies
that the benefits of being at or below the threshold in the voluntary period come from only reducing the probability
of incurring future tax payments and not from receiving some expected subsidy payments for meeting the target.
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In the context of environmental policy design, a seminal work in the nonpoint pollution litera-

ture is Segerson (1988), where the author applied Holmstrom’s (1982) work on group punishments

to design an ambient tax subsidy scheme to induce firms to choose the first best level of abate-

ment in the case of stochastic nonpoint source emissions.19 Dijkstra and Rbbelke (2007) examine

a group incentive scheme in a static framework, where all members in a group are rewarded if the

group meets an environmental target for reducing pollution. If not, only members who meet their

individual targets are rewarded. They find that in the presence of stochasticity, group rewards

generally lead to higher expected emissions than individual emissions.

A potential problem of an industry-based standard is the classic free-riding problem. Even

in the case when the standard is met in the voluntary stage of the game, there can be fishers who

shirk and benefit from the effort undertaken by others in the industry. Dawson and Segerson (2008)

show that in a world without any environmental uncertainty, a voluntary approach coupled with a

tax threat can successfully induce firms to meet an industry-wide target, even when free-riding is

not eliminated in equilibrium. In what follows, we develop the basic model to analyze whether an

industry level bycatch policy can be designed such that each fisher is induced to undertake the effi-

cient level of avoidance measures voluntarily, given a group target of allowable bycatch mortalities

and the stochasticity associated with bycatch.

4.1 Model

As before, the market is supplied by n identical fishing firms indexed i = 1 , 2 , ...,n, with identical

cost of undertaking any avoidance activity. We denote fisher i’s choice as ai, and the remaining

(n− 1) fishers’ choices as aj . When considering his choice of ai, fisher i takes other fishers’ choices

as given. The total number of sea turtle mortalities from interactions with fishing vessels for the

group in any season is given by X(ai, aj , ε), where ε is the random term. A key assumption we

make at this point is that individual bycatch levels of all n firms are independent of each other.20

Let X be the allowable standard of turtle mortalities for the industry in a fishing season. With the

group policy in place, the tax scheme is defined as:

τi = ρX(ati, a
t
j , ε), (12)

19The payment scheme ensures revenue neutrality because on average the net payments made (or received) by the
regulator are zero.

20We acknowledge that in reality the bycatch levels may be dependent, for example, because of common fishing
location. In that case, the particular nature of dependency will play a role in determining the efficiency properties
of the group policy. However, for the sake of simplicity, in this paper we assume away any form of interdependence
among the fishers’ bycatch levels.
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where ati, a
t
j are fishers’ choices in any period in the tax stage. Note even though the individual

bycatch levels are independent of each other, the policy involving a common target introduces some

dependency among the fishers. Because the penalty will be imposed at the group level, a fisher’s

choice of avoidance activity will affect another fisher’s expected penalty from violating the bycatch

threshold. At the beginning of a fishing season in the tax stage, fisher i will choose ati to maximize

his expected profit:

E[πt(ati, a
t
j)] = π(ati)− ρE[X(ati, a

t
j , ε)], (13)

where π(ai) is fisher i′s net profit in the absence of any bycatch policy. The optimal tax rate when

the group policy is applied equals the marginal damage (d) (same as before).

Next, we solve the optimization problem that the fisher faces at the beginning of the initial

voluntary period. A fisher’s stream of income depends on both his choice of avoidance activity and

the choices made by other fishers, which affect the likelihood of the group being in the voluntary

stage in the next season. Fisher i will choose avi , given avj , to maximize the sum of expected

earnings for current and all future periods:

V (avi, avj) = πv(avi) + β[F (X, avi, avj)V + (1− F (X, avi, avj))
∞∑
T=1

βTE{πt(a∗, a∗)}]. (14)

Equation (14) is analogous to equation (6) in the single fisher model, and defines the stream of

income in equilibrium:

V (avi∗, avj∗) =
πv(avi∗)

[1− βF (X, avi∗, avj∗)]
+

β[1− F (X, avi∗, avj∗)]
(1− β)[1− βF (X, avi∗, avj∗)]

E[πt(a∗, a∗)]. (15)

A system of n equations defines the best responses of fishers i and j, where j represents the re-

maining (n− 1) fishers.

∂πvi
∂avi

+
β ∂F
∂avi

1− βF (X)
[πv(avi)− E(πt(a∗, a∗))] = 0. (16)

∂πvj
∂avj

+
β ∂F
∂avj

1− βF (X)
[πv(avj)− E(πt(a∗, a∗))] = 0. (17)
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As before, a comparison of the first order conditions of the fishers’ problem in the voluntary stage

and the social planner’s problem gives the following equation (similar to equation 10) that implic-

itly defines the optimal group standard of allowable turtle mortalities:

d
∂E(x)
∂a

=
−β

[1− βF (X)]
∂F

∂a
ρE(X). (18)

For the purpose of illustration, we consider a fishery with two fishers (i and j) to derive explicitly

an expression for the optimal industry standard and to explore the impact of uncertainty on the op-

timal group standard. As before, individual interactions are assumed to be uniformly distributed

over the interval [k(ai) − µ, k(ai) + µ]. The total industry interactions, X = xi + xj , follows a

symmetric unimodal triangular distribution over the interval [2k(ai) − 2µ, 2k(ai) + 2µ], with the

mean equal to 2k(a). The probability that the group is below any X is expressed by the following

cumulative distribution function:

F (X, ai, aj) =
[X − 2k(a) + 2µ]2

8µ2
2k(a)− 2µ ≤ X ≤ 2k(a), (19a)

= 1− [2k(a) + 2µ−X]2

8µ2
2k(a) ≤ X ≤ 2k(a) + 2µ. (19b)

For this special case, we find the following pair of feasible solutions for the optimal group standard

X
∗ that will ensure efficient abatement choices by each group member in the voluntary stage of

the game:

X
∗ = −2µ− 2k(a∗) + 2

√
4k(a∗)2 +

2µ2

β
, (20a)

and,

X
∗ = 2µ− 2k(a∗) + 2

√
4k(a∗)2 + 2µ2(1− 1

β
). (20b)

Given identical fishers, we find a symmetric equilibrium where each fisher chooses a∗ voluntarily,

given the requirement to meet the target collectively. The existence of these solutions allows us to

state the following proposition that summarizes our findings for the group policy.

Proposition 6: There exists a combination of (ρ∗∗, X∗) for which the strategies {aiv, ait} = {a∗, a∗}
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are a subgame perfect Nash equilibrium.

Next, we use the solutions we obtained in equations (20a) and (20b) to analyze the relationship

between (i) X∗ and µ, and, (ii) X∗ and β. Unlike the single fisher case, a monotonically increasing

relationship between X
∗ and µ does not exist for all values of the discount factor β. The exact

nature of the relationship between X∗ and µ depends on the cumulative distribution function F (X)

and FaX . From equations (19a) and (19b), when 2k(a∗) − 2µ < X < 2k(a∗), FaX > 0, and when

2k(a∗) < X < 2k(a∗) + 2µ, FaX < 0. We find a monotonically increasing relation between X
∗ and

µ over the interval 2k(a∗) − 2µ < X < 2k(a∗). When 2k(a∗) < X < 2k(a∗) + 2µ, the net effect

of µ on X
∗ is ambiguous. Figure 1.3 below is useful in developing a better understanding of these

findings.
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Figure 1.3: Triangular Distribution for two fishers 
with same mean and different variances. 

μμ 2)(22)(2 ** +<<− akXak  

Specifically in the context of the symmetric triangular distribution, we find ∂X
∗

∂β > 0 when

2k(a∗)− 2µ < X
∗
< 2k(a∗) + 2µ. This finding is in accord with the result we obtained for the gen-

eral distribution (equation (10a)), which shows an unambiguous effect of β on the optimal threshold

for the case FaX ≥ 0 and allows for the possibility of either a positive or a negative effect when

FaX < 0.

A question that may arise at this point is how does the optimal single fisher threshold (de-

fined by equation 10) compare with the optimal group target (equation 18), i.e., 2x∗ ≥ or ≤ X
∗.

There does not seem to be a straightforward answer to that question. The result depends on the

relationship between the nature of the distribution of bycatch mortalities for a signal fisher and the

convolution of the individual distributions that will give the distribution of bycatch mortalities for

the industry.
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Note that the equilibrium solution in proposition 6 is not unique. Other equilibria may arise

where free-riding is not eliminated in the voluntary stage under the optimal parameter choice. Un-

fortunately, the incentives to free ride in the voluntary stage are not eliminated with this policy

design. Some free-riding can exist even when the group meets the target voluntarily (see proof in

appendix). Although an individual firm may have the incentive to free ride on the others, it may

choose not to do so if its participation is the deciding factor in meeting the target and avoiding

future tax liability (Dixit and Olson, 2000). However, when there is uncertainty about meeting the

target, this is never possible. If (n − 1) fishers choose a∗ in the voluntarily stage, even if the nth

firm makes an efficient choice voluntarily, there is no guarantee that the industry (including the

nth firm) will not permanently enter the tax stage. The experimental literature (Spraggon, 2002;

Cason and Mui, 2005) provides evidence of free riding in laboratory experiments when participants

were required to meet group target in the presence of uncertainty. However, in the tax stage, fishers

face the correct incentives because while deciding on his avoidance choice in a tax period a fisher

will compare his marginal change in profit from his choice of a, with the reduced marginal damage

from interactions (and not 1
n

th of the marginal damage) times the expected change in the level of

interactions. Some equilibria can emerge in the contexts of both the single fisher policy and the

group policy where fishers do not abate in the voluntary stage because they do not face any penalty

until the end of the first tax period. Segerson and Wu (2006) suggest a retroactive tax be imposed

on the fisher at the end of the voluntary stage if the target is not met. Suter et al. (2006) propose

an alternative solution of making the tax liability a function of both the interactions in the tax

stage and the preceding voluntary stage. Both approaches have been shown by these authors to

eliminate the equilibria where the target is not met voluntarily.

5 Discussion and Concluding Remarks

We developed a model to analyze whether an incentive-based policy can be designed to reduce

stochastic bycatch such that fishers are induced to make efficient abatement choices voluntarily.

The model is used to analyze the impact of stochasticity on the optimal policy parameters. The

policy involves a voluntary approach coupled with a background threat of a permanent tax on

bycatch, which will be imposed if the fishers fail to meet the environmental target voluntarily.

Similar policies have been shown to induce an efficient outcome when a deterministic relationship

is assumed to exist between agents’ choices and outcomes. We find that even in the presence of

environmental uncertainty, the threat of facing future tax payments can be designed to be sufficient

in inducing efficient behavior in the voluntary stage both when fishers face individual targets and

a group target. However, for any change in the degree of variability in bycatch interactions, the
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target (that will trigger the tax stage upon violation) must be adjusted to maintain the correct

incentives needed to induce an efficient choice in the voluntary stage. The required adjustment of

the target is found to depend on the initial choice of the target and the nature of the underlying

distribution of bycatch mortalities.

A question that arises at this stage is that what are the possible advantages of implement-

ing this policy at the group level in the context of bycatch. Because of a common target, the policy

might promote communication and exchange of information among fleets of vessels that will help

the group to meet the standard collectively. However, a group policy like the one discussed in

this paper will not bring about a significant reduction in monitoring costs when applied to protect

endangered species. In other contexts such as nonpoint pollution, evaluating group performance is

substantially less costly than assessing individual performance. For example, in the context of wa-

ter pollution, a sample of contaminated water will be sufficient to test the ambient pollution level.

However, in the context of endangered species protection, evaluating group performance requires

evaluating each individual fisher’s performance. This implies that, for successful implementation

of policies with performance standards (such as the one discussed here), an effective monitoring

system is essential for monitoring each individual fishing firm’s compliance behavior. This is a

challenging task that regulatory agencies must seriously consider when designing and implement-

ing conservation policies. This is particularly important in the context of marine conservation of

endangered species, given that these species are migratory in nature and their natural habitats are

not bounded by well-defined property rights.

There are some interesting avenues for future research. One could easily extend the present

framework to incorporate risk aversion for additional insights on the agents’ behavioral response

to the policy. Also, our assumption of identical fishers could be relaxed to study the implications

of heterogeneity among fishers on the optimal parameter choices. Finally, in this paper we have

assumed that individual bycatch levels are independent of each other, and the only interdepen-

dency is generated by the policy that requires fishers to meet a common target. However, in reality

individual bycatch levels may be correlated, which may affect the fisher’s decision to comply with

the group standard. This calls for further research.
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APPENDIX

Statement: Some free riding can exist even when the target is met voluntarily.

Proof:

Given X = X
∗, ρ∗∗ = d, and av∗j = 0, what is fisher i’s best response in the voluntary stage?

Note that if ∂F (X)
∂a > 0 and a∗ > 0, F (X∗∗, a∗, 0) > F (X∗∗, 0, 0) ∀a > 0.

Because c(a∗) > c(0) and y(a∗) ≥ or ≤ y(0),

πv(a∗) ≤ or ≥ πv(0).

When av∗j = 0, there are four possible cases corresponding to the choice of av∗i :

(i) av∗i = 0,

(ii) av∗i ∈ (0, a∗),

(iii) av∗i = a∗,

(iv) av∗i > a∗.

When av∗j = 0, fisher i will set av∗i = a∗ if and only if V (a∗, 0) ≥ V (avi , 0), where avi 6= a∗,

or,

πv(a∗)
[1− βF (X∗∗, a∗, 0)]

+
β[1− F (X∗∗, a∗, 0)]E[π(a∗, a∗)]

(1− β)[1− βF (X∗∗, a∗, 0)]
≥ πv(avi )

[1− βF (X∗∗, avi , 0)]
+
β[1− F (X∗∗, avi , 0)]E[π(a∗, a∗)]

(1− β)(1− βF (X∗∗, avi , 0))

The above expression simplifies to:

[
πv(a∗)

[1− βF (X∗∗, a∗, 0)]
− πv(avi )

[1− βF (X∗∗, avi , 0)]
]+
βE(π(a∗, a∗))

(1− β)
[
{1− F (X∗∗, a∗, 0)}
{1− βF (X∗∗, a∗, 0)}

− {1− F (X∗∗, avi , 0)}
{1− βF (X∗∗, avi , 0)}

] ≥ 0.

Since either terms in the above expression cannot be signed, we cannot claim that the condition

(V (a∗, 0) ≥ V (avi , 0)) will hold true for all values of avi . Thus, the incentives to free ride in

equilibrium are not eliminated with these parameter choices . If all firms choose 0 or any a < a∗

in the voluntary stage, the target will be met only by pure chance.
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