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Abstract

The theory of games can be applied to many resource and environmental problems.
Cooperative games are relevant to situations such as fishery agreements, whereby
parties can increase both individual and total welfare and resource stock ilevels. How-
ever, in other cases, illegal activity as a result of imperfect monitoring may prevent
cooperation from taking place, and thus a non-cooperative modelling is necessary.
While maintaining the common element of game theory throughout, this thesis cov-
ers both of these situations, as well as the case where a government is strategically
regulating a resource-using industry (the pharmaceutical or biotechnology industry)
to satisfy its own conservation objectives. In the fishery contract chapter, cooperation
regarding a shared (or transboundary) fish stock is modelled, accounting for both dif-
ferences in breakdown (or non-cooperative) payoffs between the two players and the
possibility thiat one (or both) players may be faced with incentives to conserve the
stock independently of the present and future profits earned from direct harvesting.
The former may be the consequence of a cost, accessibility, or geographic advantage,
whereby the breakdown payoff (or “threat-point”) becomes the starting point of ne-
gotiations for a cooperative agreement. The latter, often termed a “non-use” value,
may result from some traditional, cultural, political, ideological or moral obligation,
or may be linked to other factors such as the reliance of the population of a region

on the stock in question, and potentially removes extinction from the optimal extrac-
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tion set without relying on very low discount rates (which simply convey a player’s
willingness to trade-off present profits for future profits). Under the assumption that
the parties negotiate a subgame perfect, or dynamically consistent, contract (as op-
posed to a binding contract), so that there is no incentive for either player to deviate
from its negotiated harvest and share, outcomes which differ substantially from those
previously found are possible.

[llegal activity (or poaching) is particularly relevant to endangered species pro-
tection and management, which is the concern of the following chapter. A sequential
game is presented, whereby the government sets its own legal harvest quota and
chooses its enforcement expenditure prior to the decisions of individual poachers so
that incentives to poach are influenced by the conditions of the market (especially
the output price) and the probability of being caught. In equilibrium, the manager
manipulates these incentives, knowing the reaction of individual and total poaching,
to maximize the legal return from harvesting net of enforcement costs or to maxi-
mize a combination of net legal returns and the stock level (to incorporate non-use
values as in the fishery agreement chapter). Further, this specification permits the
examination of the impact of a ban on legal harvesting on total poaching harvests,
stock levels, and enforcement. Under the assumption of limited entry of poachers,
the first move of the government makes it possible to completely deter poaching in
equilibrium if there is a cost advantage on the part of legal harvesters or enforcement
is sufficiently effective and the punishment very high. Trade bans increase stock levels
at the expense of reduced profits, and further, reduce the value of the government
objective function, suggesting that trade bans may be imposed externally on harvest-
ing countries by foreign nations which contain individuals who hold non-use values

for the resource in organizations such as the Convention on International Trade in



Endangered Species of Flora and Fauna (CITES).

The final chapter examines the interaction between the government, which has
to finance its own endangered species or biodiversity conservation costs, and a firm,
which uses species (in a non-destructive way) to find products which can be sold to
consumers. The firm is said to be “bioprospecting,” that is, searching for successful
pharmaceuticals or biotechnology, maximizing expected profits given the costs of
sampling species and the incentives (or disincentives) provided by the government.
As in the endangered species chapter, the government choices are given prior to
the decisions of the firm. The sampling of natural species is assumed to provide
information to the firm which increases the probability of finding a commercially
valuable product, although the firm can also observe part of the information set
of other firms {and vice versa) and some information becomes obsolete over time.
This specification permits the examination of the accumulation of information (or
knowledge) derived from the sampling of natural species over time in an infinite-
horizon model. As the information of other firms cannot be observed at each point
in time and consequently less information is gathered and fewer species sampled
than under perfect information, there is the potential for the government to correct
this informational externality by subsidizing species sampling. At the same time,
the government desires to extract the surplus generated by firms, and the choice of
lump-sum fees each period are shown to be superior instruments to shares of the
profits from successful products (royalties), which tend to reduce sampling below the
socially optimal rate. Employing the results of the theoretical model and data from
the literature, it is concluded that biodiversity prospecting may not be as poor of a

conservation financing tool as suggested in previous studies.
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Chapter 1

Overview

Within the scope of emphasis in natural resource and environmental economics are
two broad problems common to most, if not all, economics in general: how to manage
a particular scarce resource (or set of resources) and how agents interact to achieve
a particular outcome. Natural and environmental resources are fraught with exter-
nalities and public goods, making these issues even more vital in the examination
of market equilibria and public choice. Nonetheless, the two problems are highly
interrelated, as proper management of resources requires an understanding of how
users will react to management policies. The theory of games has often been used to
illuminate these issues throughout economics. This thesis concerns the application
of game theory to resource and environmental problems, including both cooperative
and non-cooperative situations. Cooperation has previously been shown, in many
different circumstances, to be superior to non-cooperation in both total welfare and
resource stock levels, which is of particular relevance to cases where agreements are
being contemplated such as the renewable resource (for example, fishery) manage-
ment game detailed in Chapter 2. However, in other situations, it is not wise to
consider cooperation as the likely outcome of a management conflict. One of the

most obvious cases is examined in Chapter 3, where a resource manager (such as



the government) is faced with illegal supply (from poachers of endangered or other
valuable species). If it was possible to identify specific agents which illegally harvest,
a properly chosen punishment would be sufficient to achieve the first-best social op-
timum. In reality, monitoring costs and ineffectiveness eliminate the possibility of
identifying potential cooperators and consequently remove the potential of welfare
enhancing cooperative efforts. Chapter 4 can best be described as a hybrid of coop-
eration and non-cooperation, where a government attempts to induce firms searching
for successful products among natural substances or species to choose the socially
optimal level of sampling (and thus expected successful products) by manipulating
incentives to search, but at the same time chooses across policy instruments to extract
as much surplus as possible to finance its own conservation costs.

In Chapter 2, cooperation regarding a shared (or transboundary) fish stock is
modelled, accounting for both differences in breakdown (or non-cooperative) payoffs
between the two players (denoted the Home and Foreign) and the possibility that one
(or both) players may be faced with incentives to conserve the stock independently
of the present and future profits earned from direct harvesting. The former may
be the consequence of a cost, accessibility, or geographic advantage, whereby the
breakdown payoff (or “threat-point”) becomes the starting point of negotiations for a
cooperative agreement. The latter, often termed a “non-use” value, may result from
some traditional, cultural, political, ideological or moral obligation, or may be linked
to other factors such as the reliance of the population of a region on the stock in
question, and potentially removes extinction from the optimal extraction set without
relying on very low discount rates (which simply convey a player’s willingness to trade-
off present profits for future profits). Under the assumption that the parties negotiate

a subgame perfect, or dynamically consistent, contract (as opposed to a binding
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contract), so that there is no incentive for either player to deviate from its negotiated
harvest and share, outcomes which differ substantially from those previously examined
(Munro, Vislie, etc.) are possible, and in some cases, probable. For example, a greater
emphasis placed on conservation by one player results in that slayer foregoing a larger
share of the total harvest to induce its rival to accept a lower total harvest (and thus
a higher stock level), a result which holds independently of threat-point positions and
of whether one or both players hold non-use values.

The situation of concern in Chapter 3 contains some elements similar to the fish-
ery game of Chapter 2, but deals with the case where one party is unable to negotiate
a cooperative agreement with other(s), as the latter is engaged in an illegal activity.
To demonstrate the interactions between the regulator or resource manager (the gov-
ernment) and the group of illegal harvesters (the poachers), the dynamics are ignored
for the most part, until introduced in later sections. A sequential game is presented,
whereby the government sets its own legal harvest quota and chooses its enforce-
ment expenditure prior to the decisions of individual poachers so that incentives to
poach are influenced by the conditions of the market (especially the output price)
and the probability of being caught. In equilibrium, the manager manipulates these
incentives, knowing the reaction of individual and total poaching, to maximize the
legal return from harvesting net of enforcement costs or to maximize a combination
of net legal returns and the stock level (to incorporate non-use values as in Chapter
2). Further, this specification permits the examination of the impact of a ban on
legal harvesting on total poaching harvests, stock levels, and enforcement. Under the
assumption of limited entry of poachers, the first move of the government makes it
possible to completely deter poaching in equilibrium if there is a cost advantage on

the part of legal harvesters or enforcement is sufficiently effective and the punish-



ment very high. Trade bans increase stock levels at the expense of reduced profits,
and further, reduce the value of the government objective function (if the legal pre-
ban quota was positive), suggesting that trade bans may be imposed externally on
harvesting countries by foreign nations which contain individuals who hold non-use
values for the resource in organizations such as the Convention on International Trade
in Endangered Species of Flora and Fauna (CITES).

Chapter 4 examines the interaction between the government, which has to finance
its own species or biodiversity conservation costs, and a firm, which uses species (in
a non-destructive way) to find products which can be sold to consumers. The firm
is said to be “bioprospecting,” that is, searching for successful pharmaceuticals or
biotechnology, maximizing expected profits given the costs of sampling species and
the incentives (or disincentives) provided by the government. As in Chapter 3, the
government choices are given prior to the decisions of the firm. The sampling of
natural species is assumed to provide information to the firm which increases the
probability of finding a commercially valuable product, although some information
becomes obsolete over time. This specification permits the examination of the accu-
mulation of information (or knowledge) derived from the sampling of natural species
over time in an infinite-horizon model. As the information of other firms cannot be
observed at each point in time and consequently less information is gathered and
fewer species sampled than under perfect information, there is the potential for the
government to correct this informational externality by subsidizing species sampling.
At the same time, the government desires to extract the surplus generated by firms,
and the choice of lump-sum fees each period are shown to be superior instruments
to shares of the profits from successful products (royalties), which tend to reduce

sampling below the socially optimal rate. Employing the results of the theoretical



model and data from the literatmé, it is concluded that biodiversity prospecting may
not be as poor of a conservation financing tool as suggested in previous studies.

All three chapters have the common element of dynamics, at least to some extent.
Both Chapter 2 and Chapter 4 have multiple periods, each with a single stage in each
period (that is, both are simultaneous dynamic games). Chapter 3 primarily deals
with a single period, multi-stage game (that is, a sequential game), although multiple
periods are introduced at one point. Multiple periods are relevant in each case to
incorporate intertemporal stock effects and accumulation dynamics which generally
have a profound effect on appropriate management policy. Each model attempts to
rely on simplicity and reasonable, justifiable assumptions of payoffs and strategies,
following Occam’s Razor, where “entities should not multiply beyond necessity.” The
objective in each case is to model behaviour related to natural resource management in
a straightforward and realistic way in order to suggest feasible solutions to important
questions, without obscuring the underlying assumptions. In summary, the Chapter 2
concerns cooperative modelling of a renewable resource (such as a fish stock), allowing
for the possibility that agents (here countries) will deviate from a negotiated outcome
if it is in their best interests to do so, and considering non-linear objectives of at least
one agent. Chapter 3 examines an alternate case, applied to endangered species
management, where a resource manager (government) can preempt some (or all)
illegal poaching through its own choice of legal harvest (or quota) and expenditure on
enforcement. The last chapter deals with two simultaneous objectives of a biological
diversity managing government: to provide incentives to induce firms fo select the
socially optimal rate of sampling over time while extracting surplus of firms to finance

its own conservation costs.



Chapter 2

A Dynamic Cooperative Game of
Transboundary Renewable
Resource Management with

Non-Use Values

2.1 Introduction and Literature

Open or free access to scarce natural resources undoubtedly leads to economic in-
efficiency from two sources. The first arises from the sheer numbers of users, as
profit-maximizing total harvests increase as the number of users grows, to a maxi-
mum in a perfectly competitive industry. Further, individuals or firms lack incentives
to conserve the resource stock, given that it is then impossible to preclude other from
its use (and destruction). Without the assignment of specific property rights over
a private good resource, any stock left unexploited by one user for future use will
not necessarily be in that user’s best interest due to the possibility the unexploited
stock may be removed by other users. Thus, the lack of distinct ownership not only
has negative consequences for the resource stock level at each point in time, but also
provides incentives to deplete the stock in the present as opposed to leaving part of

the stock for future use (Plourde, 1999). Many resources have been open access at
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some point in the past, and the consequent inefficiencies have typically lead to the cre-
ation of interna-tional property rights, usually given to countries containing or nearby
the resource stock. One common example is the 200-mile Exclusive Economic Zone
around nations established by the United Nations Law of the Sea in 1977. When a
resource stock, :such as a fishery, is not entirely contained within the jurisdiction of a
single owner, thaere is potential for conflict (whether passive or active), which can be
modelled as a n:on-cooperative game as in Plourde and Yeung (1989) or Levhari and
Mirman (1980),. or can be cooperatively managed. Plourde and Yeung show that the
Jjoint exploitation of a fish stock will result in lower total fishing effort and a higher
steady-state stoeck level relative to the non-cooperative solution, suggesting that the
“players” should prefer cooperation as long as transaction costs are not prohibitively
high. Cooperatiton can take many forms, but it is most realistic to assume that each
party is self-intesrested and negotiates an agreement which makes them better off than
without a contract, and so that some form of conflict remains in terms of bargaining
among the players of the “cooperative game.” One example of such as situation is
a transboundarwy resource stock, where either straddles the boundary between one
jurisdiction and. another (including across the boundary of the Exclusive Economic
Zone of one cowntry into that of another or across the EEZ of one country and the
adjacent open sea), or concerns a stock which is highly migratory and resides in more
than one jurisdiction over the course of a year. As examples from world fisheries, the
original United Nations Law of the Sea of 1982 failed to address transboundary fish-
eries, but since rthe later UN Law of the Sea of 1995, “straddling stocks” and highly
migratory fish stocks have been recognized as issues managed by international orga-
nizations and frequent agreements have been made within organizations such as the

UN, North Atlamtic Fishery Organization (NAFQ), and International Commission for



the Northwest Atlantic Fishery (ICNAF).

This section will outline the cooperative renewable resource game literature to
date, focussing primarily on a seminal article by Munro (1979) and its extensions
Vislie (1987), Ferrara and Missios (1996), and Missios and Plourde (1997}, relative to
the non-cooperative resource game literature, and will identify the situation of this
chapter within this literature. As noted by Plourde (1999), there are two distinct
branches of the cooperative fishery literature, the first being that parties (or nations)
negotiate binding contracts, and the second that this is not possible and contracts
must be dynamically consistent through subgame perfection {or backward-induction).
Munro and Missios and Plourde both fall into the first category, while Vislie, Ferrara
and Missios and this chapter fall into the second. Within these two branches, there
are also two treatments of risk aversion: Munro, Vislie, and Ferrara and Missios
maximize discounted profits, and so utilize a linear objective if unit harvesting costs
are constant (risk neutrality), while Missios and Plourde and this chapter suggest non-
linear objectives. Risk arises in these models as a result of the threat of a breakdown
of the cooperative solution.

Munro was one of the first to model cooperative fishery management agreements,
covering several aspects and assumptions of the issue, with two players/nations and
an infinite time horizon. As mentioned above, contracts are assumed to be binding,
so that parties will not deviate from their negotiated share, although there may exist
incentives to do so (this can be achieved by perfect monitoring and a sufficiently high
punishment).! In the event of a breakdown of thé contract, the game is presumed

to revert to a bionomic equilibrium (that is, a perfectly competitive long-run market

Kaitala and Pohjola (1988) explicitly extend Munro’s model to allow for monitoring, but instead
of a monetary punishment for a violation, the game reverts to the non-cooperative outcome. Instead
of one-time (side-payment) transfers, the authors also suggest harvest shares.



equilibrium with the resource stock at its steady-state level), but is more realistically
assumed by later authors to be the outcome of a non-cooperative game between
the two players. For part of the paper, the harvest shares of the two countries are
given and time invariant, and the agreement maximizes an objective incorporating
the present value of profits for each country, weighted by a bargaining parameter.
This bargaining parameter is given by the solution of the (symmetric) Nash product
of the countries’ gains from cooperation (that is, the payoff under cooperation less the
payoff under non-cooperation, or default payoff). Plourde notes that this specification
is controversial in the sense that differing bargaining abilities should result in a non-
symmetric Nash solution, whereby the gains from cooperation are skewed toward the
nation with the bargaining advantage. As long as the bargaining abilities of the two
nations are the same, Munro’s specification is appropriate, and the result that the
less future-oriented (high discount rate) country will harvest in the present while the
more future-oriented country wiil harvest later follows. In later sections of the paper,
the harvest shares are permitted to vary between zero and unity, and for particular
ranges of the bargaining parameter, will lead to one extreme value or the other (corner
solutions), implying that one country (the ‘better’ bargainer) will perform all of the
harvesting and the other will never harvest. This necessitates a side-payment from
the sole harvester to the other in order to induce the non-harvester to select the
agreement over the default (non-cooperative) payoff. These so-called “bang-bang”
solutions of this type are a result of linearity assumptions in the model, and later
papers have proposed other objectives to remove this over-simplifying restriction,
including Missios and Plourde and the model of this chapter.

In studies such as Munro and others, discount rates have typically been employed

to compare differences in countries’ views on conservation, as low discount rates impl
2



a greater emphasis on future returns, so that countries with such rates would prefer
to harvest more in the future than higher discount rate countries and would therefore
be more “conservationist.” While this view may in part describe this motivation,
clearly other social, political and moral reasons for conservation exist. Observation
suggests that some countries are interested in conservation of fish stocks for reasons
other than future profit, and frequently, the countries which are more conservative
have some vested interest in conservation of a particular fish stock itself (as in the
case where a country has a significant domestic industry which is dependent on that
fish stock). Often, the more conservationist country borders on the resource and
may have a fishing fleet suitable for fishing close to home but unsuitable for global
harvesting, so that the survival of the fish stock is vital to the industry. A foreign
country fishing fleet usually has alternative fishing possibilities so that depletion of a
particular stock is of less consequence, and therefore may have an incentive to ignore
the conservation of the resource and move on to other areas. Accordingly, Missios
and Plourde extend the specification of Munro to the case where one country has
a “conservation motive,” preferring a higher stock independently of the level of the
harvest, and another country, the foreign country, which has no such motive, and thus
is simply concerned with a discounted flow of profits derived from the harvest. The
paper is concerned about the negotiated total harvest and consequent steady-state
stock levels, and ignores the division between the two countries. The presence of a
conservation motive serves to increase the steady state fish stock level, as do increases
in the negotiated share of the country holding such a motive, which is taken as given
from a previous stage of bargaining.

Vislie relaxes the restrictive requirement that countries are bound to their nego-

tiated shares, using a two-period variation of Munro’s model and solving the model

10



by backward induction for subgame perfection (that is, the Nash bargaining solution
holds in each period). When countries differ only by discount rates, the total harvest
will be shared equally in the second (and final) period and the low discount rate
country (which is more forward looking) will receive a share less than fifty percent
in the first period in order to induce a larger second period stock and harvest. How-
ever, Vislie assumes that the payoffs to each player in the event of a breakdown of
the cooperative agreement are identical, essentially providing each side with equal
bargaining power as the default or threat-point is the same for each, even if there are
differences between the two players such as a harvesting cost advantage for one. Since
it is normally assumed that the parties revert to a non-cooperative situation in the
event of a breakdown, this cannot be the case, since Levhari and Mirman, Plourde
and Yeung and others show that the non-cooperative outcome will depend on several
factors, and should be equivalent only if the two parties are identical. For example,
Plourde and Yeung examine closed-loop feedback Nash equilibria over a finite time
horizon,? finding a feedback strategy solution which depends on the agent’s discount
rate and the net natural mortality rate of the stock. Joint maximization is shown
to result in lower total fishing effort and a higher steady-state stock size, and coun-
tries with higher discount rates will select larger harvests. Levhari and Mirman use
a infinite-horizon dynamic Cournot-Nash model, employing discrete time dynamic
programming.3 Each of the two players acts as a Cournot duopolist, maximizing a
non-linear objective (utility) taking the choice of its rival as given. An extension is

also provided with a leader-follower structure, where one country is “sophisticated”

2Closed-loop strategies depend not only on time but on the remaining stock, as opposed to
open-loop strategies which vary only over time.

21t should be noted that the resulting closed-form Cournot-Nash solution of Levhari and Mirman
may not be a steady-state, implying that the solution presented could represent a fish population
which is out of equilibrium in a dynamic sense.
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(accounts for the ability to manipulate its rivals’ harvest) and the other is “naive”
(takes its rivals’ harvest as given, as in Cournot). Extinction is a distinct possibility
under non-cooperation but is shown to be impossible in their framework for a coop-
erative regime, and differences in various factors will result in different harvest levels
for the rivals, at the same point in time.

As a consequence of the previous findings of varying harvests under non-cooperation,
the issue of differing breakdown positions was originally addressed in my previous
work (Ferrara and Missios) by allowing for differences in the threat-points or default
positions of the two parties, within a modified framework of Munro and Vislie. The
treatment in this chapter considers and compares the two possibilities, although it
should be kept in mind that the identical threat-point solution is simply a special case
of the (potentially) differing threat-point solution. Conservation motives are also in-
corporated in this analysis, providing a unification of the various theories within the

subgame perfect renewable resource (fishery) literature.

2.2 Example: The Canada-European Union Tur-
bot Dispute

In early 1995, a “fish war,” which gained considerable public attention, erupted be-
tween Canada and the European Union (EU) over turbot, also known as the Green-
land halibut. The conflict arose from Spanish and Portuguese alleged overfishing in
the area off the coast of Canada but outside the two hundred nautical mile limit on
the Grand Banks of Newfoundland. To justify its overfishing above the quota set
by the fifteen-country North Atlantic Fishery Organization (NAFQ), the European
Union cited the persistent low Canadian share of the turbot caught as an indica-

tion of excessively high quotas set for Canada. In contrast, Canada claimed that its
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low catch share was the immediate consequence of the continued overfishing by the
European Union and other NAFO members.

The dispute has only recently come to an end, with Canada and the European
Union agreeing on a total allowable catch for 1996 of 20,000 tonnes, approximately
26% lower than that set by NAFO for 1995, and on their respective catch shares of
15% and 55%. While the total allowable catch limits have followed a downwafd trend
in previous years, from over 100,000 tonnes in 1989 to just 20,000 tonnes in 1996, the
catch shares have undergone a drastic change, as in the past Canada would typically
be granted more than fifty percent of the total allowable catch, and the European
Union would consequently receive less than fifty percent. The steady decline of the
total allowable catch is likely a consequence of the significant decrease of turbot stocks
in recent years to dangerous levels. In fact, even though estimates of the stock size of
turbot vary substantially, most conform to the view that turbot could face extinction
if the overfishing of the 1980s and early 1990s were to continue.

That greater emphasis on the conservation of turbot has induced NAFO to set a
lower total allowable catch for 1996 is consistent with the prediction of the infinite-
horizon model developed by Missios and Plourde, in which the steady state total
allowable harvest is chosen as to maximize the sum of the two countries objective
functionals subject to the relevant constraints. The driving force of their model is the
assumption that one of the two countries, denoted the Home country and identified
with Canada in the turbot war, has a non-pecuniary incentive to conserve the fish
stock in addition to being profit-maximizing, and thus receives benefits from both the
harvest and the level of the fish stock. From the continuous time specification of the
model, though, a detailed analysis of the sharing rule becomes impossible. Prior to

this study, the extent of countries conservation attitudes has been measured by the
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magnitude of discount factors; specifically, higher discount factors, implying greater
emphasis on the future, have been taken to be equivalent to more conservationist
positions. However, discount factors merely represent countries’ willingness to trade
present profit for future profit, so their relatively high levels are necessary but not
sufficient to prevent optimal extinction in a finite-horizon setup. On the other hand,
if countries derive a non-use value (that is, a value derived neither from direct nor
indirect use of the resource stock) from the resource, then reasons of a social, political,
ideological, or moral nature exist to conserve the fish stock and extinction is no longer
possible as an optimal outcome, given that countries are now utility-maximizing and
their utility is not independent of the level of the fish stock. The prime examples of
these non-use values are known in the literature as existence value, which refers to
preservation for its own sake, and bequest value, which refers to conservation for fu-
ture generations’ use (see Krutilla, 1967). Bishop and Welsh (1992) find evidence that
existence values likely exist for species which are obscure or even unknown. Non-use
values provide an additional incentive to leave part of the resource stock unharvested
(beyond the inter-temporal profit-maximization and cost-savings incentives), apply-
ing even in the final period in a finite horizon when other profit-based incentives
disappear. The existence of a non-use value for at least one country is important not
only in the determination of optimal harvests, as Missios and Plourde show, but also
in that of catch shares.?

In the following sections of this chapter, we address the harvest division issue
in a two-period model of the type proposed by Vislie and extended by Ferrara and

Missios, and derive a subgame perfect contract between two countries, at least one

4By assuming that the catch shares are determined prior to the negotiation of the total allowable
catch, Missios and Plourde do not need to consider the question of how the harvest is divided between
the two countries.
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of which is assumed to receive a non-use benefit from the stock. Like Missios and
Plourde, we find that the harvest or total allowable catch is smaller compared to
that of the benchmark case in which neither of the countries receives a non-use value;
furthermore, we show that the harvest share of the country with such a motive is less
than fifty percent in both periods, a result which is consistent with NAFQO’s decision

to assign Canada only 15% of the total allowable catch for 1996.

2.3 The Model

We consider two countries, denoted the Home country and the Foreign country, which
are engaged in a two-period exploitation of a transboundary renewable natural re-
source, such as fish, and which (in the absence of reliable enforcement mechanisms)
need to design a contract specifying both the total allowable catches and the sharing
rules that neither party has any incentive to breach. For the sake of exposition, we
assume that the two countries face a world demand for harvested fish that is infinitely
elastic, implying a parametric price, p,® and an identical constant unit cost of extrac-
tion, c.5 In a bargaining situation where the agreement is negotiated at the beginning
of the first period, the two countries maximize the product of their individual gains
from cooperation, subject to the relevant constraints, and obtain dynamic consistency

(or subgame-perfection) by incorporating into the two-period Nash-product the op-

5This assumption, made by both Munro (1979) and Vislie, removes the “market® externality
associated with the impact of management decisions on the price, leaving only the dynamic or stock
externality associated with the effects of the same decisions on the fish biomass.

6The assumption of a constant extraction cost, as opposed to a cost decreasing in the level of the
fish stock, will have no impact on the sharing rule in either period. Although a stock-dependent cost
would lower the harvest in the first period because of the “marginal stock effect” developed by Clark
(1976), by which additional fish are left unharvested in order to decrease the future harvesting cost,
our conclusions regarding the impact of non-use values under both equal and differing no-agreement
payoffs will remain unchanged.
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timal second-period catch sharesj This yields a solution which is Pareto-optimal so
that making one country better off must be done so at the expense of the other coun-
try® and is subgame perfect if the decisions made in the second-period are recognized
in the first, implying that there is no incentive for either country to deviate from its
negotiated harvest quota in either period.

Here we will initially consider the general case in which the payoffs without coop-
eration are not necessarily equal as a result of one country’s proximity to the resource,
presumably the case of the Canada-European Union turbot dispute.?. We define Bf,
and Bf as the no-agreement payoffs in period ¢, and B¥ and BY as the two-period
discounted no-agreement payoffs, of the Home country and Foreign country.

The Home country is assumed to hold a non-use value and thus benefits from both

the harvest and the fish left unharvested, so that its objective functional is
WH = V(z,) + ar(p — c)hy + S [V (z2) + aa(p — ¢)hal, (2.1)

where z; , o; , and h; are the fish biomass, the Home country’s share, and the total
harvest in period ¢, respectively, and dg = 'l—_r];:'g' is the Home country’s discount
factor,'° and where V'(z;) > 0 and V"(z;) < 0 . On the other hand, the Foreign

country does not receive utility from the level of the fish stock and therefore remains

"The Nash-product is the product of the net benefits from cooperation to each country, and the
two-period Nash-product is simply the product of present values of the net benefits from cooperation.

8Nash (1953) demonstrated that the maximization of the Nash-product yields the only solu-
tion that satisfies the axioms of feasibility, independence of irrelevant alternatives, rationality, and
symmetry, in addition to Pareto-optimality.

9For example, the European Union can only employ “offshore” technologies that must incorporate
both the harvesting and the processing (e.g., canning and freezing) of the fish caught.

101¢ is possible for the Home country to discount profits and utility at different rates. In particular,
utility is sometimes discounted at the rate of “impatience® and profits at the appropriate rate of
interest. While the former refers to preferences, the latter refers to opportunities. See Silberberg
(1990), 419-426. Here, we assume that these two rates coincide.
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purely profit-oriented, so that its objective functional is
WF = (1 - 01)(p*‘c)h1+5p(1 —'0{2)(])—6)}12, (22)

where §F is the Foreign country’s discount factor. The two countries therefore choose
the total harvest and sharing rule for both periods by maximizing the two-period

Nash-product,

{(V(z1) + on(p — )by + 65[V(z2) + cr2(p — ) ho] (2.3)
—BH}H{(1 — on)(p — ©)h1 + +6r(1 — o) (p — ¢)ha — BT}, (24)
such that
0<a: <1, (2.5)
0 < hy < hpax, (2.6)
and
Ty = Tp_y + F(z1) — by > 0. (2.7)

where hyrax is determined by economic catch constraints, and F'(z¢—;) is the biomass
growth function. Since the countries seek a dynamically-consistent contract, they
need to take into account the second-period harvest and sharing rule which maximize

the second-period Nash-product,
[V{(z2) + 02(p — c)ha — By J[(1 — a2) (p — €)h2 ~ B3 |, (2.8)

subject to the above constraints for ¢ = 2, when choosing the first-period harvest and
catch shares.

The constrained maximization of (2.8) with respect to an yields

o, = L4 (BE = Bf) V(=)

2 2(p — c)h2 ’ (2.9)
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and with respect to h; upon substitution for o, from (2.9) yields
p—c=V'(zp), (2.10)

which states that the marginal benefit from harvesting, i.e., the constant average
profit from the harvest, must be equated to the second-period marginal benefit the
Home country receives from leaving the fish unharvested. Only if the agreed-upon
first-period harvest and catch shares are such that this condition is satisfied in the
second period will the two-period contract be subgame perfect.

For the first period, the sharing rule and total harvest must satisfy

wH - B =w¥F _ BF, (2.11)
or
V(zy) + (2040 — 1)(p — c)hy + @[V(z’z) + (p — c)ho] — (B¥ — BF) =0, (2.12)
and
V(@) + calp = O + EV ()52 + (0 = ) G2} — B
HL =) - o) + LV ez + G- IGEHWT - Wi =0 (2.13)
Rearranging (2.12), we obtain that
N
(BF - BF) — Gxtie)(pE _ pf)] 0.15)

+

2(p —c)hy
Manipulating (2.13) and using (2.10), (2.11), and 8z /8h; +8hy/Ohy = —[1L+ F'(z1)],

we have that
Vi(z1) - (p—c)+ (;;H—g—ad[l + F'(z))(p —¢) = 0. (2.16)
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By (2.10) and (2.16) we confirm the result obtained by Ferrara and Missios that the
assumption of differing default payoffs has no impact on the choices of the optimal
first- and second-period harvests; in other words, the second-period harvest maxi-
mizing the second-period Nash-product and the first-period harvest maximizing the
two-period Nash-product are independent of the corresponding no-agreement payoffs.
However, the assumption does have an effect on the choices of the optimal first- and
second-period sharing rule; as indicated by (2.9) and (2.18), a3 is positively related to
the difference between the Home country’s second-period breakdown payoff and that
of the Foreign country, and o, is positively related to the average “perceived value”
of the first-period no-agreement payoff differential.'* On the other hand, a non-use
value on the part of the Home country affects not only the sharing rule but also the
harvest choice. In particular, it reduces oy, may increase or decrease «;, depending
on the difference between the two countries’ discount factors,'? and serves to increase
the fish stock levels, and thus decrease the harvests, in both periods by the concavity
of the growth function.

If the Foreign country receives a higher payoff under non-cooperation than the
Home country in each period, that is, Bf < BF, for i = 1,2, as is unambiguously
less than one half, given that both the differential and the benefit to the Home
country from the second-period fish stock left unharvested work in the same direction
to increase the bargaining power of the Foreign country. In other words, the Home

country is willing to accept a lower second-period catch share in return for a lower

11The numerator of the fourth term on the right-hand-side of (13) is one-half of the sum of the first-
period non-cooperative payoff differential discounted by §y and the same differential but discounted
by éF.

12The derivative of a; with respect to the difference between 65 and dp is negative; in fact, if the
Home country is more future-oriented and thus willing to accept a lower harvest today for a larger
one tomorrow, then it has to compensate the Foreign country with a higher current catch share.
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harvest, and thus a higher fish stock; further, for an agreed upon harvest, the Home
country has to accept an even lower share because of the Foreign country’s better
default position.!® In the first period, the Home country is to receive a share less
than one half, again provided that the Foreign country is not significantly more future-
oriented, or that dr > &5, for the same reasons as discussed above. The result that
s and o, are both less than one half holds as well for the identical breakdown payoff
case, or B = BF fori=1,2.

For By > Br, whether the former agrees to a catch of less than fifty percent
of the total harvest in the second period depends on the magnitude of the second-
period default payoff differential relative to the benefit the Home country receives
from the fish left unharvested. As intuition suggests and (2.9) confirms, the larger the
differential is relative to the benefit, a benefit which in turn depends on the strength
of the conservation commitment, the more likely the Home country must receive
more than fifty percent of the second-period harvest to conform to the agreement.
Similarly, under the assumption that the two countries have identical discount factors,
the Home country agrees to a first-period catch share less than one-half if the first-
period average breakdown payoff differential is less than the benefit from the fish
stock at the end of the same period. On the other hand, if the discount factors differ,
and, in particular, if g > dg, implying that the Home country places more emphasis
on the future, a dynamically consistent settlement between the two countries has to
assign the more future- and conservation-oriented country more than fifty percent of

the first-period total catch if

ég — oF b + O
B ~08)(p — ey + V (o)l + Viw) < BT - 57 — QLI (pr_ gy (217)

13In Munro (1979), compensation is made through explicit “side-payments,” although the need for
such compensation arises from differences in discount factors, fishing effort costs, and/or consumer
preferences.
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that is, if the sum of the average social net benefit from the Home country’s higher
discount factor and the benefit from the first-period fish biomass is smaller than
the average perceived value of the first-period no-agreement payoff differential. The
result is again intuitive, as the Home country bargaining power is positively related
to its relative non-cooperative advantage over the Foreign country, but negatively
to the benefit from the fish stock and the discount factor differential. Clearly, the
more favorable default position the Home country enjoys serves to increase its catch
shares in both periods. However, while in the absence of the non-use value the Home
country must receive a harvest share greater than fifty percent in the second period
and, under the assumption of identical discount factors, in the first period,'* here it
is still possible for the country to agree upon a share smaller than fifty percent if its
utility from the fish biomass is greater than the non-cooperative payoff differential.
In summary then, there is a fish stock remaining after the second period whenever
one country places an existence value on the biomass stock level.

Returning to the previously mentioned example, the results that the first-period
harvest is smaller and that the Home country’s share is less than fifty percent are
consistent with the terms of the September 1995 agreement with NAFO ending the
dispute between Canada and the European Union over turbot, whereby Canada. is en-
titled to catch only 3,000 tonnes of turbot for 1996, or 15% of the total allowable catch.

The decision by NAFO seems to have been dictated by the need of a settlement that

In such a case, both the first- and second-period shares are greater than one-half by the average
ratio of the default payoff differential to the harvesting profits for the corresponding period, that is,
1 (Bf —Bf)

+

=T o=k’

[(B¥ — BF) —6(B3* — BY)]
2(p—c)h1 i

1
a1=§+
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would accommodate the two parties’ conflicting positions and prevent future losses
associated with the reoccurrence of fish wars (non-cooperation).'® Specifically, NAFO
seems to have taken into account Canada’s apparent greater future orientation'® and
ideological commitment to conservation, and the increased risk of turbot extinction
resulting from the continued overfishing by the European Union. That Canada has
a more conservation-oriented attitude is also in concert with the observation over
recent years of its low share of the turbot caught, around 20%, in spite of its high
allowable catch share, over 60%, and the visible signs of non-cooperative behavior of
the European Union. Obviously, if Canada’s sole objective had been maximization
of harvesting profits, then it would have responded to the overfishing of some NAFO
members by fishing itself above the set quota. Instead, in light of the declining stock
of turbot, apparently the last commercially viable fish stock in the North Atlantic, it
chose to fish below its allowable quota, and this clearly identifies conservation as one
of the key determinants of Canada’s policies regarding fisheries.

For Canada, the decision by NAFO to set the total allowable catch for 1996 at a
level lower than that of 1995 may signify an increase in the benefit received from the
fish stock at the end of the year, a benefit which is only partially offset by the loss in
the harvesting profits resulting from the lower 1996 total harvest. For the European
Union, on the other hand, the smaller total allowable catch amounts exclusively to a
loss in the profits from its share of the total harvest. Therefore, had NAFO limited

itself to a reduction in the 1996 total allowable catch by about 26% relative to the

5 Levhari and Mirman (1980) and Plourde and Yeung (1989) show that cooperation Pareto-
dominates non-cooperation with two countries and n countries, respectively.

18 Buropean interest rates, which can be regarded as a rough proxy for discount rates, have been
traditionally higher than Canadian interest rates, implying a lower discount factor for the Euro-
pean Union, consequently a greater future-orientation for Canada. This claim is supported by the
notorious reputation of the main European Union fleets (Spain and Portugal) as exploitive. Notwith-
standing, Canada has also been involved in similar incidents, but not to the same extent.
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1995 harvest, and had Canada and the European Union accepted the decision, the
latter would have not delayed to deviate from the negotiated sharing rule, as it would
have not been willing to pay for the increase in the welfare of the former without
adequate compensation. In the context of the dispute over turbot, given the absence
of a legally binding agreement which requires not only monitoring'? but also a system
able to severely punish the parties deviating from the agreed-upon terms, Canada,
which gains from NAFO decision to allow a smaller total turbot catch for 1996 at
expense of the European Union, has to somehow compensate the latter in order to
prevent it from overfishing.

NAFO, which is likely to also aim at minimizing the costs associated with the
continued switching from cooperation to non-cooperation and vice versa, seems to
have given due attention to the need of a dynamically consistent agreement, and thus
to the requirement that the European Union must be compensated for the loss in
the net profits from its share of the harvest. This would explain the other NAFO
decision, which won the support of both Canada and the European Union, to assign
the former only 15% and the latter 55% of the total harvest, 75% lower and 337%
higher, respectively, than the 1995 catch shares, or, in terms of the allowable quantity
of turbot, a maximum of 3,000 tonnes for Canada, 81% lower than the 1995 quota,
and a maximum of 11,000 tonnes for the European Union, 223% higher than the 1995

quota.

17Qne of the terms of the September 1995 agreement is that vessels be monitored by satellite. Mon-
itoring, however, may be necessary but certainly not sufficient to bind parties to their commitments
regarding future actions.
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2.4 A Subgame Perfect Agreement When Both
Countries Receive Non-use Values

Until now we have been concerned with situations in which only one country benefits
from the fish stock and made no mention that both countries may pursue conservation
for non-lucrative reasons, even if to different extents. This possibility arises in the
context of the salmon dispute between Canada and the United States, as they are
both known to contemplate policies aiming at preserving the natural status quo.!®
Paradoxically, the century-old conflict has been recently exacerbated by the decision of
the American President Bill Clinton to ban salmon fishing in the area from California
to the Canadian border in order to avoid the complete depletion of the US-spawned
salmon, a resolution that carries the name of conservation but does not exclude the
strategic attempt of the United States to expropriate some of the profits from the
harvesting of the Canadian-spawned salmon. In fact, US fishermen responded by
moving to Alaska, thereby adding to the pressure on the salmon originating in British
Columbia. In turn, Canadian fishermen, on instruction of the Canadian Department
of Fisheries and Oceans, began to fish the Fraser river aggressively in order to deny
the catch to Americans, contributing to devastate the west coast salmon fishery.

In view of the dangers of competition in common-access fisheries in the absence of
an international system that provides safeguards against the actions of self-interested
entities, dynamic consistency or subgame perfection becomes a vital requirement
in any cooperative attempt to address the total allowable catch and harvest division

issues. For completeness, we find it necessary to adapt the above model to encompass

18Munro and Stokes (1989) point out that the salmon dispute is not simply between Canada and
the United States, as there is considerable antagonism between Washington, Oregon and Alaska.
However, if we assume that the United States can solve their internal conflicts by a self-enforcing
division of their national quota, then Canada will have to negotiate only with the United States as
a whole.
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the case in which both countries have some incentive to conserve the fish stock. Given
that the analysis is of most relevance in the evaluation of the positions of Canada and
the United States in potential resolutions of the salmon dispute, and that neither of
the two countries seems to have a relative better position in the harvesting of salmon
under non-cooperation, we assume identical and equal to zero breakdown payoffs and
introduce U(z;), to represent the benefit the Foreign country receives from the fish

biomass, with U’(z;) > 0 and U"(z,) < 0, so that its objective functional is now
WFE =U(z) + (1 — ay)(® — e)h1 + 3e[U(z2) + (1 — a)(p — ) ha)- (2.18)

Under the same constraints and assumptions about the price and cost structures as
before, the two countries stipulate a contract in which the sharing rule and total

allowable catch maximizing the second-period Nash-product are given by

oy = % + [U(;(zg :c‘)/]g-’:z)] 7 (2.19)
and
p—c=[V(z2) + U'(z2)], (2.20)

respectively, and the first-period terms maximizing the product of the objective func-
tionals of the two countries, or two-period Nash-product, subject to (among the other
relevant restrictions) the second-period conditions that (2.19) and (2.20) are satisfied
(so that subgame perfection is ensured), are given by

% N [(Ug(g;)__c;(lzl I, G~ JH)[U(T()IJt X: )(}:z:;) +- C)hz]’ (2.21)

oy =

and
(0 + dF)

5 1+ F'(z1)](p—¢) =0. (2.22)

V’(II) — (p — C) + U’(:rl) +
Although we cannot determine whether the Home country is to receive a higher

harvest share in either period or both periods unless we have a proxy for the benefit
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derived from the fish stock or at least some kind of relative measure of the extent
of the two countries commitment to conservation, we are able to conclude that the
Home country’s marginal cost of not harvesting in terms of its catch share is lower
here than in the case where the Foreign country does not hold a non-use value, as
in the present framework both countries benefit from the level of the fish stock, and
therefore there is no longer the need for the Home country to fully compensate the
Foreign country with a higher share in exchange for a larger fish biomass. On the
other hand, we are able to assert without a shadow of a doubt that the total allowable
catch satisfying (2.20), which says that the constant average harvesting profit has to
be equal to the sum of the two countries respective marginal benefits from the fish
stock, is smaller than that from (2.16), and, similarly, the fish stock satisfying (2.22)
is larger than that from (2.16), by the concavity of the utility functions. In conclusion,
the assumption that even the Foreign country has some non-economic interest in the
conservation of the fish stock results in a lower total harvest and higher catch share

of the Home country in both periods.

2.5 A Numerical Example

To demonstrate the results of the above model, a numerical example is provided in
this section using particular functional forms and parameters. Specifically, assuming
a price level, cost level, constant growth rate (g), discount factors for each country,

non-cooperative payoffs for each country, given by
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Parameter | Value
P 10
c 7.5
g 0.02
or 0.95
O 0.95
d 1
BF 10
B, 10

for the benchmark case (to be modified later) and assuming a strictly concave con-

servation motive function

V(z:) = d[z7°] (2:23)

Under this benchmark case of identical discount factors and identical non-cooperative
payoffs, the positive conservation motive implies that the harvest share of the Home
country would be 49.9057 percent in the second period and 47.8629 percent in the
first period.!® When the Home country enjoys a non-cooperative payoff that is twice
that of the Foreign country, the harvest share of the Home country increases in both
periods, to over fifty percent in the second period (52.2633) percent and to 49.5191
percent in the first period. If the non-cooperative payoff of the Home country was ten
times that of the Foreign country, the harvest share of Home would be greater than
fifty percent in each period (54.1494 and 50.8442). This confirms the results stated
around the condition (2.21), in which the conservation motive and non-cooperative
advantage work in opposite directions so that whether the Home country receives
more or less than one-half of the total harvest depends on their relative magnitudes.
For each of the above cases, the total harvest in each period is independent of the

relative non-cooperative payoffs, at 60.3767 in the initial period and 42.4158 in the

¥These results are independent of the magnitude of the non-cooperative payoffs as long as the
Home and Foreign payoffs are the same.
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second period. However, if the conservation motive of the Home country decreases to
half of its former level (that is, the parameter d falls to 0.5 from its initial value of 1),
not only does the first period harvest share of the Home country increase, but also
the first period harvest increases to 91.5942 and the second period harvest decreases
to 10.60394 and the stock remaining after the second period falls to zero. Finally, a
five percent decrease in the discount factor of one country serves to increase the share
of that country in the first period (to 49.1414 percent if Home’s discount factor falls,
for example) and, as the two countries are now collectively more present-oriented,
the harvest increases in the first period to 89.4697 and consequently decreases in the

second period to 12.7410.

2.6 Concluding Remarks

In this paper we have examined the impact of non-use values on the optimal choice
of dynamically consistent total harvest and catch shares in a two-period, two-country
setting. Notwithstanding the simplicity of the model, we have been able to show the
very intuitive result that the more a country benefits from the fish stock, or the more
committed to conservation it is, the larger the portion of the harvest it has to forego
in order to induce the other country to accept a reduction in the total allowable
catch. This trade-off holds independently of whether the two countries share the
non-use value, and of their respective threat-point positions. In other words, if both
countries gain from the fish stock and for reasons completely unrelated to its potential
of enhancing future harvesting profits, in any subgame perfect contract it is the party
benefitting the most from leaving the fish unharvested that has to receive a lower
share of a lower second-period or future harvest, as the second period can be roughly

thought of as representing the future, and of a lower first-period, or present, harvest.
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Differing discount factors, with the mere conservation-oriented country also placing
more emphasis on the future, have a negative effect on the catch share of the less
present-oriented country but only in the first-period, contributing therefore to reduce
its already less than one-half harvest portion. On the other hand, differing breakdown
positions, with the conservation-committed country enjoying a better payoff under
non-cooperation, have a positive impact on the same share, thus making it possible
for the country with the higher default payoff to receive more of the hanrést in both
periods if the negative effect of its non-economic incentive to conserve the fish stock,
which also result in a lower total allowable catch, is more than offset by the positive
effect of its better default position.

Even though the conclusions of the models above presented are seemingly appli-
cable to the current conflicts in fishery management, our analysis is also intended to
stress the importance of clearly identifying all the variables relevant to the decision-
making of the various parties involved in any such dispute. In fact, far from aiming
at criticizing the often assumed profit-maximizing objective, we have shown how a
simple variation in the behavior of at least one of the parties influences not only
the optimal level of the fish stock, but also the subgame perfect sharing rule. Under-
standing the determinants of the behavior of the countries exploiting a transboundary

fishery then becomes essential in the formulation of lasting cooperative policies.
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Chapter 3

A Non-Cooperative Game of-
Wildlife Trade and Endangered
Species Protection

3.1 Introduction and Background

While habitat destruction and transformation has been considered the leading factor
in endangering species, several high-profile extinctions in North America have been
the direct result of over-harvesting and many other currently endangered species
are subject to harvesting for international trade. As noted by Kahn (1998), the
American bison was harvested for generations by the native peoples of North America,
but was hunted from millions to extinction in the wild upon colonization (current
herds are apparently descendants derived from former zoo populations). CITES, the
Convention on International Trade in Endangered Species of Wild Fauna and Flora,
was enacted in an attempt to ensure that endangered species do not become extinct
as a result of harvesting of this type for international trade. Initially signed by 21
countries in March 1973, there are now 144 member countries (all members also of the
United Nations), and more than 30,000 species covered under the Convention. While

instituting bans and other regulatory measures on trade for certain species or the
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products derived from them among member countries, CITES is also concerned with
other species that are currently not endangered but could become so if intern:ational
trade were left unchecked.

Under the Convention, species listed in Appendix I are subject to complete bans on
international trade, while those in Appendix II tend to have less severe restrictions
on trade, including quotas on harvests and customs requirements such as permits.
Finally, Appendix III lists species which may become endangered in the futwre due
to trade, and are subject to sanctions applied at each party’s own discretion.. High
profile examples in Appendix I are the black rhinoceros (Diceros bicornis), tiger (Pan-
thera tigris), American crocodile ( Crocodylus acutus), Orang-utan ( Pongo pygmaaeus),
whooping crane (Grus americana), blue whale (Balaenoptera musculus), and giant
panda (Ailuropoda melanoleuca); in Appendix II are the American alligator (All-
gator mississipptensis), common wolf (Canis lupus), bottle-nosed dolphin (Twursiops
truncatus), ring-tailed lemur (Lemur catta), black spider monkey (Ateles pan-iscus),
and hippopotamus (Hippopotamus amphibius, moved from Appendix I1I in 19935).

While the actual hunting or gathering of species may be simple and subject to
open-access, the poaching of endangered species for sale in foreign markets is: likely
to be a situation where access is limited to those who can transport and sell plants
or, more commonly, animals, without being easily caught. In order to detex such
activities, two distinct methods are available to concerned governments of countries
containing harvested endangered species. The first is to use physical resources or
spend money on guards, protected areas, special customs officers, and the like, in
order to increase the probability of catching illegal harvesters, thereby increasimg the
expected fine/punishment received from poaching. The second deterrence met hod is

to provide species to the market, driving down the price and therefore the retmirn to
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poaching. In this way, the government choice of harvest (or domestic legal quota if
direct control is not possible) and enforcement can be thought of as a “first move” in
a non-cooperative game with poachers.! While certain species may be better suited
to an open-access characterization (such as most commonly consumed fish), many
endangered species or their parts cannot simply be taken across a nearby border and
sold to an end-user, but instead must be transported over long distances to countries
with strict import regulations. Examples, to be considered in more detail later,
would be several large mammals, including the elephant (ivory), rhinoceros (horn),
tiger (skin and bones), and bear (gallbladder), derived in countries with little or no
end-use consumption but exported and sold in North America and Asia.

In the literature, limited entry with illegal activity has previously been examined
in Sutinen and Andersen (1985) and Crabbé and Long (1993). Sutinen and Ander-
sen endogenize the enforcement level and poaching but the price, legal harvest and
punishment are all exogenous. Crabbé and Long solve for the legal harvest within
their model, but hold the enforcement level, price and punishment level constant.
-In the open-access literature with illegal activity, Anderson and Lee (1986) desire to
endogenize enforcement, legal harvest and penalty level initially, but eventually are
required to fix the fine (at its upper bound), with the price exogenous, and Milliman
(1986) has endogenous enforcement and legal harvest and an exogenous price and
punishment. Finally, in a related paper on rhinoceros horn cropping, Brown and
Layton (1997) ignore poaching (under the premise of a strict cartel) and enforcement

and only look at the legal harvest and price.

1The international cil market can be thought of in the same way, with the OPEC cartel setting
its own oil production for a period and other small producing countries then choosing their own
production levels. The key difference here is that both the first and second movers select species
from the same stock.
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In this paper, enforcement, the price level, legal harvesting and poaching are all
endogenous, and harvest costs are stock dependent. As in Sutinen and Anderson,
Milliman, Crabbé and Long, Bergeron (1998), and Brown and Layton, however, the
punishment (fine) for being caught poaching is exogenous.? As mentioned above,
poaching activity is characterized by limited entry, where poachers act according to
Cournot conjectures (take the legal harvest and poaching by others as given), and
choose their illegal harvests after the government has set (or taken but not sold) the
legal harvest quantity or quota. Unlike other related papers, the cases in which the
government maximizes profits and stock-oriented national welfare that depends on
the endangered species stock level are considered, as well as the explicit evaluation
of the impact of the CITES policies on welfare, poaching, enforcement and endan-
gered species stocks.> Further, the analysis presented does not require constant unit
costs or linear punishment functions, as employed in the optimal control open-access
model of Bergeron. Other questions addressed here include: how is poaching affected
by imperfect, costly enforcement with limited entry? Is deterrence completely or par-
tially successful? And what variables or parameters affect the extent of successful

deterrence?

2In this paper, the punishment can be thought of as a monetary fine paid by poachers, but it is
more correct to think of the government combining this with the proceeds from sale of the confiscated
goods (as the illegal supply is unaffected by the amount of poaching caught).

3Despite the alternatives examined, total surplus maximization is one government objective not
covered here. As noted by Milliman, it is difficult to believe that a government would value illegal
activity as much as legal activity, despite the fact that both supply socially valued goods to the
market. Further, redistribution becomes a problem when the activities and income of some parties
are not observable, so the standard argument promoting efficiency and ignoring distribution does
not apply, not to mention that in many cases organized poaching is performed by foreigners (for
example, organized elephant poaching is allegedly typically carried out by Zambians in Zimbabwe
and by Somalis in Kenya). Resource managers have a tendency to maximize only legal gains from
a stock, as they are typically only rewarded on such grounds, and policy-makers promote legal gain
maximization as these activities generate revenues from licensing fees, greater social recognition and
general funding (Milliman), as well as income taxes.
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3.2 Recent Examples of CITES Actions

Two species which have gained a great deal of public attention have recently switched
Appendices, at least to a limited extent. At the tenth meeting of CITES in Zimbabwe
in 1997, the African elephant (Lozodonta africana) populations of Botswana, Namibia
and Zimbabwe were moved from Appendix I to Appendix II, allowing international
commercial trade under a permit system and the export of sport hunting trophies for
non-commercial purposes (Zimbabwe can export elephant hides and ivory carvings as
well). Also established was a procedure for registration and non-commercial disposal
of government ivory stocks in all African range states (those countries which have
elephants). However, for trade in raw ivory to occur, deficiencies in enforcement
and control measures identified in all three African countries and in Japan would
have to be remedied, international co-operation in law enforcement would have to be
supported and committed to, and an international reporting and monitoring system
to track illegal hunting of elephants and illegal trade in elephant products would have
to be established.* Ivory continues to accumulate in most range states: it is estimated
that more than 470 tonnes of legal ivory is held by government or private individuals
in Africa. First begun at the ninth meeting of CITES members in 1994, CITES
member countries also accepted a proposal in 1997 from these three range states to
allow for a one-time purchase of government stocks of ivory, again for non-commercial
purposes.

It is an accepted fact that elephant populations have decreased dramatically in the
last thirty years. In the early 1970s, there were estimated to be well over one million

elephants in Africa, and more recent estimates in 1995 suggest there are now only

4The three countries also had to withdraw their reservations to the 1989 Appendix I listing of
the African Elephant.
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some 581,175 (Said et al., 1995), which can be broken down by likelihood probabil-
ity: 285,246 were classified definite, another 101,285 probable, 171,892 possible, and
22,752 speculative. It was this precipitous decline which prompted the 1989 CITES
ban on trade in elephants and their derivatives (especially ivory). African range states
have shown mixed results after the ban, as illustrated for selected states in Table 3.1,
although the majority have seen increases in elephant populations. This is despite
population pressures, civil wars and habitat destruction in several nations, and one
must keep in mind that elephants do not respect political borders and some changes

in populations are simply due to cross-border migration.

Elephant Population Cameroon | Kenya | Malawi | Tanzania | Zimbabwe

Pre-ban (1989) 22,000 | 16,000 2,800 61,000 52,000

Post-ban (1995: definite,

probable or possible) 16,613 | 25,554 2,087 98,209 81,855

Change (1989-1995) -5,387 | +9,554 -713 | +37,209 +29,855

% Change -245% | +59.7% | -25.5% | +61.0% +57.4%
Table 3.1. Estimates of pre- and post-ban elephant populations, selected range

states. Source:

1989 estimates from Barbier et al.

(1990); 1995 estimates from

Said et al. (1995). For definitions of definite, probable and possible, see the latter
(speculative estimates are ignored here).

Thus, for the most part, harvesting of elephants (including poaching) appears to
have decreased since the institution of the CITES ban, possibly dramatically. This
suggests that any increases in poaching caused by bans does not completely offset the
reduction of legal harvesting to zero. Of course, the extent to which total poaching
differs from the no-ban total harvesting depends on the level of enforcement after im-
plementation relative to that with the free legal market. Table 3.2 provides poaching
estimates, again from selected range states, and Table 3.3 shows enforcement expen-

ditures per square kilometer and enforcement staff employed for the same nations. It
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is interesting to note that expenditures on enforcement have generally decreased and
that poaching in many countries has decreased nonetheless. These observations will

be discussed in the context of the model later.

Poaching Cameroon Kenya | Malawi | Tanzania | Zimbabwe
Pre-ban 77 45 89 55 48
Post-ban (1992/1993) 42 208 77 12 175
Change -35 +163 -12 -43 +127
% Change -45.5% | +362.2% | -13.5% -78.2% | +264.5%

Table 3.2. Estimates of pre- and post-ban elephant poaching (illegal harvesting),
selected range states. Source: Dublin, Milliken and Barnes (1995).

Cameroon | Kenya | Malawi | Tanzania | Zimbabwe
pre-ban enforcement budget® 1.58 6.60 14.80 12.60 24.00
post-ban enforcement budget* 1.23 4.00 11.40 0.38 2.63
pre-ban enforcement staff 1,130 270 65 87 118
post-ban enforcement staff 654 137 65 146 105

Table 3.3. Estimates of pre- and post-ban elephant-related enforcement levels, se-
lected range states. Source: Dublin, Milliken and Barnes. * denotes i—%‘%—

Also transferred from Appendix I to Appendix IT in 1995, but with an annotation
which restricted trade to live animals and hunting trophies, was Zambia’s population
of southern white rhinoceroses (Ceratotherium simum simum). At the 1997 meeting,
South Africa introduced a proposal to expand the annotation to allow trade in parts
and derivatives, but with a zero quota for such trade in the present. South Africa
additionally sought support for open and transparent discussions with practitioners of
traditional Chinese medicine concerning the possibility of a limited, tightly controlled
trade in rhinoceros horn in the future, arguing that such a development would generate

funds for conservation and reduce incentives for illegal trade. The proposal failed to
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receive a two-thirds’ majority and was rejected but will undoubtedly arise again in
the near future as white rhinoceros populations rebound.

Other notable recent resolutions concern’evd bears and tigers. One such resolution
asked parties to “demonstrably” reduce illegal trade in bear parts and derivatives
by the eleventh meeting in Indonesia in 1999, through strengthening laws, increasing
penalties, improving wildlife law enforcement training, and educating the public about
CITES regulations relating to bears.’ In addition, parties were asked to quantify their
domestic demand for bear parts and derivatives, to work with traditional medicine
interests to reduce consumer demand, and to promote use of substitutes that do not
endanger wild species. A revision to a past resolution (proposed by India, Nepal
and the Russian Federation) was adopted in regard to tiger specimens, which was
intended to identify countries which need additional legislative and law enforcement
measures to minimize illegal trade in order to encourage stronger measures to stop
poaching of tigers and illegal trade in tiger parts and derivatives.

These observations will be commented on in respect to the formulated model.
Sections 3, 4 and 5 describe the subgame perfect equilibria of the two stage game in
question. The second stage is detailed in the next section, in which the individual
poachers choose their harvest levels given the legal harvest and enforcement level
set by the government in the first stage. This is followed by the strategic choice of
these variables by the government in sections 4 (pure profit objective) and 5 (profit-
and-stock objective), whereby the government accounts for how individual and total

poaching will be affected.

SEfforts aimed to reduce demand will generally be excluded in the present analysis.
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3.3 Individual and Total Poaching Choice

Consider a fixed and finite number of risk-neutral poachers, n, with identical cost
structures. If we let h,;»’ be the harvest of poacher j, using the superscript P to
differentiate poaching from the legal or sanctioned harvest, and S be the stock level,
the cost of harvesting (which is stock-dependent) will be c(S)h}’ , with ¢ < 0 and
d’ < 0. The inclusion of stock-dependent costs provides an incentive to leave a larger
proportion of the stock unharvested than constant costs, although simply to keep

harvesting costs lower.® The harvest of all poachers other than poacher j, denoted

hP ;» can then be written

ij

As in the above mentioned studies, the market for legal and illegal products is the
same: there is a single demand curve for the product in question, independently of the
method by which it was provided.” A representative poacher maximizes expected in-
dividual profits, given the legal harvest H% and the government enforcement level K*
as determined by the first stage (and thus are constant for the purposes of poaching

choice), and the harvests of all other poachers, hfj,

E(n]) = P(hf + hE;+ HY)R] — c(S)h] — a(KE)y(h]) (3.2)

where the final stock level will simply be its initial value less the sum of the total
harvest of poachers and the legal harvest, or S = S — (hf +h%; + H-) > 0, given the
demand function P (where P’ < 0, P” > 0), exogenous convex punishment function
7, and the enforcement technology a(K%), whereby the probability of catching a

poacher is increasing in the government-chosen level of enforcement (¢ > 0) with

8For more on this “marginal stock effect,” see Clark (1973).
"This could alternately be modelled, however, as two distinct but interrelated demand curves,
one for legal merchandise, one for illegal.
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non-increasing returns (@’ < 0) The profit-maximizing condition which yields the

reaction function hf(RE;, H) of poacher j is
PR +P—c+chi —ay =0 (3.3)

Hence, poachers harvest until the benefit of harvesting one additional unit, the price
received from output, equals the sum of the marginal cost of harvesting that unit,
the increase in the expected fine (which is increasing in the level of enforcement) and
the profit lost through the resulting decrease in the price of output. Assuming a
symmetric Cournot equilibrium among poachers (as in Crabbé and Long) for a given
HE, the reaction function for total poaching would be

HP+P(HP+HL)~c(S_'——HP—HL)+

P (HP + HE) —
(5" + H") =
~ HP HP

! _ P _ L\ 2= R’L N i R ]
+d (S—H H)n o KE)y (= 0 (3.4)
where the total harvests by all poachers is given by

HP =hf +hZ; =nhf (3.5)

by symmetry. The total poaching harvest can then be written as

c+ay —P
szn[WJ (3.6)

or that each Cournot poacher receives a price for each harvested unit greater than the
sum of the cost and expected punishment from the last unit, under the assumption
that there is both poaching and legal activity. Consequently, corner solutions between
legal and illegal harvesting occur when either (a) legal harvesting has a significant cost
advantage or enforcement is sufficiently high or effective, so that the price associated

with the optimizing legal harvest is lower than the expected cost and punishment
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associated with the first unit poached, or (b) poachers have a huge cost advantage
and enforcement is sufficiently ineffective, so that positive levels of the legal harvest,
when combined with the optimizing level of poaching, result in a market price net of
expected fine revenues lower than legal harvesting costs. These two possibilities, the
former in which poaching can be completely deterred by optimal legal harvesting and
enforcement, and the latter in which only poaching occurs, will be discussed further,
although the brunt of the analysis presented here will be the intermediary case when
there is both legal harvesting and poaching despite enforcement.

Returning to the poaching choice, we can observe (by total differentiation of (3.6))

that the reaction of total poaching to legal harvest levels is

dH® _ dH” _HEpr _ Pl g HD

_ _ . X

dH. ~ dHL =i piPig et <0 (37
n n n

n

dKL=dS=dn=0
which is strictly negative by virtue of the convexity of the demand function, cost
function and punishment for poaching, and the second-order condition. Further, we
know that total poaching will decrease by less than one unit when legal harvesting

increases by one unit, or
dH?

JHL <1 (3.8)

0<|

This follows from two elements: that firms can collectively exercise some degree of
market power, and that enforcement is effective here, as

dHP _ dHP ~ o'y
dKY 7 dKY | _gsegee S P+ P+ E 40— B o

n

<0 (3.9)

unlike several other related papers where the poacher’s first order conditions (and
thus choice of output) are independent of enforcement. This allows the government,

in setting the enforcement level, to do more than simply usurp funds from caught
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poachers. The total poaching level is positively related to the initial stock level, as

Jd —THE
= n (3.10)

H? pu r 4 Pl — ot HE oy
dHL=dKL=dn=0 n P +P + n +C’ C’ o -— n

dHP _ dH®

dS T 4§

again less than one. Lastly, the total harvest is sensitive to the number of poachers;

specifically,
dH? _ dHF P +cHY — oy'HF
= = HP P’ HP 7] (3‘11)
dn T dn ygoggciegseg 12 [ELPY 4 P+ By o - oD o]

which is strictly positive, implying more poaching will occur as the number of poachers
increases, with a lower harvest and lower profits to each individual poacher. For
a given number of poachers and initial stock level, the reaction function for total
poaching is downward sloping in both enforcement and legal harvest, confirming the
initial presumption that enforcement and legal harvests are deterrents for poaching.
From here we move to the first stage of the game in which these two government
choice variables are chosen taking into account the reactions of H¥ to both HY and

KL

3.4 'The Profit-Maximizing Government
3.4.1 Legal Harvesting, Poaching and Enforcement

Initially, we assume that the government is not directly concerned with the species in
question and simply maximizes the sum of legal harvesting profits and expected fines
from the apprehension and conviction of poachers. This may be the case when control
over harvesting is made by a resource manager concerned only with the direct return
from the stock, and will serve as a benchmark for the following section, where welfare

will depend on stock management.® Such an objective is also justified in ignoring

8Other government objectives, including achieving a particular stock level by selling licensing fees
and balancing their budget, are distinct possibilities but are outside the scope of this paper.
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consumer surplus on the basis that there is often little or no end-use consumption
in the countries in question. To allow for differences in the cost structures between
the identical poachers and the legal harvesters, but retaining the assumption of stock-
dependent unit harvesting costs, we will let the legal harvest cost function be C(S)HE.
Here we consider the government to have either direct control over harvesting or
distributes individual quotas which sum to the total legal harvest HZ, the latter
being consistent with Appendix Il of CITES.® With quotas, any distributive effects are
ignored, so that the government may freely distribute or charge a fee for the quotas,
the legal harvesting sector becomes passive in the sense that legal harvest choices of
individual firms are given by the distribution of quotas. Enforcement capital, K%, is
purchased on a competitive international market at a parametric price r, normalized
to one. The total expected return from legal harvesting and enforcement is

EM*) =P (H"+ H*)H" - C (§ - H® — H") H" + na (K*) y (%i) - KL

(3.12)
so that the (interior) legal take of species is given by
dH? dHF dH?
7 L 1 rrl _— _ plgrL _ 4
P+PdHLH +C'H [dHL-{_l} =C—-PH" —ay JHL (3.13)
with 2£7 from (3.7) above, and enforcement expenditures by
dHF dH? dH?
rrrL ryyL 'y — 1 ’
P'H KL +C'H TRE +nay=1—ay KL (3.14)

with %i- from (3.9). These two conditions can be interpreted in a relatively straight-
forward manner. The marginal benefit of harvesting, or the left-hand-side of (3.13),

is comprised of the direct additional revenues from selling the last unit at the market

?Quotas here are simply a form of quantity commitment on the part of legal harvesters and
are obviously not binding with respect to the sum of legal offtake and poaching. An alternative
specification would have the legal quota as some set total offtake quantity less poaching, although
this would make the poachers the first-mover and is an entirely different case.
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price and the indirect additional revenues generated from the decrease in unit har-
vesting costs and the increase in the price, each through the (negative) relationship
between legal harvesting and poaching. For efficient harvest choice, this just obvi-
ously equals the marginal cost of harvesting, the right-hand-side of (3.13), composed
of the direct additional cost of harvesting the last unit and the indirect costs of the
lost revenues on all units sold from a higher harvest and the expected lost revenues
from fines (again as more legal harvesting implies less poaching). Similarly with re-
spect to K'© and (3.14), an additional dollar spent on enforcement has the benefits of
a higher price of (and revenue from) the harvested good and a lower unit harvesting
cost (from lower poaching) and a higher probability of catching poachers (and thus
higher expected fines), but has the expense of the dollar itself and the expected lost
fine revenue (again from less poaching).

From (3.13), the legal harvest will be zero and only poaching will occur when,
among other factors, legal harvesting costs are prohibitively high, such as when the
stock is very small and poaching is more efficient or when poaching levels are high,
so that the price is low relative to costs, as is potentially the case when the number
of poachers, n, is large. Thus, when enforcement is costly, poaching may not occur
at all, may occur in conjunction with legal harvesting, or only poaching may occur,
depending on the relative costs and the effectiveness and profitability of enforcement.

To illustrate, consider the example provided in Figures 3.1 to 3.11, using the following
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assumptions:'®
P(H? + HY) = A —b(HF + HY)
S-S HF +H*"
S S
a(K") = avVKE

() -(5)

U(E(TI%), S) = EE(TTE) + 28

c(S) =

Figure 3.1 shows that the total poaching harvest asymptotically converges to the legal
harvest as the number of poachers increases when poachers and legal harvesters share
the same cost function. At low numbers of poachers, both legal harvests and en-
forcement are more effective in reducing poaching, as poachers utilize their collective
market power to trade-off units poached for higher product prices. As competition
increases among poachers however, this trade-off disappears and the reaction of total
poaching to legal harvesting approaches negative one (that is, if there were an infi-
nite number of poachers, an increase in legal harvesting by one unit would reduce
poaching by a single unit), and enforcement becomes less effective.!' This generates
an increasingly flatter marginal cost curve (since costs are stock dependent) for both
legal harvesting and poaching and the harvests converge. The first move of the gov-

ernment nonetheless ensures a higher harvest and higher profits than total poaching

1°Most, if not all, of the conclusions and inferences that follow are general and thus not restricted
to the example in question. The exogenous parameters assumed are: demand function maximum
A = 100, demand function slope coefficient 4 = 3, probability coefficient a = 0.0001, initial stock
level S = 1000, punishment coefficient d = 100, and the weight on profits in social utility if stock-
and-profit oriented £ = 0.5, and (when not otherwise varied) the number of firms n = 10 and the
coefficient on the stock in the utility function z = 10. Partial output and enforcement levels are
permitted for simplicity. The objective function U will be described further in section 3.6.

"1 Enforcement becomes less effective because each poacher harvests a smaller and smaller share
of the total harvest as the number of poachers increases. If n were infinite (given H 7 is finite), each
poacher would harvest an infinitely small amount, thus making the expected punishment infinitely
small, and enforcement, completely ineffective.
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for any finite number of poachers. When the government is a more efficient harvester
than poachers, as illustrated in Figure 3.2, the gap between legal harvesting and the
total poaching level initially declines (from the increased marke® power of a small
number of poachers), but eventually increases as the cost advantage allows greater
legal harvesting (and consequently higher enforcement levels relative to the identical
cost case) at the expense of poaching levels. At some critical nurmber of (potential)
poachers, total poaching would be zero. Figure 3.3 shows the opeposite case: when
poachers have a cost advantage over legal harvesters. In this situation, the lower
harvesting costs may allow poachers to overcome the first-mover advantage of legal
harvesters and earn higher profits as poaching levels exceed legal harvests, again be-
yond some critical number of poachers (about 40 in the example). IIn summary, under
free trade: the legal harvest will always be positive and greater tlman total poaching
if any harvesting occurs with identical costs; with a legal cost adwantage, legal har-
vests will always be positive although poaching may be totally deterred; and with a
poaching cost advantage, the total poaching harvest and profit levesl each may exceed

the legal values, and legal harvests may in fact be zero.'?

3.4.2 The Impact of a Ban on Poaching and Ennforcement

Identical Enforcement Technology Under a Ban

Bans on legal harvesting can be implemented under agreements such as CITES, or
can be unilaterally enforced by importing or exporting countries. As an example
in the case of ivory, several countries such as the USA, Kenya and those in Europe
had already banned trade when the CITES ban of 1989 was ann:ounced. Suppose

initially that the probability of catching poachers function remains €he same after the

121f the legal offtake is in fact zero, there will be no effect of a ban on trade.
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implementation of a ban. In the following section, the alternative case of a higher
probability (for the same non-zero enforcement level) under a ban will be considered.
Clearly, a ban on legal harvesting will reduce H” to zero, which has the effect of
increasing poaching through the price of output. However, to ascertain the overall
impact on poaching, we must examine the impact on legal enforcement as well. Under

a ban, poachers will collectively harvest H? to satisfy

~

+P (7)o (8 - B7)+¢ (- 27) Emaiyy () =0 319

or

(3.16)

AP —n [c—%-a(k"‘)fy’ — P]

P +c
implying, as in the no ban case, that each firm makes positive profits (price exceeds

cost and expected fine) if supply is to be positive.

In this case, there is no legal harvesting but the relationship between H¥ and Kt
remains negative and unchanged from (3.8), and the government simply maximizes

the expected profit earned from enforcement, or
E(1") = «( K" )v(HT) — K" (3.17)

Enforcement is thus chosen according to

dH?
dKZL

na'y=1—ay (3.18)

which differs from its counterpart (3.14) by the exclusion of both the benefit of a higher
price of the harvested good and lower unit harvesting cost from lower poaching, as the
stock in question is no longer legally harvested. Thus, for the same poaching harvest,
enforcement will have a smaller marginal benefit and will decrease. However, the

increased poaching associated with the reduction in legal harvesting will increase the
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marginal benefit of enforcement and decrease its marginal cost, pushing enforcement
upwards. If the reaction of total poaching choice to the legal harvest is relatively
large, both HP and K* could increase as a result of a trade ban, leading to a higher
species stock level (from the fact that poaching increases by less than one unit for each
unit left unharvested by the government). This possibility is illustrated in Figures 3.4
(enforcement) and 3.5 (stock). Another potential outcome is that enforcement could
increase and the poaching harvest could decrease (leading to a much higher stock level
under a trade ban), as when enforcement is highly effective and legal harvest changes
have small effects on poaching choice (especially when the number of poachers is
small).

Overall, then, it is possible that enforcement increases or decreases after a ban is
implemented, and further, that poaching can increase or decrease. Total poaching,
however, is unlikely to equal the sum of legal and illegal harvesting without a ban,
and as such trade bans can be generally said to be more conservative than when legal
harvesting is permitted. However, this is true only when legal harvesting is positive
when allowed (that is, the government would not specialize in enforcement alone);
otherwise, a ban has no effect on total harvesting. In section 3.2, it was noted in
the case of the African elephant that several range states have recorded decreases in
poaching despite lower enforcement expenditures and staff. This is not possible in the
scenario detailed so far: here poaching will go down after implementation only if either
enforcement increases substantially or enforcement increases and is highly effective.
Nonetheless, this situation can be explained in this framework if the probability of

catching poachers increases by enough, as explained in the following section.
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Improved Enforcement Technology Under a Ban

When legal trade is present, it is difficult to ascertain whether goods were obtained
legally or illegally, but once a ban is instituted, illegal products cannot enter countries
in the guise of legal goods. Greece, for example, has recently run into conflicts with
international customs officials as several shops in Athens were found to be openly
displaying banned animal skins and other prohibited products related to endangered
species, which was easily observed in random customs inspections. A ban may then
have the effect of increasing the probability of catching poachers, even if enforcement
and the poaching quantity do not change, say from o(K%) to 8(K*), where 6(z) >
a(z) and €'(z) > o&'(z) for all z > 0. In other words, the enhancement of the
enforcement technology serves to rotate the probability function upwards. If this
were the case, allowing legal offtake would have the additional negative effect of

reducing enforcement effectiveness. The reaction function of all poachers is then

~ .\ HP R _ X ) BP ) P
P (P — PY__ _ P ’ iV gy (EDY o (310
(8%) L ()= (5 - ) we (5 - ") oy (BD) =0 a0
so that
dA" o'y
dkL—%’iP"+PI+%’+d_d,£I£_g;ﬁ<o (3-20)
and enforcement will satisfy
dH?
Y=1-67 07 3.21
o 57 IKT (3.21)

When the probability of being caught poaching increases for every level of enforce-
ment (except zero), we can see from (3.20) that enforcement is now more effective in
reducing the total quantity of poaching, as the marginal probability increases at each

K™ and poaching would therefore decrease if the enforcement level were to remain
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constant at the level of the previous section (despite the partially offsetting effect of
reducing the marginal fine). This would imply that the expected fines would strictly
decrease. However, the poaching level decrease may cause expected fines lost - the
second-term on the right-hand-side of (3.21) - to increase or decrease, depending on
the change in poaching %%; and probability of being caught 6. If lost fines were in
fact to decrease, the marginal cost of enforcement would decrease and enforcement
would unambiguously fall (as the marginal benefit has increased as well). However,
if lost fines were to increase, enforcement could increase or decrease depending on
the sensitivity of H” to enforcement expenditures, the steepness of the fine function
(or the increase in the marginal fine, v”), and the degree to which enforcement be-
comes more effective under a ban (or § — «). This ambiguity on the effect of a ban
on enforcement translates into ambiguity on the poaching level relative to that with
a constant probability, although it is possible that poaching could fall, even when
enforcement is lower, as long as the change in the probability of catching poachers is

sufficiently large.!®

3.5 Profit-Maximization under a Negotiated Har-
vest Constraint

3.5.1 Legal Harvesting, Poaching and Enforcement

In the previous chapter, negotiated international agreements and the resulting na-
tional harvests were found which maximized a measure of national welfare; that is, to

meet the prescribed harvests were in the best interest of each country. Without illegal

13 Although this possibility is consistent with the African elephant data, we cannot definitively say
this was the case. Here demand is held constant after a ban and there is always the possibility that
demand for banned products is lower. This would, in fact, be the case if there are separate demands
for legal and illegal merchandise.
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poaching, there is no reason to expect that the negotiated national harvest and the
actual offtake would differ, as the government could issue (or sell) individual quotas
that sum to the national quota. When poaching can occur, however, a legal offtake
that does not recognize the illegal harvest level or its relation to the legal harvest or
enforcement level may lead to an overall harvest (legal and illegal) that exceeds the
national quota. To say that international bargaining considers only legal harvesting
would be unrealistic, as the concern internationally is the species stock level and not
whether individual units were obtained legally or illegally.!* Here, the analysis of the
previous section is extended to examine the impact of an internationally negotiated
harvest constraint on the choices of the government. Again, the illegal harvest can
be manipulated by the legal harvest (through the price) and the enforcement level
(through the expected punishment), but instead of using these impacts to simply
maximize the return from the legal harvest, the government manipulates the poach-
ing level to achieve the set national quota while earning as much rent from the stock
as possible. Relative to the unconstrained maximization, the government will earn
lower profits but will not violate the terms of its international agreement, and by do-
ing so would not induce a non-cooperative outcome at the international level. Thus,
the government maximizes the return from its legal harvest, net of enforcement costs,
subject to the constraint

H > HP + H* (3.22)
where H is the national quota. If the shadow price of an additional unit of the
constraint is denoted by A, the interior legal harvest will be given by

dHFP +1] dHF [dHP

dHP ,
gt v Y g A | gEE

dHE

P+-P'H" [ + 1] +C'H* [ + 1] =0 (3.23)

141t has been suggested that national pollution compliance problems have arisen under recent
pollution agreements due to lack of control over illegal emissions, for example.
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and enforcement by

dH? dH* dH?
+na"7—1+afy'dKL —A =0 (3.24)

dHF —
——7 +C'H “RL

I rrL
PH dKEL dK<t

Poaching relations are unchanged, so that

d P
——dgL +1>0 (3.25)
and
HP
ZKL <0 (3.26)

implying that the international quota represents an additional cost to legal harvesting
(as exceeding the quota becomes more likely) and an additional benefit to enforce-
ment. Ceteris paribus, and assuming that the total harvest exceeds the national
quota in the absence of the constraint (or that the constraint is binding) we can ex-
pect harvesting to decrease and enforcement to increase. However, since these two
changes have opposite influences on poaching levels, there are three potential over-
all effects. First, legal harvesting may increase and enforcement increase so that
poaching decreases by more than the increase in the legal harvest. This could be
the case when enforcement is particularly effective. Second, legal harvesting may
increase and enforcement decrease such that poaching again decreases by more than
the increase in legal offtake, as when legal harvesting is a very significant deterrent
to poaching (such as if demand is inelastic). Finally, legal harvesting may decrease
and enforcement decrease, but where the increase in poaching does not exceed the
decrease in legal harvesting. This may be the case when demand is price sensitive
(elastic) and enforcement is ineffective, so that reductions in enforcement have little
effect on poaching, and large reductions in the legal offtake have little influence on

the price (and thus poaching as well).
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3.6 The Social or Conservation-Minded Govern-
ment

3.6.1 Legal Harvesting, Poaching and Enforcement

With profit maximization as the only objective, there is no accounting for stock level
changes, and thus no direct interest in endangered species or their protection. Except
in the case when the government chooses not to harvest in the absence of a ban,
such implementation would result in strictly lower profits for the government and
thus a ban would never be optimal (zero harvesting is always a potential alternative).
However, when a government takes into account that private individuals may hold
non-use values or species may provide indirect benefits not captured in trade markets,
the lower harvest levels associated with trade restrictions may make them preferred
over the free market.!® In this case, the total poaching reaction function will be

unchanged, but the government will maximize
U(E(IT), S) (3:27)

which will be assumed, for simplicity, to be additively separable and quasi-linear in
expected profits, or equivalently that the marginal utility of profits is unaffected by
the stock level and vice versa. The alternate case when the marginal utility of profits
depends positively on the stock will be discussed further below. The social value

function can then be written
U = €E(TTY) + (S) (3.28)

where £ is the constant, positive weight placed on expected profits, and v' > 0 and

v” < 0, or there is positive diminishing marginal utility from the stock level. This

15The market here, except for enforcement, is unregulated in the sense that no taxes or other
measures can be employed to correct the market failure.
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objective can be thought of as sort of a “green” national income maximization, where
the government considers both the income generated by the direct utilization of the
stock in addition to values derived externally to the market in question.!® Given that
poaching will react to its harvest and enforcement level according to (3.7) and (3.9),

respectively, the legal harvest is chosen according to

dH? dH?
/rrL _ ! rrL
P+ PH [H_dﬁi'ﬂ] C+CH [1+d L]+
dH? dH?
/
— — = .2
Y SE ¢ [1+dHL] 0 (3.29)
and enforcement according to
dH? dHF dH* v dHF
/7L trrL / ! — 1 — — = .
P'H ——deL-l—CH dKL+na’y+a'y KL ¢ diE 0 (3.30)

From the profit-maximizing choices, the variation here is generated by the additional
marginal cost of harvesting in (3.29) in the amount of the utility lost from increased
harvesting and the resulting stock decrease (net of the reduction in poaching), and
the additional benefit from enforcement in (3.30) from the stock increase generated
by reduced poaching. The presence of the stock in welfare then serves to decrease
legal harvesting (see Figure 3.6) and increase enforcement (Figure 3.9). Poaching
may increase or decrease, depending on these relative changes, so that poaching will
increase if enforcement is particularly ineffective (implying that the change in the
marginal cost with a ban is small) or if poaching is not very sensitive to changes in
legal harvesting. Overall, any increase in the level of total poaching will not exceed
the reduction in legal harvesting, and the stock level will be higher relative to the

case of pure profit maximization, as shown in Figure 3.11.

18 This would assume that the stock is used only for the market under consideration, so that sectors
in the economy are independent and individual-market income maximization and gross national
product maximization do not conflict.
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With identical costs, this implies that poaching may well exceed the legal har-
vest (Figure 3.6). With a cost advantage to legal harvesters, it is possible that the
increasing market power of a small number of poachers may allow poaching to ex-
ceed legal harvesting, but at higher numbers of poachers the legal harvest will exceed
the poaching harvest as the cost advantage dominates the stock effects. It is possi-
ble in this case for poaching to be completely deterred if n is sufficiently large, as
illustrated in Figure 3.7. When poachers have a cost advantage, the first move of
legal harvesters will allow the legal offtake to exceed the poaching level only when
the number of poachers is very small. Beyond some small critical mass of poachers,
the market power and cost advantage effects will dominate the first-mover advantage,
allowing poaching to exceed the legal offtake and poaching profits to exceed legal
profits, possibly to the point where the legal harvest falls to zero, as shown in Figure
3.8. Enforcement levels under these three relative cost possibilities are illustrated in
Figure 3.10. Enforcement tends to be highest when poachers have a cost advantage

and lowest when the legal harvesters have a cost advantage.

3.6.2 The Impact of a Ban on Poaching and Enforcement
and International Existence Values

For completeness, here we examine the impact on enforcement of a ban when there is

concern for the stock level of the endangered species in question. Optimal enforcement

in this case is given by

HP 1 o dHP

d
oy +ay =0 (3.31)

dKL = €dKE
which differs again from the profit-maximizing case in that there is an additional
enforcement benefit derived from the larger stock as poaching falls. This would imply

that enforcement would be higher than with bans and no existence value, and lower
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poaching would result as well, an intuitively appealing result.

While it is interesting to look at the national optimum, in reality such an equilib-
rium may still not be obtainable. As mentioned previously, often resource managers
are faced with incentives based exclusively on profits. If people hold existence values,
or if there are other benefits not captured in the market for the harvested good, the
private optimum will diverge from the national optimum. Alternatively, and poten-
tially more importantly, we may want to think of a situation in which existence values
for a species are not held by domestic individuals but by those in other countries, as in
the case when domestic individuals have more urgent concerns than the survival of a
particular neighboring species (as the demand for environmental amenities is usually
assumed to be increasing in income). Under CITES, decisions regarding species are
made during the bi-annual Convention of Parties, in which the majority of members
represent countries other than those which contain the species themselves. A pe-
rusal of reservations towards species’ listings (countries which object to a particular
classification or trade restriction) shows that most are made by the host countries.
Without direct control over the resource itself, the maximum welfare from Section 3.1
could not be achieved. The question then arises as to whether a ban on harvesting
is superior to the mismanagement of the profit-maximizing resource manager. A ban
has the benefit of a lower stock level, but the profits from legal harvesting are absent.
If the organization which sets the ban does not receive the profits, obviously a ban
will prevail. However, and more realistically, CITES must consider both profits and
stock levels when making the decision to ban trade in a species, and thus a ban will
only be preferable in this scenario when marginal existence values are high, and equi-
librium fines per unit are high and enforcement is effective (so that poaching does

not substantially increase with a ban, reducing the stock so much that lost profits are
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not offset).

3.7 Extension: Stock Dynamics

To keep the analysis clear, to this point stock dynamics and consideration of multiple
period objectives have been ignored. In this section, the model of previous sections is
extended to two periods, incorporating a natural growth function for the stock F(S)

so that the stock at any point in time ¢ is
Sy =S,_1+ F(S;_1) — HF — Hf (3.32)
or specifically in period 1
Sy = So+ F(Se) — Hf — HE (3.33)

and in period 2

Se =S\ + F(S1) — Hy — Hy (3.34)
given an initial stock level Sy. For tractability, individual poaching again is charac-
terized by limited entry and static profit maximization, so that the choice of poaching
for individual § will be a function of the current harvests of all other poachers, the
current legal harvest quota, the current enforcement level, and the beginning of the
period stock level.!” In this way, the decisions made in prior periods influence cur-
rent decisions (through the stock level), although this is not explicitly accounted for
in individual poaching decisions. The government is assumed to be an intertempo-
ral discounted profit (or profit and stock) maximizer, choosing each period’s harvest
quota and enforcement level to maximize

E(TT) + rE(IL,) (3.35)

17Tt must be noted that with certain stock dependent unit cost functions, the poaching decisions
will be independent of the initial stock. As these possibilities are uninteresting, they are ignored in
the examination.
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if the government maximizes profits alone, where r is discount factor of the govern-

ment,so 0 <7 <1, and

EU(HI, 51) -+ 5EU(H2, Sz) (3.36)

if the government maximizes a combination of profits and the stock level, where 4 is
social rate of time preference (0 < < 1). Assuming unit harvesting costs are given
by

1

c(St) = A (3.37)

demand for harvested goods is time-independent and linear, or
P(HF + HF) = A - b(HF + HD) (3.38)
in each period ¢, the probability of catching poaching is
a(Kt) = VKL (3.39)
and punishment is quadratic
(2 - () .40
n n

total poaching in period 1 would be

n(A—bH{‘—:g‘—l)

P = (3.41)
2yKE+(n+1)b— 311;
and total poaching in period 2 would be
n(A—-bHF — L
HF = ( £ %) (3-42)
2K+ (n+1)b— glzz
As
Sy = So + F(Sy) — HF — HF (3.43)
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and

Se = S1+F(S)) — HY —Hf = So+F(So)+ F(So— Hf —H{)-HF —HF — HF — HF

(3.44)
total poaching in the first period will depend on the legal harvest and enforcement
in that period only, although total poaching in the second period will depend on the
legal harvest and enforcement in that period, the legal harvest and enforcement in the
previous (first) period, as well as total poaching in the previous period. Specifically,
total poaching is increasing in the initial stock level, decreasing in the current legal
harvest and decreasing in current enforcement. With respect to previous harvest and
enforcement for total poaching in the second period, the effect on H; is ambiguous.
Accordingly, a government concerned with the discounted return from the stock over

the two period maximizes

PV(IT) = [A — b(HF + HE)HE — ‘/I?‘(H”)

+6 {[ — b(HF + HE)HE - V (HP) } (3.45)
such that the poaching harvests in each period are given by (3.41) and (3.42) and the
stock levels in each period are given by (3.43) and (3.44). Interior legal harvests in
each period are given by

OHFP 1 OHF 2y KEHE [0HF
_ P _ Ly _ L L_____
[A —bHP —bHE] — bH! [aHl] — bH! [61—1’1 + ] [6HI]

OH. HE[(8HP OHF y 24 \/K2 H} [oHF
—S6bHY [aHZL]—asg [(aH}*"aHL“Ll) (1+F } [BHL]—O
(3.46)
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for HE and

OHF 1 HE[/8HF 2\/KLH OHF
A__bHP_ Ly _ L 2 L -1 2 2 —
[ F_bHE)—bH [az—zg] —bHE- S [(_afg“) (1+F J — [6HL} 0

(3.47)

for Hf (assuming & # 0), while enforcement expenditures in each period are given by

o ] ) e L -

oKL OKE 2n\/KL n OKE

OHF HL [(8HFP @HF 26/ KfHY [8HF
_é‘bH—L 2 1 2 ! 2 | — .
| (Grr+amy) avr ) + 3| =0 619

for K and
orP) HE[oEP] (HE)  2/KEHF [oHF

_pEL 1| _ 1 2 | 1 — \
e ] - (o], () 2L o] s

for KF (again assuming § # 0).

On the other hand, a myopic social planner (that is, maximizes a one-period ob-
jective ignoring the influence of its own harvest, resulting poaching, and enforcement
in the first period on the value of the objective in the second period) would select its

legal harvest quota in each period HY, i = 1,2 according to

SHF 1 HE[8HF 2 KFHY [oHFP
[A—bHFP —bHL|—bHE [8HL ] bHL——S—-? [aH.L +1}+ [ aH.L] -0
(3.50)

and the enforcement level in each period K¥, ¢ = 1, 2 such that

—bHE

1

omr| mt[omr) . (HF)' 2 /KEHF [om?
58] o]

OKF oKF KE n 3 K{,] -1=0 (3:51)

The intertemporal-objective government thus accounts for the effects of its first period
harvest and enforcement on the value of its objective function, the illegal harvest and

the growth of the stock in the second period, while the myopic government does not.
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As can be seen from comparing (3.47) and (3.50, with ¢ = 2), and (3.49) and
(3.51, with ¢ = 2), the second period harvest and enforcement decision rules between
a myopic government and a government with an intertemporal objective are similar,
but with significant differences. If the stock level remaining after the first period was
the same in each case, there would be no variation in the two harvests and enforce-
ment levels. However, examination of the first-order conditions for the first period
variables, (3.46), (3.46), (3.50, with z = 1), and (3.51, with z = 1), shows that this will
not be the case. Specifically, the stock level affects the effectiveness of enforcement
expenditures and the relationship between legal harvesting and total poaching. As the
stock increases, unit harvesting costs decrease, implying that poaching can increase
without decreasing profits (for a given enforcement level) and thus, ceteris paribus, a
higher stock level increases poaching. Second-period enforcement then becomes more
effective at reducing total poaching and second-period legal harvesting becomes less
of a deterrent to poaching if the stock level remaining after the first peried is higher
for an intertemporal objective maximizing government than for a myopic objective
government, and the opposite is true if the remaining stock is higher for the myopic
government.

Comparing (3.46) with (3.50, with ¢ = 1), the government with an intertemporal
objective also takes into account the effects of its first period harvest quota and
enforcement on second period poaching and stock growth, and subsequently, on its
own second period harvest. Again, whether the legal harvest quota will be greater or
less than the single-period maximizing choice will depend on several factors, including

the effectiveness of enforcement, the magnitude of the punishment, the number of
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poachers and the sensitivity of poaching to the legal quota. Specifically, if the term

_sb [BH{’]_ sHE [(BH{’ OHY 26\ Ky Hy [3H2P

!
AHT 5z |\amr + BHE +1) (1+F)] + aH{v} (3.52)

is greater than zero, then the difference between the marginal benefit and marginal
cost of the legal harvest has increased and the legal quota will be increased, and the
opposite if the term is negative, and if the term

SHPF HE [(OHF O8HF 26\ KL HE [9HF
_ L 2 . 2 1 2 7 2 353
0bH, [aKfJ 053 [(aKf *‘ang) (”F)] t— [6}'{{'] (3:58)

is positive, then enforcement will be higher than with a myopic government, and vice
versa. The overall effect on the stock level remaining after the first period will depend

on the directions and magnitudes of these effects.

3.8 Conclusion

Poaching of endangered species is a significant problem facing governments and re-
source managers, particularly when values are held but not captured in output mar-
kets. If enforcement were costless and resources unconstrained, this would not be the
case. However, despite the positive costs of enforcement, it is possible for a manager
with the first move in setting the legal harvest and enforcement level to completely
deter poaching (with limited entry). This would nonetheless require either a highly
effective and efficient enforcement method or a significant cost advantage on behalf
of legal harvesters. More likely is the case of partial deterrence, where poaching can
be controlled only to a point.

In order to regulate trade in endangered species, CITES has typically employed
trade bans and harvest quotas. The latter is ineffective in that poachers do not

respect quotas, by definition, and simply reflect the allowed or desired legal offtake
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of species. When a resource manager or government simply maximizes the rents
received from legal harvests, a trade ban unambiguously reduces profits and may
result in higher or lower enforcement levels. Assuming that the probability of catching
poachers does not change when implementing a ban, enforcement will never increase
enough to generate reductions in total poaching. This last fact was observed in several
countries after the 1989 ban on trade of elephants and elephant derivatives. However,
if bans make detection of poaching and poached goods easier, so that the expected
fine from poaching increases, it is possible that the overall level poaching goes down
after implementing a ban, as in the elephant case. Regardless of this probability,
the positive effectiveness of enforcement expenditures on poaching levels generally
(but not always) results in higher species stock levels, as the increase in poaching
does not completely offset the reduced legal harvest. This again does not conflict
with the rebounding stock levels of African elephants commonly observed in elephant
range states, particularly when one considers the myriad of other pressures placed
on populations, including civil wars and habitat destruction. To a resource manager
or government concerned with the stock level as well as profits from legal activity,
a trade ban becomes more appealing than with a profit-maximizing objective alone
due to the higher stock level, but is still likely to be sub-optimal. If existence values
are held by individuals outside the countries containing the endangered species (that
is, if endangered species are global public goods), we can also explain the preference
for trade bans. The potential for monetary transfers dominating trade bans would
require the explicit modelling of consumption and existence values in the consumer

country as well as the transfer mechanism in a cooperative framework and is therefore
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left for future work.®

180ther possible research directions include differentiating legal and illegal markets (demand), the
incorporation of harvesting and stock dynamics, and interjurisdictional conflicts and interactions.
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Figure 3.1 Legal and poaching harvests with pure profit objective and identical costs.
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Figure 3.2 Legal and poaching harvests with pure profit objective and a cost advantage
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Figure 3.6 Legal and poaching harvests with stock-and-profit objective with
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Figure 3.7 Legal and poaching harvests with stock-and-profit objective and a cost
advantage to government harvesters.
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Figure 3.8 Legal and poaching harvests with stock-and-profit objective and a cost
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Chapter 4

Strategic Policy and the Financing
of Conservation

4.1 Introduction

Biodiversity preservation, or the protection of variety among species, is of a signifi-
cant concern to many governments. While individuals may derive benefits (whether
direct, indirect or other non-use in nature) from the species and their diversity, the
public good aspect of these resources makes it difficult to finance the costs of conser-
vation. One method of particular interest, gaining in popularity of use, is biodiversity
prospecting, or the investigation of natural sources for commercially valuable pharma-
ceutical products or biotechnology. Recently, a number of governments have offered
private firms the opportunity to sample species from within their borders in return for
a share of the revenues (royalty) from any products resulting from the research and
testing of the samples. A formal framework is developed to assess the effectiveness
of royalties in extracting part of the surplus of firms and the influence of royalties on
sampling practices.

Unlike other articles on biodiversity prospecting, such as Simpson et al. (1996)

and Polasky and Solow (1995), the concern here is not directly the value of a particular
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species or collection thereof, but on the strategic manipulation of private incentives in
order to achieve social objectives regarding sampling intensity to finance biodiversity
conservation. Further, individual species are not assumed to have a single potential
use, but a myriad of possible uses, which may result in several products, a single prod-
uct, or none at all. In a related article, Barbier and Aylward (1996) consider a firm
which chooses “information-generating effort” and “protection effort,” but to assume
that firms have a significant incentive to protect biodiversity (especially under the
additional assumption of a potentially limitless supply of biochemical raw material)
is quite suspect.! While correctly noting that the government must invest (or en-
courage firms to invest) in species information-generation, the claim that the returns
from biodiversity prospecting will be insufficient to cover protection costs may be
correct when royalties are involved but is less likely to be when more efficient surplus
extraction methods are employed (that is, when the government appropriately selects
a surplus extraction method combined with optimal sampling incentives). As will be
shown below, the introduction of a royalty on revenues will necessarily reduce the

total extractable surplus by decreasing the expected number of successful products.

4.2 Background and Literature

The obvious reason for sampling and testing species is to gain information. This infor-
mation may be directly useful, such as natural chemicals which inhibit or cure human
diseases or genes which can be used to enhance agricultural products, or may simply

provide insights into the likelihood of other species containing useful information. For

'In their article, Barbier and Aylward assume that the supply of species available to be sampled
depends on the amount of protected habitat, or protection effort, by the firm. More realistically,
here it is assumed that governments protect habitat but must finance conservation by extracting
part of the surplus of the prospecting firms.
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an example of the latter, one may think of the rosy periwinkle of Madagascar, from
which two important anti-cancer drugs (vincristine and vinblastine) have been de-
rived, thus suggesting that the close relatives of this tropical plant are more likely to
contain anti-cancer agents than other species. Even tested species with no successful
applications provide information, given that their close relatives are similarly likely
to be useless as sources of new products. In table 1, a number of pharmaceutical
companies and agencies which have explored or are currently examining species for
potential new products, including some of the world’s largest, as well as the biological
species being tested by each, are listed. e

A significant issue in biodiversity prospecting is property rights, given the public
good nature of biological or genetic resources (genotypes). While rights for developed
products are well-defined by patent law in the developed world, international owner-
ship of genetic material and species is much more problematic. For the purposes of
this study, it is assumed that nations have sovereignty over their genetic resources,
as provided for in the Rio Convention of the 1992 United Nations Conference on En-
vironment and Development. Under the conditions of the Convention, countries also
have the responsibility for conserving their biological resources and for using them
in a sustainable manner. “In situ” conservation of ecosystems and natural habitats
is expensive in terms of both preservation costs and the lost alternative use of land,
and if biodiversity prospecting were a substantial and continual revenue generator
for governments, the pressures against the conservation of biodiversity in develop-
ing countries could be lessened or even eliminated through compensation for lost
opportunity costs. This is particularly important for “biodiversity rich” developing
countries, as illustrated by the fact that 70 percent of the 3,000 species known to have

anti-cancer properties are found in tropical forests (Sedjo, 1992).
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Several authors have suggested that biodiversity prospecting can be used as a po-
tential tool for conservation, such as Farnsworth and Soejarto (1985), Principe (1989),
Wilson (1992), Reid et al. (1993), and Rubin and Fish (1994). Another subsequent
branch of the literature, including Simpson et al. and Barbier and Aylward have
questioned the effectiveness of such a tool, citing either low values of the “marginal”
species or low royalty revenues to source governments. Regarding the latter, Hyde
and Sedjo (1992) have graphically shown royalties to be both inefficient in extracting
rents from logging firms and ineffective in inducing optimal deforestation rates, in
addition to subjecting the country to significant risk. Similarly, lump sum charges

will be shown here to dominate royalties in each of these respects.

Company Items Collected | Cancer | AIDS | Inf. |C-V | G-1| O
Abbott Laboratories M/P o .
Boehringer Ingelheim M/P . .
Bristol-Myers Sqibb F/M/MP . .
CIBA-GEIGY M/MP . . . .
Eli Lilly P/A ° . .
Glaxo Group Res. F/M/Mp L] ° ) .
Inverni della Beffa P . o .
Merck and Co. F/M/MP . . o o | o
Miles M/P/MF o .
Monsanto M/P . . .
National Cancer Inst. | P/M/I/MF/A/IV . .
Pfizer P/SV L] ® ° ° ®
Pharmagenesis ™ . .
Phytopharmaceuticals P .

Rhone-Poulenc Rorer P/MM o . o

Shaman Pharm. P

SmithKline Beecham M/MP .

Sphinx Pharm. P/MF/A .

Sterling Winthrop M/MP . .

Syntex Labratories P/M . .

Upjohn Company P/M .

Table 4.1. Natural Item Collection and Screening by Company and Treatment
Sought, 1950 to the present. M=microbes, P=plants, F=fungi, MP=marine plants,
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A=algae, MF=marine fungi, [=Insects, I[V=Invertebrates, SV=spider venom,
TM=traditional Asian medicines, MM=marine microbes, Inf.=Inflammation,
C-V=cardio-vascular problems, G-I=Gastro-intestinal problems, O=Other. Source:
World Resources Institute (1990).

Low marginal values of some species in the wild, due to the sheer numbers of
species existing on the planet, are indeed the appropriate concern for normative ques-
tions such as “how many species we should protect” (although only if social values
were added to private prospecting values), but cannot be employed in positive ques-
tions such as “can rent extraction from pharmaceutical prospecting cover the costs
of biodiversity preservation?” or “what proportion of existing biodiversity can be
protected using rent extraction from prospecting firms?” As an example, suppose the
millionth species in a collection has a negligible (private) marginal value (as shown
by Simpson et al. for reasonable assumptions) which is slightly less than its marginal
protection cost, implying that efficient resource use would dictate that this species
should be allowed to disappear. Even at the firm level, such a species would not be
sampled for potential pharmaceutical use. However, if one considers the first species
in a collection, the same calculations suggest that marginal value will not be negligible
(as would be expected), and clearly will exceed its marginal protection cost. Thus,
pharmaceutical firms will have a significant expected surplus on species sampled ear-
lier, which may be used to offset the losses incurred on later unsampled species, if
such a surplus can be extracted by source governments and applied to conservation.
In situations of uncertainty regarding future values and given the irreversibility of
current actions, it is quite plausible that some species be protected despite marginal
costs below their currently known marginal benefits (see Pindyck, 1991).

A logical question to ask is why a country would want to protect species in such a
situation. While prospecting marginal costs and benefits may be relevant in an anal-
ysis of private incentives and decisions, there exists substantial work on social values

that would suggest that biological species provide significant values to society beyond
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simple prospecting profits.? Low private values from prospecting may suggest that
there is no incentive for firms to protect a large proportion of existing biodiversity but
that is not to say that a social decision maker would not. To recapitulate, it is not
the intention here to disprove prior studies which find low private marginal values,
but to suggest that effective rent extraction may not be the poor conservation tool
that it has recently been portrayed to be, and to detail the impact of available pol-
icy alternatives on sampling choice, knowledge accumulation and surplus extraction
both in a steady state and over the period leading to such a stationary equilibrium.
This is achieved in a dynamic model of capital (knowledge) accumulation in which
private incentives and social incentives do not necessarily coincide due to insufficient

information sharing and information spillovers.

4.3 A Bioprospecting Model

Consider a risk-neutral firm choosing the number of species to be sampled at each
point in time ¢, s, in the search for new pharmaceuticals or biotechnology, among
many similar firms. Sampling and testing for viable products has a cost which de-
pends on the number of species sampled, c¢(s;), with ¢¢ > 0 and ¢;, > 0. Other
previous articles on biodiversity prospecting assume that the probability of finding a
successful product is constant, but another possibility, to be described here, is that
firms accumulate information, or knowledge, over time, which allows them to increase
the likelihood of finding a successful product, in the manner of capital theory.
Denote the knowledge or information accumulated by a firm in question up to time
t as k;. The probability of any given species yielding a successful product is a priori
constant, but knowledge allows the firm to better choose the species to be tested,

so that the probability of finding a successful product at time ¢ is higher as both

2Contingent valuation and travel cost studies of estimating existence and option values for dif-
ferent environmental amenities, such as Pearce (1990), Barbier et al. (1994) or Brown and Henry
(1993), suggest that social values not included in private decisions may be significant.
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knowledge and the number of species sampled increase, or w(k;, s;), where 7 > 0,
e < 0, mg > 0, mss < 0 and w5 = 0. For simplicity, the probability of finding
multiple successful products at any particular point in time £ is zero. The value (net
of production and development costs) of a successful product is constant at 7, and all
products yield the same amount of profit (this value arises from the monopoly profits
gained from a patent on the product for a finite period). One may think of more
complex models in which the value of a successful product declines as the number of
successes increases or increases as the total stock of biodiversity decreases. However,
it is not clear whether the added value of such modifications will outweigh the costs

of additional complexity.

4.3.1 Knowledge Accumulation and Sampling Intensity of
the Firm

A representative firm’s expected profits at each point in time ¢ are given by
Iy = mw(ke, S¢)0 — c(se) (4.1)

or the expected net value of successful products less sampling costs. At time £, the
firm’s knowledge set includes the information accumulated in the past, net of depre-
ciation, information generated from newly sampled species, and information derived
from the past products of other firms in the industry. Knowledge thus accumulates

according to

dk _
= = k= 9(s:) — 0k, (4.2)

where ¢(s;) is the knowledge generated by the sampling of species, and 8 is the “ob-
solescence rate” of information: as time progresses, some proportion of the knowledge
accumulated becomes obsolete and worthless, with 0 < § < 1. Typical in the biodi-
versity prospecting literature is the assumption that the number of potential samples

is infinite (see Barbier and Aylward, for example) as there are millions of known
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species and countless products which may be derived from each species. This as-
sumption, made for consistency and comparability across articles, is strengthened by
the increasing resistance of virus strains to current products and new infectious dis-
eases that are “discovered” regularly. Over an infinite horizon, the firm rna.ximizeé

the discounted stream of profits, or
o
/ e % [1(ke, 5¢)0 — e{s¢)] dt (4.3)
0
where § is the private discount rate. The corresponding Hamiltonian is
H = 7(ke, s¢)T — c(s¢) + uld(se) — 0k (4.4)

where u is the co-state variable, in this case the shadow price of information. Direct

application of the Maximum Principle yields the optimality conditions

50 — Cs + pps = 0 (4.5)
p=p(d +0) —md (4.6)
and the transversality condition,
. —6T _
%Ln;o urkre ™ =0 4.7)

Equation (4.5) states that the sum of the expected benefit from an additional sampled
species and the implicit marginal value of knowledge imparted by that species must
equal the marginal cost of sampling, while (4.6) describes the movement of the shadow

price of biodiversity. In the steady state, & =k = 0, implying

_ 7Tk’l—)
b= >0 (4.8)
and
#(s) = Ok, (4.9)
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Using these conditions, the slope of the k = 0 locus is positive and given by

ds ]

as @ > p. From the time derivative of (4.5), § = 0 in the steady state as well. Using

(4.5) and o = 5 =0,

ds TrrUPs
——ls=0 = —————— < 0 (4.11)
alklr Cos — Tss® — TaLez

so that the § = 0 locus is downward-sloping. These loci result in a unique saddle-point

equilibrium and a negatively sloped optimal trajectory (or stable path).

4.3.2 Social Knowledge Accumulation and Sampling Inten-
sity
One plausible objective of a government is to protect some positive proportion of its
current biological diversity, presumably from the solution of a resource management
problem accounting for alternative use values and benefits derived by individuals from
the resource. A commonly cited difficulty in achieving such an objective is finding
a source of funding. In addition to the recovery of biodiversity protection financing
costs from bioprospecting, the social planner or government must take into account
the knowledge accumulated by other firms but not observed by the individual firm
under consideration.® This section will examine the solution to the social objective
maximization in order to evaluate the methods of financing conservation in addition
to determining how the government can modify the economic incentives a prospect-
ing firm faces in order to achieve the sampling of species which is socially optimal.
As in Simpson et al., the social ecological, moral or aesthetic values of biodiver-
sity are ignored, as are the benefits of habitat protection (including ecotourism and

recreation), so that the focus here is strictly on prospecting incentives. The social

31t is assumed that firms are not competing for identical products to ensure there are no problems
of “first discovery” or information-masking.
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knowledge dynamics are
k= ¢(se) — 0(ke + K) (4.12)

where K, is the knowledge accumulated by other firms. Here, the social planner takes
into account the current knowledge accumulated by other firms, which is not observed
by the firms when its decisions are made. In this way, the social planner serves to
remedy information sharing barriers between firms. In addition to accounting for the
positive knowledge externality, the government can extract the surplus by charging
an entry fee, F > 0, which will not distort sampling choice. With risk-neutral firms,
it is possible for the government to set F' such that zero profits are earned by each
firm (more on surplus extraction and the magnitude of F' will follow later). From a
social perspective, the probability of finding a successful product is a function of the
total information accumulated in the economy, k£ + K. For simplicity, the social rate
of time preference is assumed to be equal to the private discount rate, so that the

planner’s Hamiltonian is then
H=#(k+ K,s)t —c(s) — F +q[¢(s) — 0(k + K)] (4.13)

where g is the co-state variable, or the social shadow price of knowledge, and the

resulting optimality conditions are given by

MU — Cs + qps =0 (4.14)
7= (6 + 0)q — 7xD (4.15)
and
lim grzre T =0 (4.16)
T—oo

When ¢ = 0 (as in the steady state),

(4.17)



Comparing the social and private optimality conditions, as long as K > 0, the number

of species sampled (s) is certainly larger in the social case, as
g<p (4.18)

and 7 is concave. In the social steady state,

T

—cs + m% =0 (4.19)

and

#(s) = 8(k + K) (4.20)

Accordingly, the slope of the zero-$ locus is negative,

ds ek
—lico = it ¢$,., —=— <0 (4.21)
dk Css — sV — ‘w

and the slope of the zero-k locus is positive,

g’%li‘:o = éis >0 (4.22)
From the last equation and the steady state condition for knowledge, the k =0 locus
has the same position (and slope) as in the private case. However, the social § = 0
locus has a steeper slope and lies above the private locus. Dynamics off of these loci
are given by

dk
ot 4.23
P ¢s > 0 ( )

and
dk MssT — Css + qPss

as illustrated by the arrows in the phase diagram of Figure 1. In the following section,

a method for inducing a private firm to make its decisions correspond to the social

optimum is presented.
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4.4 Achieving Optimality through Government Sub-
sidization

The previous section has shown that the private firm will undersample species (or
biodiversity) relative to the social optimum. In order to induce the private firm to
take into account the fact that the knowledge it accumulates also benefits other firms,
the government can implement a subsidy for exploration,* financed by a lump-sum
tax to balance the government budget. The subsidy is of the form As, where X is the

subsidy per unit sampled. This modifies the private firm’s profit function to
D=wn(k,s)0—c(s)+As — F (;1.25)
The resulting optimality conditions are
T —Cs + A+ uds =0 (4.26)
and (4.6). The optimal subsidy to achieve the first-best is then
A= (g~ 1)¢s (4.27)
at each point in time and reflecting the difference between the two shadow prices of

information. At the steady state the optimal subsidy becomes

(g — )T o
A - 6 + 9 ¢5 (4""8)

Therefore, the source government must provide a subsidy on sampling which depends
on the difference in the marginal probabilities of a successful find between the social
and private information set, the value of a successful discovery, the marginal infor-

mation gained by sampling the last species, and the rates of knowledge obsolescence

‘Here, as in other literature on the topic, perfect information regarding sampling and sampling
costs is assumed. If there are informational asymmetries or costs of monitoring or measuring firm
sampling, so that the optimal subsidy cannot be accurately determined, it may be possible that
other rent extraction alternatives (such as auctioning of sampling rights, which also has the benefit
of shifting risk onto prospecting firms) may be superior to both royalties and the alternative discussed
here.
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and time preference.5 Specifically, and intuitively, the subsidy must be higher if the
expected number of successful finds is higher, the information gained from another

sample is larger, or the value derived from a successful product is larger.

4.5 Comparative Statics

To this point, the model parameters have been considered constant, but it is of-
ten interesting to examine how the steady state levels of knowledge and sampling
are affected by changes in the values of the parameters, particularly by the rate of
time preference, value of successful products (possibly from changes in patent life or
imposed royalties) or the rate of information obsolescence and information sharing.

With this goal, the total derivatives of the steady-state conditions can be written as

¢s ’“9 dS
TosT — Cos + MeUbss  THEZEE dk
[ df
Zn 212 213 214 déd
, (4.29)
221 222 293 204 dv
| dK |
or
Ax =2b
where
211 = k + K

Zip=2z3=0

z14 =0

5The subsidy could instead be applied to exploration costs, and by doing so the optimal subsidy
would depend inversely on the marginal sampling cost.
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Wkﬁ(bs

== Grop
_ Wk'l_mss
2= 51 o)
Zon = —Wk(ﬁs
23 510
and
o — — T DPs
A 5+6
The determinant of the matrix A is thus
— 2
[A] = M + 0 [mssT — 5 + TpUhss] <O (4.30)

o+ 8

One of the most significant parameters, and one of the most important features of
biodiversity prospecting itself, is the value of a successful product, 7. Using Cramer’s

rule, (4.29) and (4.30),

dS _ —6 7rk¢s
dﬁ_|A|{6+0}>O (4:31)
and
dk 1 [ —mi($s)?
a5 A { S+0 } >0 (4-32)

As would be expected, when the value of a successful find increases, the number
of species sampled and the knowledge accumulated in the steady state increase. A
higher value, other things constant, increases expected revenue, and thus increases
marginal revenue above the marginal cost of sampling. Sampling intensity increases
as a result, until equality between marginal cost and marginal benefit is restored. A
royalty, which reduces the value of a successful product to the firm by the amount of
the tax, would then decrease the number of species sampled, contributing to enhance
the undersampling problem associated with unregulated firms (see the following sec-
tion). In the steady state, any increase in the number of species sampled must be

accompanied by an increase in knowledge (from (4.9)), given that the newly acquired
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information (from sampling and information sharing) and the depreciated knowledge
are the same.

With respect to the rate of time preference,

ds ) Tr0Ps

@A {(5: 9)2} <0 (4:33)
and

&1 [mo(b.)?

@A { (§ +0)? } <0 (4:34)

As firms (and society) become less future oriented (that is, have a higher discount
rate), accumulated knowledge becomes less important, as the use of that knowledge
in later periods generates revenues which are of lower consequence to the firm. In
other words, the shadow price of knowledge is lowered, which in turn decreases the
knowledge accumulated. As above, any decrease in the steady state level of knowledge
necessarily decreases the number of species sampled as well.

As mentioned previously, to capture the social public good aspect of information,
the newly accumulated knowledge of other firms, described above by K. For the

steady state,

ds OmreUds 1 1-6—-86
— i S 4.35
dK (d+9) [AI{ i+ } (4.35)
which is ambiguous in sign, and
dk 1 | —¢smrUs _ _
—_ = - 0 .
d& = TA] { 51 d O(7ssT — Css +7Tk‘l)¢ss)} < (4.36)

As the knowledge of other firms increases, the social benefit of the individual firm’s
knowledge accumulation also decreases from the decreasing marginal probability, and
accordingly knowledge in the steady state for the firm in question decreases. However,
since the higher K also implies more capital is depreciating at the steady state, this
may imply that the individual firm samples more than it did prior to the increase in

K.
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As the optimal subsidy also depends on the rate of obsolescence of knowledge, it
may also be worthwhile to examine the effect of a change in this rate on the steady

state values. In this particular case, the effect is given by

ds _ 1 [(k+ K)mU¢s TrUPs
de [A[{ §+6 6(5+9)2} (4:37)

which is ambiguous in sign. The relationship between optimal knowledge (or informa-

tion) accumulation and this parameter is nonetheless unambiguously negative, given

by

dk _ 1 71’[;17((]53)2 _ T — —
B = T4 {m (k + K) [ssT — Cos + kvqﬁss]} <0 (4.38)

As the rate of knowledge obsolescent increases, accumulating knowledge has less value
in the long term, and therefore less knowledge is accumulated in the steady state.
The ambiguity of number of species sampled with respect to the rate of obsolescence
follows from this, as sampling must decrease if the decrease in knowledge offsets the
increase in the obsolescence rate (implying that less knowledge is depreciating in the

steady state) and increase if the opposite is true.

4.6 Comparative Dynamics

This section details the behaviour of the control and state variables over time, as
described by a linear approximation of the stable path around the steady state, of
both the private and social solutions. Comparisons of paths to the steady state was
achieved through a computer simulation which, given the linear approximation and
initial conditions, iterated to a steady state numerically.® The private accumula-

tion of knowledge requires the private Jacobian evaluated at the private steady state
(k*, 5%, pu%)

« jll jl2 _ -6 C;s - 71-;5'6 - “* .:s
Tp = [jzl J22 J - [ —Tix 0 d+6 J (4:39)

6 Although the variables approach the steady state asymptotically, this section refers to the “time
required to reach the steady state” as being number of periods necessary for the state and choice
variables to become within 0.1¥10~%0f their steady state values.
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The eigenvalues (£, &) of this private Jacobian matrix are such that

Ju—§&f J12
. ] . 1 =0 4.40
Ja J2 — & (4.40)

the solution of which yields

1
g=1 [5 + /82 + 405 + 467 — LTmpecs, + ATTLL Bl + 4177r,:k,u*¢;s] (4.41)
and
1
&= 5 [5 — \/52 + 400 + 462 — 4vm et + 4UTE Lt + 4z77r;ku*¢;s] (4.42)

A linear approximation of the stable path around the private steady state is given by

. Ja1 . . TExU .
0w =u +*—_—"k‘0—k =,U,~‘—'-'—k‘—k (443
The social knowledge accumulation Jacobian evaluated at the social steady state

(k,5,3) is

* ann a2 9 553 - 'Frssﬁ - q&ss
= = - 4.44
JS [ 21 Q92 } [ —TMEr?V 5 + 6 } ( )
which has eigenvalues (51,52) such that
a1 — 51 a2 _ -0 (4_45)
a1 aze — &2
so
~ 1
b=3 {—5— ((62 — 26% + 4606 + 462
. 1/2
AT T s + ADGTREDss ) )J (4.46)
and

&:-;- [—5+ ((52-—252+62+465+462

—- -7 = —— — — - —2~ o~
—40Tgp(Pss + AV MppTes — 4VTrCos + BUTkkCss — 40TpCss — 8T Tk Tss
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' 1/2
40 Tk Tss + 40GT Rk Pss ) )] (4.47)
A linear approximation of the stable path around the social steady state is given by

p=f B (kg — k) = fi — — (k) — ) (4.48)

&1 —ax E—8—0

Using again the numerical example, the private and social dynamics of knowledge
accumulation (k;) and number of species sampled (s;) over time, given the private
stable trajectory approximation in (4.43) and the social stable path approximation in
(4.48), are shown in Figures 4.2 and 4.3. Because of the additional benefits derived
from information sharing, knowledge tends to be accumulated more rapidly by the
social planner (or regulated firms) than by unregulated private firms. This requires
that sampling in earlier periods be higher in the social solution, but social sampling
also remains higher - eventually levelling off at a higher sampling intensity than the
unregulated sampling level. Further, it is obvious that the social sampling rate and
knowledge level reach a steady state much earlier than the private sampling rate and
knowledge level, following from the lesser private incentives to accumulate knowledge
and thus to sample relative to social incentives. In such a case, it is possible for
the steady state levels of both situations to be relatively close but to also have even
larger extractable surplus losses over the period in which the private accumulations
continue to adjust while the social accumulations are at their steady state (as the
private choice of s and thus k& lies strictly below the corresponding social steady state
levels).

As it has now been shown that both the private steady state and private dynamics
are inferior to social dynamics, the remainder of this section will focus on the extent of
changes in social dynamics as a result of changes in model parameters. For a decrease
in 6, as shown in Figures 4.4 and 4.5, knowledge accordingly accumulates at a slower
rate, although to a higher steady state level. A higher obsolescence rate implies that

additional sampling is necessary to offset natural losses, and despite higher sampling,
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knowledge is lower at the steady state and it takes more time to reach its new level.
In contrast to the effects of these changes, a reduction in the value of a successful
product has very little or no impact on the time of adjustment for s and %, despite
significantly different steady state levels of both variable, as shown in Figures 4.6 and
4.7. This suggests that royalties, which reduce the value to the firm of a success,
would not greatly affect the time of adjustment to the new steady state. Further

analysis of the effects of royalties is left to the following section.

4.7 Expropriating the Surplus of Firms

In practice, royalty agreements have been employed to share profits between the firms
and the source country, as intended by the Biodiversity Convention. Royalties are
usually based on the expected value of the potential product, with royalty figures
typically ranging from 1 to 5 percent. In probably the most publicized agreement,
Costa Rica’s Instituto Nacional de Biodiversidad (INBio) signed a contract with US
pharmaceutical multi-national Merck & Co. in 1991 to pay $1 million over two years
for the opportunity to search for sources of new pharmaceuticals from 1000 samples
from the diverse species of Costa Rica’s tropical forests, in return for royalties paid
on the therapeutics developed. INBio, as a non-governmental organization, cannot
sell the exclusive rights to any particular species, but its mission to integrate Costa
Rica’s biodiversity into a sustainable development strategy is consistent with the
Biodiversity Convention. The Merck-INBio agreement was renewed in 1994 (Zebich-
Knos, 1997), under similar terms.

If the objective of the government is to expropriate the surplus gained by firms
in addition to achieving the optimal sampling intensity, it only has to increase the
amount of the lump-sum tax F. When looking at the sampling intensity alone, the
government sets the lump-sum tax such that the subsidy paid out to firms is exactly

offset. However, substantial profits are earned by the firm when a successful product
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is found, which may not accrue to the nation providing the samples, as in the case
where pharmaceutical companies of the developed world purchase the samples from
developing countries. Like the Costa Rica-Merck agreement, most contracting of this
type has involved a royalty paid on successful products, and sometimes an up-front
fee to cover costs.” A constant royalty rate, r, would modify the periodic expected

profit of a firm to
(1 — ’I")ﬂ'(kt, St)'l_J - C(St) + /\gSt (4.49)

From the above analysis, we can see that such a policy results not only in the sub-
optimal sampling incurred due to the externality effect, but compounds this problem
by reducing the value of the successful product by the amount of the tax/royalty. In
other words, the positive tax (royalty) on successful finds forces firms to sample fewer
products than they would with no regulation, which then reduces the expected num-
ber of successful products found and results in a lower extractable surplus. Referring
once again to the numerical example, the reduction in the total extractable surplus at
various royalty rates, given social optimality (that is, a sampling subsidy of A; which
satisfies (4.28)), over 50 periods is shown graphically in Figure 4.12. Surplus loss in
increasing in the tax rate (r), to the point of no sampling and zero surplus under a
100 percent royalty, so that the total extractable surplus maximizing royalty rate is
in fact zero. It should be noted that the suboptimality of royalties, while true in the
circumstances described here, may not hold if the assumption of the risk-neutrality
of firms is abandoned and/or uncertainty is introduced.

With a subsidy and lump-sum tax, it is possible to induce firms to sample the
socially optimal number of species while still expropriating some or all of the surplus

earned from successful products.® As mentioned earlier, choosing an F that is inde-

"In addition to covering costs, ten percent of the up-front fee in the Costa Rica-Merck agreement

is to go toward conservation efforts.
8For a graphical exposition of the extraction of rents from firms in the overuse of land, see Hyde

and Sedjo (1992).
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pendent of sampling intensity has the benefit of not distorting the decision making
of the firms, unlike a royalty, and allows the risk associated with uncertain search to
be completely shifted onto the firms performing the exploration, a point particularly
relevant to developing countries. Here it is assumed that there is no competition
among countries - one can think only of endemic species, of a global context, or of
other reasons why this would be the case. Nonetheless, competition would be as
likely under a royalty-based system as with other rent extraction alternatives.® The

maximum F' a government could set would be given by the firm’s expected profits, or
F =mx(k,s)T — A(c(s) — s) (4.50)

given knowledge accumulation dynamics and A from (4.27).

In order to evaluate the extent to which rent extraction can finance conservation,
it is necessary to know the value of biodiversity prospecting. A number of articles,
including Farnsworth and Soejarto (1985), Principe (1989), McAllister (1991), Har-
vard Business School (1992), Pearce and Puroshothamon (1992), Aylward (1993), and
Barbier and Aylward have attempted to place values on untested species in situ, with
results ranging from US$44 to US$23.7 million. Barbier and Aylward estimate the ex-
pected royalty per sample to be US$233, which implies (given the assumed 2 percent
royalty) that the expected net revenues per sample is $11650. Using their estimates
(40 years, 2000 samples per year, 10 percent discount rate), full surplus extraction
would yield a present value of almost $228 million, compared to just $4.6 million by
royalties, to the government. The estimated costs (net of sampling fees and collection
costs) of protecting all 500,000 species for the 40 year period (although only 40000
species are sampled with 2 samples per species) in Costa Rica is $244 million, which
suggests that this country would lose $17 million by lump sum taxation compared

to a loss of $240 million by royalties (see Table 4.2), or would cover 93.4 percent

9These international conflicts are also ignored in Simpson, Sedjo and Reid, and in Barbier and
Aylward.
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of conservation costs. However, this assumes that the number of species sampled is
constant across the two alternatives. As can be seen from the above analysis, more
species would be sampled in both the no intervention situation and the subsidization
case. If the number of species sampled were to increase by 5 percent (column 4), the
source country would lose just $6 million over costs, and if sampling were to increase
by 10 percent as a result of the subsidization of costs (column 5), it would be possible
for the government to break even if the present value of the subsidies were not to
exceed $5.12 million (or $238 dollars per sample). These figures, although based on
pharmaceutical industry data and sampling history, are clearly for illustrative pur-
poses only, but they do show the possibility of governments extracting enough of the
surplus of prospecting pharmaceutical firms to cover the costs of biodiversity preser-
vation. Further, as biodiversity has values other than new products (harvesting of
species, ecosystem support, existence values to individuals, etc.), the burden of cov-
ering all the costs of conservation should not necessarily be placed upon prospecting.
Nonetheless, this straightforward exposition based on reasonable estimates suggests

that covering costs is at least possible, if not probable.

| | Royalty | Lump-Sum | Lump-Sum | Lump-Sum |
Number of Samples 2000 2000 2100 2200
Expropriated Surplus 4.56 227.85 239.24 250.64
Sample Fees 1.23 1.23 1.29 1.36
Total Government Revenues 5.79 229.08 240.53 251.76
Costs of Biodiversity Protection | 244.48 244 .48 244.48 244.48
Costs of Collection 0.98 0.98 1.03 1.08
Costs of Taxonomic Information 0.98 0.98 1.03 1.08
Total Government Costs 246.44 246.44 246.54 246.64
Government Profit (Loss) (240.65) (17.36) (6.01) 5.12
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Table 4.2. Present Values of Costs and Extracted Surplus, Royalties v..
Lump-Sum Taxes, in millions of US dollars, extrapolated Aylward and Barbier data.

This analysis can be extended to incorporate a variety of assumptions of success
probabilities, net revenues and number of species sampled found in the literature and
protection cost data from the Guanacaste National Park in Costa Rica (from Aylward
and Barbier) in order to suggest possible estimates of potential surplus extraction and
percentage of Costa Rican biodiversity protected. Estimates of revenues net of pro-
duction, marketing, distribution and research and development costs typically range
from $50 million to $300 million (or $6 million to $36.6 million per year over an 18
year patent life with a discount rate of 10 percent), which may seem high to some
but one only has to look so far as net income from pharmaceutical companies such
as Merck and Company, which made profits of almost US$4 billion in 1996, and Eli
Lilly Pharmaceutical Co. which made net profits of almost $88 million from vin-
cristine and vinblastine in 1985 alone (Farnsworth, 1988). From data from US Food
and Drug Administration, reported in Simpson et al., there were on average 23.8 new
drugs approved from 1981 to 1993 (with no discernible trend). Approximately one-
third of current pharmaceuticals are derived or synthesized from natural products,
or roughly 8 products per year. One must be careful when comparing the costs of
biodiversity preservation of a single country to revenues from biodiversity prospecting
in general. However, the chosen sampling intensities have low expected numbers of
hits except when the probability of success is relatively very high. For Costa Rica,
which contains or shares more than one quarter of the known species on earth, it is
not unreasonable to assume that some positive proportion could be appropriated by
its government, particularly when many species are endemic to Costa Rica. Using
the most extreme assumptions, biodiversity prospecting may be expected to protect
from 2 percent per year (present value net revenues of $50 million, 1000 samples per

year, and a success probability of 1 in 200,000 samples) to 27,500 percent per year or
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275 times the biodiversity that currently exists (present value net revenues of $275
million, 5000 samples per year, and a success probability of 1 in 200 samples). The
latter would not be sustainable for long periods due to the large numbers of samples
performed each year, but these assumptions are not as unreasonable as one may ini-
tially perceive, falling within the parameters from certain articles described above.
Conservative estimates from the pharmaceutical industry and other literature would
suggest that the present value of net revenues would be roughly $125 million ($15
million per year), the number of samples per year as 1,500 and a success probability
of around 1 in 13,333 samples, suggesting that revenues from prospecting alone could
finance the protection of over 56 percent of Costa Rican biodiversity. Lastly, more
reasonable estimates of $150 million net revenues, 2,500 samples and a 0.001 probabil-
ity would provide revenues exceeding the level necessary to protect all of the 500,000
species. The probability of finding a successful product may in fact be substantially
higher, given the limited screening technology and effort that has generated some
2,000 naturally-derived pharmaceuticals currently prescribed in the developed world.
The exact protection-financing ability of prospecting would of course require more ac-
curate information than currently available, but it seems plausible that prospecting
could in fact generate funds to protect a more significant proportion of biodiversity

conservation than previously claimed.

4.8 Concluding Remarks

Many countries, particularly those at lesser stages of development, have recently
become increasingly concerned with the ability of biodiversity contracts to finance
conservation efforts. Initial agreement attempts have employed royalties, or a tax on
net revenues, as a means to this end, but such methods will necessarily reduce the
extractable surplus available for governments. Instead of taxing successful products

via royalties, source governments must combine subsidies on sampling (or sampling
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costs) with up-front lump sum fees. In this way, governments can achieve the targets
of inducing the socially optimal level of sampling intensity and extracting the entire
surplus earned by firms above normal profits, to be applied to biodiversity preser-
vation, in addition to shifting the risk associated with exploration onto those firms
performing the search. Royalties and low up-front fees, as seen in recent agreements,
force developing countries to not only pay for biodiversity conservation themselves
but also bear some of the risk associated with exploration. Zero royalties and an-
nual up-front fees, on the other hand, allow developing governments to finance some
proportion of biodiversity, an attractive proposition given the limitations of other
sources of funding. Even with respect to risk-sharing, smaller lump-sum charges
would dominate royalties by increasing the total surplus earned (and divided).

Some recent studies have suggested that low values of the “marginal species”
necessarily imply that biodiversity prospecting is a poor tool for conservation. Due
to the extremely large numbers of species existing currently, it is virtually uncon-
testable that private values from these species is negligible and below their marginal
protection cost, despite potentially high social values not captured in market trans-
actions. However, pharmaceutical patents provide firms with substantial monopoly
profits which normally exceed research and development, production and distribution
costs, so that rent extraction may indeed be a viable option for governments desir-
ing to finance biodiversity conservation. Employing data from the pharmaceutical
industry and Costa Rica, it has been shown that it is not unreasonable that a signif-
icant proportion of preservation costs could be paid through surplus extraction from

biodiversity prospecting.
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Figure 4.1 Phase diagram in (s,k)-space. The steady state is (s * £*), the stable trajectory
1s OO, and the unstable trajectory is UU.
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