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Abstract

This paper develops a theoretical and empirical framework for assessing the impact
of international trade on natural resource stocks and country welfare. Both harvesting
decisions and the decision to convert habitat to alternative uses are linked to world
prices, government enforcement power, and resource characteristics. We develop a
simple estimating equation from our theory that allows us to examine whether liberal-
ized trade at higher world prices strengthens resource management practices providing
gains, or whether new entrants attracted by higher rents overwhelm the plannery ability
of resource managers producing losses. Our empirical application studies deforestation
in Indonesia to provide a proof of principle evaluation.
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1 Introduction

Too little is known about the relationship between openness to world markets and resource

over use. Despite decades of research, both theoretical and empirical, the sum total of em-

pirical knowledge is contained in a handful of studies.1 Moreover, this knowledge primarily

comes from a series of single country case studies whose empirical strategy is only distantly

related to the underlying theory. As a result, we are left with a set of potentially inter-

esting findings, some of which are difficult to interpret and others which may have limited

application elsewhere.

The purpose of this paper is to present a new but relatively simple method for examining

the empirical relationship between international trade and resource use more generally. The

goal is to provide a method sufficiently general to be useful as a guide to future empirical

research; but sufficiently simple to allow for widespread adoption and use across a broad set

of diverse resources.

The theory is a direct extension of earlier work, but resolves several issues that limited the

ability of researchers to match theory with data productively. The empirical methodology

we develop has seen heavy use elsewhere in economics. The novelty therefore lies in our

ability to combine a refined theory with empirics in a relatively seamless whole, and then

provide a proof-of-principle empirical application.

The theoretical model is an elaboration and specialization of Taylor (2011), which itself

draws heavily on Brander & Taylor (1997a). There are two goods - a resource good denoted

by the harvest, H, and an outside sector good we will refer to manufactures M . All agents

are equally productive at manufacturing, but their ability to harvest is differentiated by a

productivity parameter distributed continuously throughout the population of mass N . This

heterogeneity across agents smooths out the model’s Ricardian features making outcomes

continuous functions of parameters, and ensures that diversified production at every point

1For recent overviews of the literature on international trade and resource use see Fischer (2010) or
Copeland (2013).
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in time is the standard outcome.

To capture this heterogeneity simply, we adopt a Pareto distribution for productivities.

This leads to closed form solutions for most magnitudes of interest, and allows us to alter

features of the distribution at will. One important feature is its variance, and we can push

the variance of productivities towards zero, which generates as a limiting case most of the

previous results in this literature. Outside of this limiting case, heterogeneity is present and

put to good use in the empirical section where we develop a log-linear approximation to the

model’s key dynamic equation. This log-linear approximation, then generates a simple linear

in logs estimating equation directly tied to the theory. Therefore, introducing heterogeneity

provides differentiability of key relationships, eliminates extreme specialization patterns, and

provides a gateway to a testable empirical formulation.

To illustrate the power of this approach, we examine deforestation in Indonesia over the

period 2000-2008. Indonesia is an ideal test case, as it is endowed with significant forest

resources, and its geographic structure means that it effectively functions as a series of small

open economies. Our empirical results indicate that model fits the data well; the process of

convergence and the steady-state determinants implied by our model explain a significant

portion of observed Indonesian deforestation. Moreover, our results are suggestive of a key

role for international trade in explaining Indonesian forest loss.

There is a somewhat disjoint literature linking international trade to renewable resource

use. The earliest work was heavily influenced, perhaps even hamstrung, by the confines of

the HOS model then dominant in the profession. At the same time attempts from resource

economists were confined to very simple market models and planning solutions (e.g. Clark

(1990)). Early work by Chichilnisky (1994) posed the question of over use but eschewed

resource dynamics thought critical to the issue. In contrast, Brander and Taylor (1997)

presented a very simple renewable resource model along Ricardian lines to show how stock

depletion was necessary for losses from trade. A key finding of this work is that in situations

where property rights are poorly defined or enforced, the losses from trade may in fact be
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larger the more attractive are world markets for resource products.

All of this early work assumed resource policy, or the property rights regime, was fixed

and immutable. An important qualification was provided by Copeland & Taylor (2009)

which shows how international trade may affect resource policy by changing the value of the

resources. Resource regulation should be thought of as endogenous to the market system, and

therefore respond to the changed conditions brought about by trade. There is considerable

evidence showing that the enforcement of property rights varies across communities, over

time, and by resource type. To capture this variability, we follow Copeland & Taylor (2009)

by amending their monitoring and punishment mechanism to fit our heterogeneous harvester

setting. The model itself builds on Taylor (2011), Copeland & Taylor (2009), and Brander

& Taylor (1997b). It differs from these earlier contributions in three significant ways. First,

it provides an explicit estimating equation drawn from our theory that links world prices

and measures of property rights enforcement with resulting changes in natural resource

stocks. Second, it generalizes the simple Ricardian model of resource use in Brander &

Taylor (1997b) to allow for heterogeneous harvest productivity, partial rent dissipation, and

a variety of management regimes. Third, we introduce the possibility of habitat destruction

created when the land supporting the resource base is converted (by fire, bulldozer, or oil

spill) for other uses such as agriculture. Therefore, changes in the resource stock arise from

both harvesting and habitat loss.

There is also a large literature examining trade in particularly exotic products such

as ivory or rhino horn. This literature has been focused on understanding when, if ever,

international markets can be helpful in fostering conservation for endangered species. A

pioneering contribution is Barbier et al. (1992) with recent important work by Kremer &

Morcom (2000), and Bulte et al. (2003).

The empirical work is similarly heterogeneous in its approach and success. There are

many individual case studies examining trade in a single species or resource type. For

example, Taylor (2011) and Erhardt & Weder (2016) examine the relationship between
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international trade and the destruction of the North American bison or present day shark

populations. Similarly, Foster & Rosenzweig (2003) examine forests in India.2 In contrast,

Eisenbarth (2018), Erhardt (2018) and Bohn & Deacon (2000) study the impact of markets

on many resource types (species of fish or resources) in settings where property rights are

insecure. Erhardt (2018) argues that trade may in fact foster the conservation of resource

stocks in insecure property rights countries, by shifting demand pressures to other countries

with better managed resources. In contrast, Eisenbarth (2018) develops an ingenious method

to show how trade can transmit a resource collapse in one country (Japan) to raise the

likelihood of collapse elsewhere.

Eisenbarth (2018) is particularly useful in setting out a challenge for future empirical

research in this area. She argues that research must provide a convincing causal argument,

employ a multiple-species or many resource setting to ensure the findings have external

validity, and finally, researchers must make a direct connection between trade flows and

resource over use. Under this metric, Taylor (2011) offers a convincing causal argument but

limited external validity. And neither Erhardt & Weder (2016) nor Erhardt (2018) can make

a clear link between the quantity of trade flows and resource depletion. Earlier work on

exotics, or single resource country studies also fail this test, leaving us with - as mentioned

previously - a set of interesting findings with sometimes questionable underpinnings or limited

external validity.

The rest of the paper proceeds as follows. Section two sets out the basic model and

develops some preliminary results. Following this in section three, we show how to generate

a simple estimating equation from our theory taking enforcement power as given. In section

four we introduce monitoring and punishments that allow us to link enforcement power to

observable country characteristics. In section five we add habitat destruction. Section six

starts by presenting data and ends with preliminary results on deforestation in Indonesia. A

short conclusion and appendix end the paper.

2Other studies examining forests includes Ferreira (2004) and Faria & Almeida (2016).
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2 The Model

We develop a general equilibrium model of renewable resources and international trade to

foster empirical work investigating trade’s effect on resource use. The ultimate goal is to

provide a theoretically inspired estimating equation the results from which are useful in

answering the question posed by our title.

2.1 Tastes, Technologies and Endowments

Our mass of N agents are risk neutral and can allocate their effort to manufacturing, M , or

harvesting, H.3 If employed in manufacturing one unit of effort delivers one unit of M . If

employed in harvesting, one unit of effort delivers αS units of the harvest good. S measures

the current health of the resource stock and can vary from zero to the carrying capacity of

its habitat K. We start the analysis with only one resource stock, but will move to a many

stock case later in the paper.

The parameter α is an agent specific productivity distributed across the mass of agents

according to T (α). For simplicity, we assume a specific T (α) given by the Pareto distribution;

that is,

T (α) = 1− (b/α)β where b > 0, β > 2 (1)

b is a scale parameter and equals the minimum productivity any agent could have harvesting

in a habitat of size K, while β is the distribution’s shape parameter. As is well known, the

expected value of α is simply b · [β/(β − 1)], and the variance of the distribution is falling in

β.4 The restriction β > 2 is imposed to ensure the mean of α is positive and the variance is

finite. As β →∞, the distribution collapses to the point where α = b for all agents.

3An additional industry (agriculture) is introduced in section 5.
4The variance is given by [b2/[(β − 1)2(β − 2)] if β > 2.
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2.2 The Marginal Harvester

Typically, only a fraction of the N agents in the economy will find it in their interest to

harvest at any point in time. Workers will sort across sectors according to their comparative

advantage. When both goods are produced there will exist an agent with productivity α∗

who is indifferent across sectors: any agent who is more productive would harvest, while

those less productive would not; we refer to α∗ as the marginal harvester.

If α∗ < b, then all agents would harvest; otherwise the economy produces both goods.

When the economy is diversified, the production of goods can be written:

H = NS

∫ ∞
α∗

αt(α)dα M = T (α∗)N (2)

[1 − T (α∗)] · N workers are employed in harvesting and T (α∗)N are employed in manufac-

turing. Substituting for T (α) in (2) and using the properties of (1), reveals the production

of H is given by:

H = γNS(α∗)1−β (3)

where γ = βbβ/(β − 1) > 0. The harvest is proportional to both the mass of agents N and

the resource stock S. When the cut-off productivity α∗ is higher the harvest H is lower.

2.2.1 The Short Run Production Possibility Frontier

Equation 2 implicitly defines the economy’s production possibility frontier (PPF) for any

given resource stock S. To find this PPF isolate α∗ from H in (2), substitute in M , and

rearrange to obtain:

M = N

[
1− bβ

[
H

γNS

] β
β−1

]
(4)
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This is the economy’s short run production possibility frontier. When H = 0, it is simple

to find maximum manufacturing, M̄ , equals N . When M = 0, algebra shows the maximum

harvest is H̄ = [β/(β − 1)]bNS. This is simply H̄ = N/aLH where aLH is the average unit

labor requirement in harvesting when everyone is employed in harvesting.

It is now easy to show

dH

dM
= −

[
β − 1

β
b−β[γS]

β
β−1

[
N

H

] 1
β−1

]
< 0 (5)

and substituting in using α∗ = [H/(γNS)]1/(1−β) we find, even more simply, that:

dH

dM
= −α∗S < 0 (6)

is the slope of the PPF, as shown in Figure (1).

𝐴

𝑆𝑙𝑜𝑝𝑒:
𝜖

𝑝

𝐿𝐻𝐿𝑀

ത𝛼𝐿𝐻𝑆

T 𝛼∗ 𝑁 ഥ𝑀

ഥ𝐻

𝑀

𝐻 𝑃𝑃𝐹 𝑆𝑙𝑜𝑝𝑒: −𝛼∗𝑆

𝐶

𝐵

Figure 1

When H is close to zero, only the most efficient harvesters will be employed, α∗ → ∞,

and the PPF is very steep. Alternatively when M is close to zero, almost everyone is

harvesting, α∗ = b, and the PPF is relatively flat (ignore for the moment the line and points
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B and C). If the economy operates at point A, the number of agents in manufacturing is

just T (α∗)N = LM and those in harvesting number LH = [1 − T (α∗)]N . ᾱ is the average

productivity of harvesters we will define shortly.

If the resource stock S rises, the PPF pivots upwards raising H̄ but leaving M̄ unchanged.

It becomes steeper. The shape of the frontier is very natural given the Ricardian assumptions

underpinning its construction.5

2.3 Resource Regulation

We need a mechanism to determine the marginal harvester. One option is to let market forces

dictate entry decisions, producing a situation of free and open access to the resource. This

was the case originally studied by Gordon (1954) and later popularized by Hardin (1968).

In an open access situation there is a simple relationship among the marginal harvester,

prices and the prevailing resource stock. Let pH and pM denote the prices for one unit of H

and M respectively. In the absence of any regulation limiting entry, every agent compares

their value of marginal product in harvesting pHαS, to that in manufacturing, pM . Individual

optimization implies that when a marginal harvester exists their productivity α∗ must equal:

α∗ =
1

pS
(7)

where p is the relative price of harvesting p = pH/pM . For clarity let α∗0 denote the marginal

harvester’s productivity when there is free and open access to the resource.

The marginal harvester earns zero rents in the resource sector because equation (7) implies

pHSα
∗
0 = pM . As long as manufacturing is produced, the wage in manufacturing equals the

product price, and this is any agent’s opportunity cost. Therefore, only inframarginal agents

with α > α∗, earn rents in the resource sector.

Another option is to assume resource policy restricts entry into harvesting. Any efficient

5If we let β →∞, α∗ = b and the PPF becomes the linear function in Brander & Taylor (1997a).
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resource policy will restrict harvesting by limiting access to only the most skilled agents.

Therefore under a resource policy that restricts effort efficiently, the marginal agent will

have a productivity α∗ > α∗0. Such a policy limits entry, raises economy-wide rents above

that obtained under open access, and would naturally require monitoring and enforcement

to be credible.

It proves useful to start with a simple parametric measure of policy stringency. We

will subsequently link this measure to country and resource characteristics arising from a

monitoring problem, but for now let the degree of policy stringency, ε, be captured by the

ratio α∗/α∗0 ≥ 1. The measure ε represents the ability of the planner to enforce a resource

policy more restrictive than open access. With no enforcement power, ε = 1, and the planner

is left with open access. With ε > 1, some harvesting is deterred because α∗ > α∗0. If the

planner’s enforcement power is sufficiently great, they may be able to enforce first best

harvesting restrictions.6 We ignore this possibility at present, and instead use ε to find a

solution for the marginal harvester more generally. It is simply:

α∗ = εα∗0 =
ε

pS
(8)

With this definition in hand, return to Figure 1. It is now easy to see that the tangency

of the relative price line with the PPF at A is exactly the equality in (8). Therefore, A

represents the short run equilibrium for a small open economy facing given prices p, having

enforcement power ε, and current resource stock S.

If there is no enforcement of regulations then ε = 1, then the relative price line shown in

the figure would be flatter leading to an equilibrium at a point like B. A greater fraction of

the labor force would be in harvesting and less in manufacturing. If regulation was instead

tighter, then the relative price line would be steeper leading to an equilibrium at a point like

C.

6For example in section 4 we show that with sufficiently strong enforcement power the first best can be
implemented.
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It is useful to use (8) to rewrite harvesting from (3) as a function of relative prices, the

resource stock, and the planner’s enforcement power. It becomes:

H = γNS

[
pS

ε

]β−1
= γNSβpβ−1ε1−β (9)

We refer to (9) as the harvest function. It is strictly convex in the resource stock and

in {H,S} space it shifts upward with an increase in the relative price of the harvest good

or an increase in the mass of agents, and shifts downward if resource policy becomes more

restrictive because ε rises.

2.4 Steady States

The harvest at point A in Figure 1, may or may not be compatible with natural growth at

the prevailing S. For simplicity, we assume that natural resource growth is given by

G(S) = rS

[
1− S

K

]
(10)

where K > 0 is the carrying capacity, and r > 0 is the intrinsic rate of resource growth. The

evolution of the resource stock over time is simply natural growth minus the instantaneous

harvest:

dS

dt
= rS

[
1− S

K

]
−H (11)

with steady states given by dS/dt = 0. To solve for the steady state in our small open

economy we now combine (9) and (10) in (11) and illustrate their solution in Figure 2 below.
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Figure 2

Panel a) illustrates steady state; panel b) illustrates the corresponding allocations on the

PPF in the steady state. Several features are of note. First consider panel a). Heterogeneity

across agents generates a smooth harvest function and ensures the economy remains an

active H producer at any positive p and S. This outcome is guaranteed by the unbounded

nature of the Pareto distribution, and is demonstrated in panel b) by the PPFs becoming

infinitely steep as H → 0. Another feature is that harvesting rises in panel a) from both

a productivity boost to existing agents (an intensive margin effect) when the stock rises,

but also from further entry (along the extensive margin). With both margins adjusting the

harvest function is convex. This convexity, then implies the curvature of the PPF in panel

b). Finally, the convexity of H and the concavity of G appear to guarantee uniqueness.

Showing existence of this unique solution ,however, requires some work.

2.5 Existence, Uniqueness and Stability

It is necessary to ensure the interior steady state shown exists. Consider our small open

economy case. Since raising p shifts the harvest function upwards, and lowering r makes

the growth function less steep, the two curves in panel a) may not intersect. In this case
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extinction is the outcome. We can, however, rule out extinction at any prices if:

[
β

β − 1

]
· bN < r (12)

To understand why write the average productivity of labor in harvesting at a potential

interior steady, as

H

[1− T (α∗)]N
=

γNS(α∗)1−β

[1− T (α∗)]N
=

(
β

β − 1

)
α∗S (13)

where the first equality uses the fact that LH = [1 − T (α∗)]N and the second relies on the

properties of T (α∗). We now define the average productivity of active harvesters as ᾱ(α∗)

and rewrite the harvest function as:

ᾱ(α∗) ≡
(

β

β − 1

)
α∗ H = ᾱ[1− T (α∗)]NS (14)

where we note that ᾱ is the expected value of draws from T (α) when it is truncated at

α∗. Therefore, ᾱ is the average productivity of the LH = N [1 − T (α∗)] agents active in

harvesting.

It follows that the interior steady states shown in Figure 2 must satisfy:

S = K

[
1− ᾱ[1− T (α∗)]N

r

]
> 0 (15)

Where we have suppressed the reliance of ᾱ on the marginal harvester. It is apparent

from (15) that a necessary and sufficient condition for a positive resource stock is:

ᾱ[1− T (α∗)]N < r (16)

At very high resource prices, even the least able agent will enter harvesting, therefore, the

largest possible labor force allocated to harvesting occurs when α∗ = b and average produc-
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tivity is ᾱ(b). Substituting these into (16), gives us our condition in (12). Therefore, we

have shown:

Proposition 1 There exists a unique, interior stable steady state for any finite p and ε, if

(16) holds. A sufficient condition for (16) is (12).

Proof. Stability and uniqueness are obvious from the figure. The remaining argument is in

the text.

Before proceeding it is useful to employ (12) and proposition 1 to define “overcapacity”

in the resource sector. Naturally we think of a situation of overcapacity as one where there

are too many factors employed to complete a job or task. Equation (12) can be rearranged

to define overcapacity in this way with ᾱ(b)N/r ≡ Ω as our measure. When Ω > 1 there

is overcapacity: if everyone is allocated to harvesting the resource is driven to zero. Then,

proposition 1 simply says that in situations without overcapacity we can be assured an

interior steady state exists.

3 The First Step towards Empirics

One of the key ways resource management differs across the globe is in the degree of en-

forcement. Understanding how these differences could show up in data is therefore of first

order importance. Under the commonly assumed case of open access we have ε = 1 and

with active enforcement of harvesting restrictions we have ε > 1. If we take values for ε as

parametric, then a very simple estimating strategy presents itself. To see how we start by

providing a simple link between policy stringency and steady states, as shown by the two

steady states in panel a) of Figure 3 below. We start with ε > 1 which generates the initial

steady states at A in both panels. In this case resource policy is stringently enforced and the

resource stock large. Now consider a relaxation of policy at these same world prices. The

removal of all controls over harvesting moves us to open access. H shifts upwards in panel a)
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and this moves us to the new steady state at B. In the long run the economy’s PPF shrinks

inward and the new steady state equilibrium occurs at point B in both panels.

𝐾
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Figure 3

To map this into data we focus on small variations in ε and observations near the steady

state. To do so use (9) and (11) to write:

Ṡ = rS[1− S/K]− γNS[pS/ε]β−1 (17)

where Ṡ = dS/dt. Rewriting equation (17) in percentage change terms, we have:

Ṡ/S = r[1− S/K]− γN [pS/ε]β−1 (18)

The left hand side of equation (18) is just the time derivative of lnS(t). This suggests it

might be fruitful to represent the right hand side with a log-linear approximation around the

economy’s steady state.7 Doing so we can rewrite equation (18) as a simple linear differential

equation in lnS(t):

d

dt
lnS(t) = −λ lnS(t) + λ lnS∗ (19)

7Note that a log-linear approximation of a smooth function F (x) near the point x∗ is simply F (x∗)[1+ηx̂]
where η is the elasticity of F , and x̂ = lnx(t)− lnx∗.
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λ =

[
G(S∗)

S∗

] [[
S∗

[K − S∗]

]
+ β − 1

]
> 0 (20)

where S∗ denotes the steady state resource stock, and we have replaced Ṡ/S with

d
dt

lnS(t). The constant λ measures the speed of convergence towards the steady state.

Solving this equation and letting S(0) be the stock level at t = 0, shows that the stock

at any time t between its initial value at t = 0 and the steady state it is moving towards is

simply:

lnS(t) = e−λt lnS(0) +
[
1− e−λt

]
lnS∗ (21)

The stock starts at S(0) and converges to S∗ as t→∞.

We can now use (21) to derive an expression linking the growth rate of the resource

over any given period to its initial stock level, its steady state and parameters. To this end

consider two periods T and T −Z. Treat period T as some period along the transition path

towards the new steady state at which we have our first observation. Evaluating (21) at

both T and T −Z, subtracting, and dividing both by Z, which is the number of intervening

periods, yields:8

lnS(T )− lnS(T − Z)

Z
= − [1− e−λZ ]

Z
lnS(T − Z) +

[1− e−λZ ]

Z
lnS∗ (22)

The left hand side of equation (22) is the average log change in the resource stock between

T − Z and T . For example it could be the average rate of forest loss over some period.

The right hand side tells us that this loss, measured by its average log change, is negatively

related to the initial stock size S(T −Z), and positively related to the eventual steady state

S∗. Equation (22) is, of course, a standard convergence-type relationship commonly used in

cross-country studies of economic growth.

8Since T is our base period in calendar time, and t is the time past our first observation of the system
we have t = 0 at time T .
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Since we typically do not observe the steady state stock, it will be necessary to substitute

for the steady state with its determinants. Examining (18) closely shows S∗ is determined by

the product Ω(pb/ε)β−1, where Ω is our measure of overcapacity. Apart from overcapacity,

the other three determinants are world relative prices, p, a measure of harvesting efficiency

b, and the degree of enforcement ε. To go a little further we could take the relationship

between S∗ and this product to be constant elasticity, (as given by the constant κ > 0), and

this then implies we can rewrite equation (22) more fully as:

ln[S(T )/S(T − Z)]

Z
=− [1− e−λZ ]

Z
[lnS(T − Z)− κ [(β − 1)(ln ε− ln p− ln b)− ln Ω]] (23)

And we have shown:

Proposition 2 If natural growth is compensatory or if average harvesting productivity is

stock dependent, then the percentage rate of stock change is negatively related to its initial

value, the relative price of the harvest good, p, a measure of harvesting productivity, b, and

overcapacity in the resource sector, Ω. It is positively related to our measure of enforcement

power, ε.

Proof. In appendix.

Equation (23) simply says that for given enforcement power, increases in prices or pro-

ductivity will encourage entry and faster stock depletion. Similarly, an overall increase in the

number of agents or reduction in the resource’s regenerative abilities (both raise Ω) will also

hasten stock depletion. Tighter enforcement does just the opposite. Estimating a version of

(23) to identify the sign of the coefficient on ε would provide direct evidence linking ε to S∗.

Although (23) represents a good starting point for empirical work there are at least two

loose ends we need to tie up. First, the degree of enforcement “ε” is quite likely endogenous

at least over longer time horizons. For example, if the world price for the harvest good

rises, the incentive for a government to improve on its resource management and protect the

resource will also rise. Therefore, “ε” may be an increasing function of p. At the same time,
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higher resource prices will attract more agents seeking rents. This “gold rush” of entrants

might undermine the enforcement regime. Therefore,“ε” may be a decreasing function of p.

Understanding how ε and p are related is necessary to evaluate (23) credibly.

A second loose end is habitat loss. Thus far all “overuse” in the model comes from

excessive harvesting, but for many important resources the key driver of resource loss is

conversion of land (or water) to other uses. Of course data rarely allow us to distinguish

between these two types of resource loss very easily. And therefore, it would be useful to

clarify how land conversion could fit into our framework.

We will deal with these issues in turn, although, as we will show, they are related.

4 Enforcement Power

We now assume our “resource planner” or planner faces a monitoring problem, the severity

of which determines ε endogenously. In a similar setup Copeland & Taylor (2009) show how

higher resource prices strengthen the incentives for harvesters to follow regulations. As a

result, a movement to freer trade tended to be good for resource management and welfare

in resource exporting countries who experience an increase in p with trade liberalization.

Here we have two additional forces working against this tendency: first, the possibility

that higher world prices bring new entrants into the industry; and second, the possibility

that failures in resource management precipitate land conversion destroying habitat. Both

entry and habitat destruction, when present and powerful, can make freer trade at higher

world prices “bad” for resource management and welfare in a resource exporting country. To

sort out these cases we need a theory of enforcement power, and an explicit goal or objective

for our resource planner.
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4.1 To Cheat or Not to Cheat

We assume regulation takes the form of a limit on the time agents can spend harvesting.

The activity of individual agents is not perfectly observable, nor are their agent specific

productivities α. The planner can at most identify those agents who cheat on their allowed

time allocation with some probability. Cheaters, when caught, are fined.

Harvesters either follow the rules restricting their time in harvesting or they cheat. If they

follow the rules, they can, for the remainder of their lifetime, remain in the resource sector

and earn the flow return πNC . This return is above their opportunity costs (the wage in

manufacturing). Alternatively, harvesters could cheat and spend all of their time harvesting

and hope not to be caught. The flow return from cheating is πC . Naturally πC > πNC . If

a harvester cheats over the interval dt, they are caught with flow probability ρdt and face a

fine of F paid the next instant (t+ dt). We assume harvesters are risk neutral and discount

the future at a discount rate of δ+θ, where δ is their pure rate of time preference and θ is

their instantaneous probability of death.9 Following Copeland & Taylor (2009) we assume

the planner imposes the largest fine possible subject to limited liability. This largest fine

possible, is lifetime exclusion from the resource: i.e, permanent ostracism.

In the appendix we show that to deter cheating,the planner needs to ensure:

ρdtF > [πC − πNC ]dt (24)

The left hand side of (24) is the expected costs of cheating. It equals the flow probability

of being caught ρdt times the fine, F . The right hand side is the incremental flow profits

from cheating earned over dt. It equals the increase in rents over those of the not cheat

outcome. To limit cheating F equals the present discounted value of losing access to the

resource forever. Substituting for F and rearranging we find the planner can deter cheating

by allowing harvesters a minimum time in the resource sector. Denote by ` the planner’s

9To keep the population N constant there are θN births and θN deaths over dt.
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chosen time allocation for each harvester. Then to deter cheating, ` must satisfy:10

` ≥ 1/Φ where Φ = (δ + θ + ρ)/(δ + θ) ≥ 1 (25)

This constraint may or may not bind on the planner. There are in fact three possibilities.

First, the incentive constraint binds and the planner just succeeds in limiting agents to spend

` = 1/Φ of their day harvesting. Second, the constraint does not bind because the planner’s

first best choice requires more time in harvesting than 1/Φ. In that case the first best is

achieved despite the monitoring problem. Finally, it’s possible that ` = 1/Φ, once aggregated

over agents, implies a harvesting effort so large as to eliminate all rents from the resource.

In this case, the planner’s attempts at regulation are futile, and open access becomes the de

facto result.

To proceed, we start by examining the case where the incentive constraint just binds.

Our goal is to link the primitives making up [1/Φ] to an implied marginal harvester and

then link this marginal harvester to our measure ε. By doing so we replace our ad hoc

measure ε with its primitive determinants arising from the monitoring problem. Because

limiting agents’ time equally is inefficient we let agents trade their time allocations in a free

market for harvesting rights. Similar markets for harvesting rights exist in many regulated

environments. Given many buyer and sellers, this competitive market reallocates the limited

harvesting rights from low to high productivity agents.11 The equilibrium of this process

gives us a lowest productivity agent who spends all their time harvesting. This agent becomes

our new marginal harvester under monitoring.

10See the appendix for a detailed derivation of the incentive constraints, and the 1/Φ harvesting time
allocation rule. Note this rule is independent of agents’ productivity. The logic is straightforward: although
agent’s incentive to cheat rises with their productivity, so too does the punishment of foregone rents from
lost future access to the resource. Costs and benefits both scale with an agent’s harvesting productivity and
wash out of their cheat or no-cheat calculation. This implies our planner can limit harvesting time by the
set of rent earning agents to [1 − T (α∗

0)]N/Φ. Since Φ > 1, this is less than what would occur under open
access which is [1− T (α∗

0)]N .
11Without trading our punishment regime cannot reach the first best. With trading it sometimes can.

20



4.2 The Marginal Harvester Under Monitoring

We denote the marginal harvester under monitoring by α∗m. To find this marginal harvester

let ` denote the fraction of time agents are allowed to spend harvesting. We set the demand

for harvesting time to supply to solve for α∗m:

N [1− T (α∗m)](1− `) = N [T (α∗m)− T (α∗0)]` (26)

The left hand side of (26) is the additional harvesting time demanded by agents with

α ≥ α∗m. There are [1 − T (α∗m)]N such agents and each demands (1 − `) units of time.

The right hand side of (26) is the supply of harvesting time offered by lower productivity

agents. Any agent with α > α0 must be given the “right” to ` units of time harvesting, since

they are the potential rent earning agents who need to be deterred from cheating. There

are [T (α∗m) − T (α∗0)]N such agents selling their allocations of ` units of time. Rearranging

slightly we find:

[1− T (α∗m)] = [1− T (α∗0)]` (27)

Since ` ≤ 1 and T ′ > 0, we know α∗m ≥ α∗0. Therefore, the smaller is the time allocation

granted by the planner to all potential rent earning agents, `, the fewer is the number of

agents harvesting full time from the resource; i.e, α∗m is higher.

To connect Φ via its implied marginal harvester α∗m to our measure of enforcement, ε

recall that when the incentive constraint binds, we have ` = 1/Φ. In this case we can

rearrange (27) and substitute for T (.) to find:
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Φ =
[1− T (α∗0)]

[1− T (α∗m)]
=

(
α∗m
α∗0

)β
(28)

Given our definition of ε, it follows that:

ε =
α∗m
α∗0

= [Φ]
1
β =

[
δ + θ + ρ

δ + θ

] 1
β

≥ 1 (29)

And we have shown:

Proposition 3 When the incentive constraint binds on the planner, enforcement power in-

creases with a higher likelihood of being caught and punished ρ, an increase in agent’s expected

lifetime 1/θ, and a reduction in their discount rate, δ.

Proof. In text.

Since (29) represents enforcement power when the constraint binds, we define ε̃ ≡ [Φ]1/β.

When ε = ε̃ our earlier ad-hoc measure of enforcement power is now directly linked to

primitives of the economy. Several results immediately follow from the proposition.

First, because we allowed agents to trade their time allocations, the temporary equilib-

rium (for any given S) is efficient. Therefore, the depiction of equilibria in Figure (2) remains

unchanged with ε now replaced by its determinants via (29). The comparative steady state

analysis we conducted earlier is therefore consistent with active regulation and monitoring

determining the steady state.

Second, we have found that when the incentive constraint is tight, our measure of en-

forcement power ε is independent of prices. This means a trade liberalization that raises p

for a resource exporter has only a direct effect on resource use. An increase in p, for given

S, will attract more entrants and α∗0 falls. Since ε is constant, α∗m also falls and harvesting

rises with higher prices. This is the ceteris paribus impact of price changes on the resource
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stock captured by the negative −(β − 1)lnp term in (23).

Third, we could of course now replace ε with its more primitive determinants in any

empirical exercise.

Finally, all these results were conditional on the incentive constraint binding. When and

why this occurs is however unclear, and hence we now turn to examine the planner’s problem.

4.3 The Omnipotent Rent Maximizing Planner

Consider the optimal resource policy for a small open economy when its planner is (almost)

infinitely patient; i.e let the planner’s discount rate, δ, approach zero. In this case the

solution to the planner’s control problem is identical to that obtained by simply maximizing

steady state rents which we denote by Π.12 Therefore, consider the following static problem

where the planner chooses the identity of the marginal harvester directly, subject to several

constraints:

max
α∗

Π = pHH − wLH (30)

s.t. H = rS(1− S/K)

H = ᾱLHS

LH = [1− T (α∗)]N

ᾱ =

(
β

β − 1

)
α∗

Setting the harvest equal to natural growth and solving for S (see (15)) and then substituting

in the growth function, we obtain a much simpler unconstrained maximization problem.

Recalling p = pH/pM and pM = w = 1 by choice of numeraire, this problem can be written

12A proof within the context of the partial equilibrium Gordon-Schaefer model is presented in Clark (1990).
The proof in our small open economy setting with diversified production would be very similar.
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as:

max
α∗

Π = pᾱLHK

[
1− ᾱLH

r

]
− LH (31)

It is typical to formulate the choice problem in (31) in terms of effort or labor applied in

harvesting. Note that both the mass of agents in harvesting, and their average productivity,

changes with the marginal harvester. We could therefore define the effective harvesting labor,

e, as a function of α∗ by letting e = e(α∗) ≡ ᾱLH . Algebra shows e = γα∗1−βN and hence

e′(α∗) < 0. If the cut-off productivity for the marginal harvester rises, effective labor falls;

if the mass of agents rises, effective labor rises. We can now rewrite our problem as:

max
e

Π = peK
[
1− e

r

]
− e

ᾱ(e)
(32)

AR is linear in e as is MR as shown in Figure 4 below. Both are declining in e because

the stock declines with additional effort. Since (14) implies ᾱ′(e) < 0; total costs, e/ᾱ(e),

are strictly convex in effort. We can write total, average, and marginal costs as follows:13

TC =
e

ᾱ(e)
AC =

1

ᾱ(e)
MC =

1

α∗(e)
(33)

The Pareto distribution, imbues the entire cost structure with a constant elasticity so

that marginal costs are proportional to average. Recalling the definition for ᾱ we know the

factor of proportionality is the familiar β/(β − 1) term (which relates marginal to average

productivity) so that MC = [β/(β − 1)]AC.

Maximization of (32) requires marginal costs equal marginal revenues, that is:14

pK

[
1− 2eB

r

]
=

1

α∗(eB)
(34)

13See the appendix for a derivation of the cost schedules.
14The linearity of marginal revenues and convexity of costs ensures the second order condition is met.
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where eB represents the first best choice. The solution is shown in Figure 4:
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Figure 4

It is easy to see from (34) that marginal revenue is twice as steep as average revenue.

The rent maximizing solution is at point A where MR = MC. At this optimum, average

costs are given by the vertical height at C ; average revenues at R. Therefore, total rents

earned per unit time, in steady state, are equal to the shaded area. It is useful to recognize

that marginal revenues are only positive if eB < r/2. This in turn implies from (15) that

S(eB) > K/2 which will always be true provided the planner is sufficiently patient.15 It is

also useful to note that e = r implies S(e) = 0. Any e > r leads to extinction.

To contrast this first best solution to open access, use (15) to recognize that the vertical

height of average revenue at any point is simply equal to pS(e) where S(e) is the steady state

stock that arises when e is consistently applied in harvesting. Therefore, the intersection of

15This is a handy but not critical feature of our analysis that arises because δ ∼= 0. Copeland & Taylor
(2009) compare and contrast the δ → 0 and δ > 0 cases showing nothing critical relies on the use of the
perfectly patient planner.
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MC and AR at point O represents the following equality:

pS(e) =
1

α∗(e)
=⇒ pα∗(e0)S(e0) = 1 (35)

The first equality defines the intersection of MC and AR. The second reflects a recognition

that effective labor applied at point O must be the open access level which we denote e0.

It is now simple to see that e0 is larger than eB, rents under open access are smaller, and

less skilled agents are employed in the resource sector under open access.

To discuss the planner’s problem under constraint, it proves useful to highlight two special

cases that together span the set of possible outcomes. In the first, higher resource prices

always lead to the planner having more control over the resource. In this case enforcement

power is a weakly increasing function of p. In the second case higher prices lead to less

control over the resource. Enforcement power is a weakly declining function of p.

The key difference across these cases is the role of entry. In one, higher prices bring forth

no new entrants and in this case we say entry is blockaded; in the other, entry is possible

but costly.

4.4 Blockaded Entry

Consider the special case where β → +∞. The heterogeneity in productivity across agents

disappears so that α = b for all agents. The incentive constraint still requires each agent

be granted 1/Φ units of time, there is a mass N of them, and they share productivity b.

As long as allowing Nb/Φ effective labor into the resource sector doesn’t eliminate all rents,

the planner’s choice eP must satisfy: eP ≥ Nb/Φ. Importantly eP is a function of prices,

but Nb/Φ is a constant. Therefore even as prices change, the set of agents who need to be

deterred remains constant. In this sense, entry is blockaded. With constant marginal costs

the open access and first best allocations have an especially simple relationship as shown

in Figure 5 below. We find eB = 1/2e0: if unconstrained planner would choose one half
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of the effective labor allocated under open access. In Figure 5 we also plot three different

constraints {C0, C1, C2} where C0 = N0b0/Φ0 etc. represent increasingly difficult to meet

constraints.
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Consider the planner’s problem under the very tight constraint C2. Since C2 lies outside

of r the planner has no ability to restrict harvesting. The minimum time needed to deter

cheating exhausts all rents (eP = C2 > e0), and is therefore irrelevant. The economy operates

at e0. Even if p rose to very high levels it remains true that C2 > e0 and the planner continues

to fail. In this case enforcement power is constant in p, and fixed at ε = 1.

Next consider the constraint C1. The planner chooses eP = C1 and earn rents shown by

the shaded area. The constraint is now tight, ε = ε̃, and enforcement power is given by the

set of primitives in ε̃ > 1. At higher prices AR and MR pivot upwards but eP remains at

C1 because eB ≤ r/2 < C1. Since eP remains at C1, enforcement power remains constant

at ε = ε̃. At lower prices than those shown e0 falls and eventually e0(p) = C1. Enforcement

power returns to ε = 1. In this case, we find enforcement power is weakly increasing in

prices.
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Finally consider the easy to meet constraint C0. At the prices shown, eB > C0 so the

first best is achieved and the incentive constraint does not bind. In fact, eO/eB = 2 which

is ε in this case. At higher prices eB increases but so too does e0. ε remains at ε = 2. At

lower prices eB falls and eventually eB = C0 and the incentive constraint binds: ε = ε̃ > 1.

At even lower prices, eB remains at C0 but eventually e0 = C0. At this point enforcement

power falls again to ε = 1. Again we find higher prices bring forth higher enforcement power.

Putting these three cases together we have:

Proposition 4 With entry blockaded, higher resource prices always raise, or leave un-

changed, enforcement power.

Proof. In the text.

In the special case of constant marginal costs our model collapses to that of Copeland &

Taylor (2009). They show that higher world prices always move us towards tighter controls

and better management of the resource. The logic is simple. Since first best harvesting is

(at least weakly) increasing in prices, while Nb/Φ is independent of prices, the gap between

the planner’s constraint and the first best gets smaller. In this sense, resource management

improves.

Empirically what this means is that as p rises in (23), stock adjustment comes from two

sources. First, there is the direct price response accelerating stock depletion. Second, there

is a potential second response coming from an endogenous rise in enforcement power. This

additional effect always works towards slower stock reductions, and can - if the constraint

binds - eliminate stock reductions in their entirety. The extent to which these additional

effects arise depends on the parameters setting {C0, C1, C2} and our assumption of β → +∞.

4.5 Costly Entry

Now consider the situation where the set of agents interested in harvesting varies with prices.

With harvester heterogeneity this set is given by [1−T (α∗0)]N , and varies with p. As p rises,
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this set expands by adding less productive workers. In this sense entry is possible but costly.

When α∗m is the marginal harvester, effective labor is e(α∗m) = ᾱ(α∗m)[1−T (α∗m)]N . Recalling

e′ < 0, we know this effective labor is necessarily below the open access level. To go further

we note e(α∗0) can be written similarly, and using (28) and (29) we find:

e(α∗m) = e(α∗0)ε̃
1−β (36)

Since ε̃ ≥ 1 and β > 1, this tells us the planner is monitoring and punishment scheme can

reduce open access effort by some fraction. The higher is ε̃, the smaller is that fraction. This

tells us the planner must choose a level of effective labor employed in the industry at least

as large as a fraction of that under open access; i.e, eP ≥ e(α∗0)ε
1−β. The key novelty here

is that as prices vary so too does e(α∗0). The planner’s problem becomes harder because of

entry.

To understand this setting consider Figure (6) below:
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We have again drawn the planner’s unconstrained problem for given p, plus two possible
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constraints. Both C0 and C1 are functions of the given p because it sets e(α∗0); they differ

by choice of ε̃.

Consider the constraint shown by C0. C0 is below e0, and the planner is successful in

restricting effort. We have eP = C0(p) = e0(α∗0)ε̃
1−β < e0(α∗0). Rents earned in the resource

are above those in open access, and ε = ε̃. An increase in world prices p (not shown)

pivots both MR and AR upwards. e0 and eB increase, but the planner maintains some

control over harvesting especially if costs are very convex. The convexity of costs reflects the

increasingly unproductive harvesters entering the industry as prices rise. Very costly entry

makes regulation easier because it limits the set of harvesters regulation must deter. In this

case regulation is somewhat successful at shown prices, but it’s unclear what might happen

at different prices.

Now consider the second constraint C1. As shown the incentive constraint is slack and

the planner chooses the first best at A because eB ≥ C1 = e0(α∗0)ε
1−β. As prices rise however,

both eB and e0 increase and the constraint may become harder to maintain.

The issue in both cases is how the set of rent seeking agents changes as prices change.

The costliness of entry seems key, therefore consider a second special case by letting β → 2.

When β → 2, the marginal costs converge to a function linear in effective labor given by

MC = e/µ where µ ≡ 2b2N .16 In this case increases in resource prices bring forth, at

constant elasticity, additional entrants eager to capture rents. In this sense entry is always

easy and we can show:

Proposition 5 If β → 2 and ρ > θ the planner can implement first best harvesting re-

strictions at all prices. If ρ < θ, then the planner is able to implement first best harvesting

restrictions at low prices but fails to constrain harvesting at higher prices.

Proof. See appendix.

When marginal costs are linear in effort the open access and first best effort levels diverge

as prices rise. At low prices, they are very similar and, in some ways, open access is not

16See the appendix for a derivation.
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that important a problem. At high prices, entrants are drawn into the industry and the gap

grows. If enforcement power is strong enough to implement the first best at very high prices,

then it can surely do so at lower prices when the gap is smaller. When ρ > θ it implies

Φ > 2. To see what this guarantees let p → +∞. At very high prices all agents will want

to harvest, and open access e(α∗0) will approach “r”. First best effort approaches r/2. If

Φ > 2, then the planner can reduce e(α∗0) to r/Φ which is strictly below r/2. Therefore, at

very high prices the first best can be implemented. As we lower prices from this level the

set of agents earning rents falls and the constraint is easier to meet. The planner can always

implement the first best.

When enforcement power is weaker, the planner can implement the first best at low prices

but will fail at high. This is the ρ < θ and Φ < 2 case. Since Φ < 2, the first best cannot

be obtained at very high prices because eB = r/2 < e0/Φ. At lower prices e0 falls, the

constraint is easier to meet, and the first best can be achieved.

The important part of the proposition is that it shows entry can undermine regulation.

Therefore, in stark contrast to our earlier case, an increase in world prices can mean more

valuable resources are protected less successfully because new entrants make it increasingly

difficult to deter the now expanding group of harvesters. While governments have stronger

incentives to protect and manage valuable resources, in some cases at least, the potential

rent bonanza higher prices bring can undermine their efforts. In this sense then, freer trade

at higher world prices may well be bad for resource management and welfare.

5 Habitat Loss and Conversion

Thus far we have assumed the only possible use for the resource was in producing the

harvest for international sale and domestic consumption. In many cases however, there is a

third option - conversion of the land containing the resource into a different form suitable

for use in an alternative employment. This conversion represents habitat loss since the
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natural resource base is (at least partially) eliminated while another economic activity, often

agriculture, inhabits the land previously supporting the resource. When conversion is a

possibility, changes in the resource stock can arise from both over harvesting (thinning out

a given habitat) or habitat destruction (conversion to alternative uses).

To understand the implications of this new possibility, we need to distinguish between

land useful for supporting the resource stock, KR, and land converted for use in the alter-

native sector, KA. And we now write the overall adding up constraint as K = g(KA, KR)

where K is a measure of the entire habitat’s carrying capacity and g is CRS. Since land in

the two uses may not be perfect substitutes, we assume g is increasing in both arguments

and quasi-convex. Since conversion should be costly we assume there exists a natural divi-

sion of land captured by KN = KR/KA where one unit of resource habitat loss yields one

more unit of agriculture gain. This assumption, plus convexity, ensures movement away from

this division is increasingly costly. Although more land is converted to say agriculture its

usefulness declines.

We assume habitat loss occurs on the extensive margin where individual forests (lakes,

aquifers, etc.) are gained or lost. To capture this idea we assume KR = nk where n is the

number of intact forests out of the maximum possible of n̄.

The alternative activity, denoted by A, is produced at constant returns with two inputs:

labor drawn from the manufacturing sector and converted land. The product of this activity

sells on world markets at a fixed relative price of pA. Since the opportunity cost of labor

drawn from manufacturing is w = 1, and production is constant returns, the return to

converted land is a constant and independent of KA. We denote this return, rA and note

that rA is the solution to pA = cA(1, rA) where cA is the unit cost function in A. This return

equals the value of rents earned on converted land in the alternative activity A. Therefore,

the aggregate return in agriculture is KArA.
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5.1 The Allocation of Habitat

It is straightforward to see that total rents from harvesting from n forests using KR habitat is

Π = πRKR. This is simply the rents earned on n forests of size k when regulation is capable

of delivering the rents of πR for each forest. Since the planner may value rents earned in the

two sectors differently we let ψ be the weight given to resource rents and (1−ψ) the weight

given to agricultural rents.

Then if conversion of the habitat is under the control of the planner, the optimal division

of habitat across competing uses solves the following problem:17

max
{KR,KA}

ψπRKR + (1− ψ)rAKA (37)

subject to K = g(KA, KR), ψ ∈ [0, 1]

The first order conditions for this problem can be rearranged to obtain:

(1− ψ)

ψ

rA
πR

=
gA
gR

(38)

Since g is CRS the right hand side of (38), gA/gR, is only a function of the shares of

habitat allocated to each use; the left hand side is also independent of scale given the linearity

of the objective function. It is natural, therefore, to depict the solution graphically as shown

below.

17Recall our planner is infinitely patient and therefore comparing the steady state flow returns is all that
matters. We have also ignored the integer constraint by taking n to be a continuous variable.
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The straight line tangent to A is a land constraint LA + LR = L. It is tangent to the

frontier at the natural division KN = K∗R/K
∗
A. There are four forces governing the optimal

division of any habitat.

First are relative prices: an increase in the relative return to converted land raises the

left hand side of (38) decreasing the habitat left for the resource sector; an increase in πR

does just the opposite. Importantly an increase in pH only affects πR; and an increase in pA

only affects rA. These are just standard relative price effects and would move us from point

A to points B or C respectively.

Second, when relative returns do change the ability to substitute land taken from the

resource sector determines the magnitude of this adjustment. This is reflected in the right

hand side of (38) and reflects the curvature of g at point A. If the elasticity of substitution

across land uses was sufficiently high, the frontier shown above would be linear and an

interior solution may not exist. Instead, all land would be held in either agriculture or the

resource sector, and small changes in relative returns could create large changes in land use.
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If the land was not at all substitutable, the economy would be trapped by its endowment of

K∗R and K∗A as shown by the dotted lines and shaded area. These are again fairly standard

adjustments that depend on the elasticity of substitution of g, and we can think of lower

values for this elasticity as reflecting situations where conversion is more costly or land less

suitable.

Third, the conversion decision rests on assumptions about the planner’s ability to regulate

over harvesting and habitat destruction. For example, it is natural to assume the planner

is unable to monitor the harvesting of agents within the resource sector, but is able to limit

their encroachment into new lands. With open access in the resource sector, the rents earned

per forest π0 would be lower than those in the first best, πB. If the value of habitat in the

resource sector is lower because of open access, the planner’s optimal division of habitat

would occur at a point like B and not A. Therefore, weak controls over harvesting lead to

a smaller resource habitat and more conversion to agriculture.

Similarly a collapse of enforcement would lead to a sudden jump in land conversion

and resource reduction. With harvesting restrictions in place suppose we operate at A and

πR = πB; with open access we move to B and this brings with it a corresponding immediate

destruction of S. Therefore, land conversion - in contrast to over harvesting - has the ability

to affect the state variable instantaneously.

Finally, if the rents from agricultural land converted from forests were somehow more

valuable to the planner because of corruption, kickbacks, or distributional favouritism to

land holders, then ψ < 1/2. The equilibrium would be at a point like B instead of A.

The addition of habitat destruction brings with it a potentially new dynamic to the

resource problem. Since conversion is often immediate and destroys resource stocks, while

harvesting and natural growth proceed continuously over time, the overall resource dynamics

may now feature periods of slow steady adjustment towards some steady state punctuated

by discrete resource losses created by rapid conversion. Two key empirical points present

themselves. The slow steady destruction is guided by the determinants of Ṡ/S which do not
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include either pA or (1− ψ). Conversion however is positively related to both.

6 Empirical Application

The model we developed is quite general and can be adapted to study the various forces

driving the exploitation of a number of resource types. We use it here to examine how

international trade has affected deforestation in Indonesia. In addition to being endowed

with significant forest resources, Indonesia represents a natural test case for two reasons.

First, Indonesia has recently experienced rapid deforestation that has led to a significant

loss of tree cover; this loss has made Indonesia one of the top producers of greenhouse gasses

on the globe. Yet, the causes of this deforestation are still a subject of much debate, in part

because of a lack of empirical work that is clearly grounded in theory. Second, the provinces

of Indonesia function as independent markets for forestry products (Burgess et al. 2012).

This means Indonesia is effectively comprised of a series of small open economies that differ

in their characteristics and resource stocks. We exploit this variation to understand how

international trade and economic characteristics have affected deforestation in Indonesia.

6.1 A First Look at the Data

Before turning to discuss our empirical strategy, it is useful to first take a step back and

briefly examine the data on deforestation from Indonesia as a whole.

We start by examining the annual rate of deforestation in Indonesia. Doing so requires

data on Indonesian forest stocks. While this data is potentially available from government

sources, official Indonesian statistics are thought to only reflect legal activity, meaning that

they may substantially overstate the true forested area in any province due to the preva-

lence of illegal deforestation. Hence, rather than rely on official statistics, we instead rely

on the deforestation data constructed by Hansen et al. (2013) using satellite imagery from
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the LANDSAT satellites.18 This reduces the possibility that we are mis-measuring forested

area due to illegal deforestation; any changes in forested area will be captured by satellites,

regardless of their legality.19 Given that we are interested in aggregate changes in deforesta-

tion, we aggregate the pixel level data from Hansen et al. to create annual measures of forest

cover, and then use this data to calculate the annual rate of deforestation..
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Figure 8: Annual Growth Rate of Tree Cover

The results of this exercise are presented in Figure 8, which depicts the annual growth

rate of Indonesia’s forests by year over the period 2001-2012. As this figure shows, Indonesia

experienced significant deforestation over this period; the average rate of forest growth is

negative in all years. Moreover, the rate of deforestation appears to be increasing over time.

However, this rate of change is not constant; it appears that the annual growth rate of forests

fluctuates across years. As such, it is natural to ask what mechanisms are consistent with

these fluctuations.

One possible explanation is changes in logging; as previous research has shown (e.g.

Burgess et al. (2012)), timber harvesting is a significant determinant of deforestation in

18These data are available at: http://earthenginepartners.appspot.com/science-2013-global-forest.
19Several other papers have used remote sensing to construct measures of deforestation. See for example

the work of Foster & Rosenzweig (2003) or Burgess et al. (2012).
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Indonesia. This means that the growth rates displayed in Figure 8 could simply be a product

of fluctuations in harvesting created by shifting economic conditions. However, this is not

the only explanation for the pattern displayed in the figure. Legal and illegal conversion

of natural forests to agricultural use, primarily for use palm plantations, is also believed to

play a significant role in deforestation. Hence, the observed changes could also result from

changes in the incentives for converting forests to agricultural land.

To get a better sense of the magnitudes of these two mechanisms, we next examine

changes in forested area due to logging and land conversion. To do so, we supplement the

data from Hansen et al. with data from the Indonesian National Carbon Accounting System

(INCAS) administered by the Indonesian Ministry of Environment and Forestry. Specifically,

we obtain two additional series that reflect resource harvesting and land conversion. The

first, total logged area, measures the forested area that is subject to at least some lumber

harvesting in each year. The second series - total burnt area - captures the total area that

is burnt by wildfires in a given year. We employ these data as a proxy for land conversion

as burning is a commonly used method for clearing land of forest and brush prior to its use

in agriculture.
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The data on total forest cover loss, logged area, and burnt area for the period 2001-2012

are displayed in Figure 9.20 As the figure shows, both logging and land conversion appear

to be significant drivers of the the total decrease in Indonesian forests over the period 2001-

2012. Furthermore, the two mechanisms appear to have very different dynamics; logged area

appears to adjust smoothly, whereas burnt area exhibits much more year-on-year variability.

This means that the observed changes in the rate of deforestation displayed in Figure 8 are

likely a product of both resource harvesting and land conversion.

6.2 From Theory to Estimation

The above suggests that there are two potential mechanisms through which international

trade would affect forests in any given province in Indonesia: (i) changes in logging due to an

change in the relative return to harvesting, and (ii) changes in land use due to changes in the

relative return to land conversion. Distinguishing between these mechanisms is complicated

by the fact that we do not observe individual forests, but rather the total forested area in

each province.21 Thus, to derive an estimating equation that matches our theory, we assume

that the forest stock in each province is potentially comprised of many individual forests

that can be harvested or cleared. We write the total forest stock in province i at time t as:

TSit = nitSit (39)

where nit is the number of forests, Sit is the current resource stock in an individual forest.

Equation (39) implies that the change in forest stock that we observe in province i over

some period T is given by:

∆TSit
TSit

=

[
∆Sit
Sit

]
+

[
∆nit
nit

]
+

[
∆Sit
Sit

] [
∆nit
nit

]
(40)

20It is important to note that we scale both logged area and burnt area by a factor of 0.5 to account for
the fact that INCAS adopts a more relaxed definition of what constitutes a forest than Hansen et al. (2013).

21We discuss these data in further detail in subsection 6.4, below.
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where ∆TSit/TSit is the percentage change in total forest stock over the period t − T to

t, ∆Sit/Sit and ∆nit/nit are the percentage change in the average forest stock, and the

percentage change in the number of forests, over the same period. Therefore, the observed

change in forest stock in province i over the period t− T to t is a product of adjustments of

along the intensive margin due to harvesting, and extensive margin changes created by the

conversion of forested land to alternative uses.

Equation (40) is a natural starting point for deriving an estimating equation linking

observed changes in forest stock to economic primitives. To start, it proves useful to suppose

that no conversions occur so that nit = nit−T , meaning the second and third terms in (40)

are zero. In this case ∆TSit/TSit = ∆Sit/Sit, which is well approximated by Ṡ/S in our

model. As such, we can substitute equation (23) into equation (40) to obtain:

ln[TSit/TSit−T ]

T
= − [1− e−λT ]

T
ln[TSit−T ] + κ[β − 1]

[1− e−λT ]

T
ln[εit]

−κ[β − 1]
[1− e−λT ]

T
ln[pit]− κ[β − 1]

[1− e−λT ]

T
ln[bit]− κ

[1− e−λT ]

T
ln[Ωit] (41)

This gives us an expression relating observed changes in forest stocks to initial conditions,

enforcement, relative prices, harvesting efficiency, and overcapacity.

Our next step is to explicitly introduce a linkage to trade. Recall, that in our model, trade

affects resource allocation across sectors by affecting relative prices. Hence, for a resource

exporter such as Indonesia, relative domestic prices in any province i at time t will depend

on world prices and trade costs:

pit =
1

[1 + φHit ][1 + φMit ]
pWt (42)

where φHit is the cost of exporting forestry products, φMit is the cost of importing manufactured

goods, and pWt denotes world prices. Substituting equation (42) into equation (41) yields:

ln[TSit/TSit−T ]

T
= − [1− e−λT ]

T
ln[TSit−T ] + κ[β − 1]

[1− e−λT ]

T
ln[εit]
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+κ[β − 1]
[1− e−λT ]

T
ln
[
[1 + φHit ][1 + φMit ]

]
− κ[β − 1]

[1− e−λT ]

T
ln[pWt ]

− κ[β − 1]
[1− e−λT ]

T
ln[bit]− κ

[1− e−λT ]

T
ln[Ωit] (43)

Hence, the growth rate of the forest stock in any province is increasing in trade costs and

decreasing in relative world price of forestry products and manufactured goods.

We also need to tie up our two loose ends. Recall from our discussion in Section 4

that the degree of enforcement may depend on the relative prices that prevail domestically,

given that price changes can create incentives to alter resource management. In particular,

higher domestic prices can improve resource management if entry is blockaded, but can

reduce resource the quality of resource management if entry can undermine regulation. Of

course, which set of conditions prevails is ultimately an empirical question. Thus, to examine

the relationship between price changes and enforcement we exploit the fact that domestic

prices vary across provinces due to differences in trade costs and supplement (41) with an

interaction term to allow for the effect of enforcement to vary with trade costs.

We also need to address land conversion. If convergence is possible, ∆TSit/TSit is pro-

portional to Ṡ/S as before, but also shifts discretely when ∆nit < 0.22 We will, for the most

part, ignore the changes-in-changes component given by the third term in equation (40). In

an ideal world, we would like to measure the magnitude of these shifts directly and adjust

∆TSit/TSit accordingly. Instead, we capture discrete changes in forest stock brought about

by land conversion by use of the indicator

ICit ≡ 1 [∆nit < 0] (44)

such that ICit is equal to one when there is land conversion in province i at time t, and is

zero otherwise. We add ICit to (41) to allow for the effects of land conversion.

22It is worth noting that while it is possible that ∆nit > 0 in general, meaning agricultural land is being
converted to forests, such reforestation does not appear to have occurred in Indonesia. Hence, we focus our
attention on the case where ∆nit < 0.
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After tying up our two loose ends, we obtain the following estimating equation:

[1/T ] ln[TSit/TSit−T ] = χ1 ln[TSit−T ] + χ2 ln[εit] + χ3 ln
[
[1 + φHit ][1 + φMit ]

]
+ χ4 ln[εit]× ln

[
[1 + φHit ][1 + φMit ]

]
+ χ5 ln[bit] + χ6 ln[Ωit] + χ7I

C
it + δt + uit (45)

where uit is an idiosyncratic error term with mean zero, and δt = −κ[β−1] [1−e
−λT ]
T

ln[pWt ] is a

year fixed effect. This specification can be estimated with data on forested area, enforcement,

trade costs, harvesting efficiency, overcapacity, and the presence of land conversions.

6.3 Identifying the Effects of Trade on Resource Use

While we now have an estimating equation that links changes in forest stocks to a broad set

of economic primitives, our particular interest lies in understanding the causal relationship

between international trade and resource use. This means we must address two additional

empirical issues: (i) identifying the causal effect of international trade, and (ii) the potential

endogeneity of land conversion. We now discuss each in turn.

Identifying the causal effect of international trade requires plausibly exogenous variation

in trade costs across both provinces and time. We obtain this variation from two sources.

First, we exploit temporal variation in trade costs created by the reduction in tariffs that

occurred due to a trade agreement between Indonesia and Japan, one of its largest trading

partners, in July 2008: the Japan-Indonesia Economic Partnership Agreement (JIEPA). The

JIEPA significantly liberalized trade between the two countries, lowering both the trade costs

associated with exporting forestry products, and the trade costs associated with importing

manufactured goods. Moreover, the timing of the agreement appears to have functioned as

an exogenous shock for Indonesia; the Japanese Diet only ratified the agreement one month

before it came into effect.

The second source of variation in trade costs that we exploit is cross-sectional variation

created by geography. As we show below, there are significant differences in trade costs
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across Indonesian provinces. These differences mean that a change in tariff rates, such as

those created by the JIEPA, will have differential effects across provinces. Hence, we combine

the temporal variation in trade costs created by JIEPA with cross-sectional variation in trade

costs created by geography. This yields a plausibly exogenous province-specific measure that

we can use to identify the effects of international trade on resource use.

Our second empirical concern is the potential endogeneity of land conversion. There are

strong reasons to believe that ICit is endogenous; as we discussed above in section 5, land

conversion is the result of an economic decision by optimizing agents. Practically, this means

that we are faced with two issues.23 First, Icit may be correlated with unobserved factors that

also affect forest stocks, such as political pressures, creating an omitted variables problem.

Second, the rate of change in the forest stock may drive the decision to convert land, meaning

the direction of causality runs in the reverse direction. To address these issues we adopt an

instrumental variables strategy.

To find instruments, we again make use of the planner’s problem described in section 5.

Recall that the solution to the planner’s problem in any period t depends on the potential

rents from harvesting and the potential rents from converting land to agriculture. This

suggests that observed determinants of agricultural rents can be used as instruments because

they do not enter the decision to harvest. Moreover, the majority of forested land in Indonesia

is converted to palm plantations, suggesting that the majority of agricultural rents arise from

the cultivation of palm. Given this, we use the price of palm oil as an instrumental variable.

This instrument will be valid if, as we have assumed, the price of palm oil does not directly

affect the decision to harvest wood.

6.4 Data and Measurement

[To be added]

23A third issue is the possibility of measurement error in Icit. We return to this point further below.
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6.5 Results

[To Be Added]

7 Conclusion

This paper developed a method for answering its title - Is Free Trade Bad for Resources?

It did so by showing how a generalization of existing theory provided us the necessary

ingredients to link theory directly with empirics. The theory is general in the sense that

it contains most previous work as special cases, but simple enough to provide us with an

approximation producing an exact estimating equation to take to the data.

Our proof of principle empirics represent a good start, but much remains to be done. The

results are suggestive, but the method, we think, illustrates the strength of our approach. The

estimation equation drawn from theory, reflects the dynamic nature of the resource problem

and gives researchers the ability to match their context specific analogs to our theory’s

measures of enforcement power, overcapacity, and the incentive to extinguish. Missing at

present is a strong causal link between international trade and deforestation in Indonesia.

Making this connection and identifying a “smoking gun” is now our highest priority.
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A Appendix

A.1 Derivation of The Incentive Constraint

To find the incentive constraint we will repeatedly use first-order Taylor series approxima-

tions. For example V R(t+dt) and V M(t+dt) can be written as V R(t+dt) ≈ V R(t)+V̇ R(t)dt

and V M(t+ dt) ≈ V M(t) + V̇ M(t)dt.

To proceed recall that the value of being able to participate in the resource sector at any

point in time t, is the max over the cheat and not cheat options, or:

V R(t) = max[V NC(t), V C(t)] (A.1)

If V NC is the max, we find this value as follows:

V R(t) = [ph∗ + (1− l∗)w]dt+ [1− δdt][1− θdt][V R(t+ dt)]

V R(t) ≈ [ph∗ + (1− l∗)w]dt+ [1− (δ + θ)dt+ δθdt2][V R(t) + V̇ R(t)dt] (A.2)

V R(t) ≈ 1

(δ + θ)dt

[
[ph∗ + (1− l∗)w]dt+ V̇ R(t)dt

+ [δθV R(t)− (δ + θ)V̇ R(t)]dt2 + δθV̇ R(t)dt3
]

Cancel dt terms and let dt go to zero. This yields the first element in the max of (A.4). `∗ is

the time the planner allows agents to spend harvesting. h∗ is the associated harvesting level

which would of course vary across agents with different productivities.

Alternatively, if V C is the max in (A.1), then we have:

V R(t) = phcdt+ [1− δdt][1− θdt][ρdtV M(t+ dt) + [1− ρdt]V R(t+ dt)]

V R(t) ≈ phcdt+ [1− (δ + θ)dt+ δθdt2]

×
[
ρdt[V M(t) + V̇ M(t)dt] + [1− ρdt][V R(t) + V̇ R(t)dt]

] (A.3)
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where we have substituted out for the fine with its maximal value which is permanent

ostracism to manufacturing. Cancel dt terms and let dt go to zero. An atomistic agent views

the time derivatives of V R(t) as unaffected by their choices. Substitute these values into

V R(t+ dt) ≈ V R(t) + V̇ R(t)dt to find:

V R(t) = max

[
ph∗ + (1− l∗)w + V̇ R(t)

δ + θ
,
phc + ρV M(t) + V̇ R(t)

δ + θ + ρ

]
(A.4)

Any agent will not cheat at time t when the first argument in (A.4) exceeds the second.

That is:

ph∗ + (1− e∗)w + ˙V R(t)

δ + θ
≥ phc + ρV M(t) + ˙V R(t)

δ + θ + ρ
(A.5)

In steady state ˙V R(t) = 0; w = 1 when the economy is diversified; and hence V M(t) =

1/[δ + θ]. Using this information and rearranging we find an agent with productivity α will

not cheat when:

(pαS − 1)`∗ ≥
[

δ + θ

δ + θ + ρ

]
(pαS − 1) (A.6)

For an agent who could earn rents (pαS − 1) > 0 and we can cancel it from both sides

to obtain the effort constraint.

`∗ ≥
(

δ + θ

δ + θ + ρ

)
(A.7)

Potential rent earning agents will choose to not cheat provided `∗ satisfies (A.7). Note
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F = (pαS − 1)`∗/(δ + θ), πC = pαS − 1, πNC = (pαS − 1)`∗ and rearrange (A.6) to show

it’s equivalent to ρF ≥ πC − πNC given in (24).

A.2 Derivation of Total Cost Function

The total cost of harvesting is given by TC = we/ᾱ where e is our measure of effective labor,

ᾱ is the average productivity of active agents and w = 1 by choice of numeraire. Recall the

definition of e:

e = ᾱLH = ᾱ(α∗) [1− T (α∗)]N (A.8)

Now use the definitions of T(.) and ᾱ(α∗) and we find α∗ can be written as:

α∗ =

[
(β − 1)b−β

βN

] 1
1−β

e
1

1−β (A.9)

Recall that ᾱ = [β/(β − 1)]α∗, and substituting back into TC we find:

TC =
we

ᾱ
=

(
β − 1

β

) β
β−1

b
β

1−βN
1

1−β e
β
β−1

TC = ΓN
1

1−β e
β
β−1 (A.10)

where Γ ≡ [(β − 1)/β]β/β−1bβ/1−β > 0.

The total cost function is simply proportional to the constant Γ reflecting features of

T(.); it’s convex in effective labor because [β/(β − 1)] > 1; and it’s declining in the mass of

agents because β ≥ 2. w = 1 and is suppressed. From TC in (A.10) it is now simple to find

AC and MC as reported in the text. It’s also easy to see their special relationship because

TC is a constant elasticity function.
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A.2.1 Two Special Cases (β → 2 and β → +∞)

Consider the case where β → +∞. In this case the variance of the distribution goes to zero.

All agents’ productivities are tightly clustered around α = b and collapse to b in the limit.

To take the limits required in (A.10) recall lim f(x)g(x) = lim exp[g(x) ln f(x)]. Exploiting

this fact shows that as β → +∞ total costs simplify to:

TC =
e

b
(A.11)

Not surprisingly total costs are linear in effective labor: MC = AC = 1/b.

Alternatively, let the variance of the distribution approach infinity by pushing β → 2. In

this case the distribution’s expected value approaches 2b and exploiting the same limit rule

we find total costs, become, in the limit equal to:

TC =

(
e

2b
√
N

)2

(A.12)

Total costs are now quadratic in effective labor, while both marginal and average costs

are linear. These are:

AC =
e

[4b2N ]
MC =

e

[2b2N ]
(A.13)

with AC = [1/2]MC.

A.3 Proof of Proposition 2

To see why our setting leads to convergence, consider the two panels of Figure 10. In panel

(a) we have graphed the natural growth and harvest functions that together determine Ṡ/S
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Figure 10

(a) (b)

in (18). Using equation (11), it is simple to show that G(S)/S is indeed linear as illustrated.

The line shown as H/S need not be linear, but must be monotonically increasing in S and

convex. It will be strictly convex (as shown) if β > 2, and linear if β = 2. G(S)/S declining

in S is a feature of any compensatory growth function; H/S rising in S is a feature of

all models where average productivity is rising in the resource stock. Either force alone is

sufficient to generate a convergence type relationship as shown in Figure 3b.

By construction, the difference between the natural growth and harvest lines in panel 10a

measures the percentage rate of change in the resource stock. If natural growth exceeds the

rate of harvest, as is depicted in the case of S(T − Z), this rate of change will be positive,

leading to positive stock adjustment. Similarly, if natural growth is less than the rate of

harvest, as in the case of S(T −Z)′, the rate of change in the resource stock will be negative,

leading to negative stock adjustment. These adjustments will occur until the stock reaches

its steady state level S∗, which is given by the intersection of G(S)/S and H/S. As the panel

also shows, the further any S(T −Z) is from S∗, the faster is the resulting stock adjustment.

These dynamics imply the relationship between the average rate of stock change and

initial stock size illustrated in panel 10b, where it is assumed that 15 almost identical small

open economies are observed over the period T − Z to T .
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A.4 Proof of Proposition 5

When β → 2 we showed above that marginal costs are linear. Therefore, e0 and eB are

defined by:

pK

[
1− e0

r

]
=
e0

µ
(A.14)

pK

[
1− 2eB

r

]
=
eB

µ
(A.15)

We can solve directly for e0(p) and eB(p) as:

e0 =
pK[

pK
r

+ 1
µ

] (A.16)

eB =
pK[

2pK
r

+ 1
µ

] (A.17)

The incentive constraint requires eB ≥ e(α∗m) = e0/Φ. Substituting in using (A.16) and

rearranging we find the first best can be achieved when:

(
ρ

δ + θ

)
≥ 1

1 + x
(A.18)

Where x = r/µpK = r/2b2pKN . Since x > 0 the right hand side has a maximum

value of 1 when x = 0 and a minimum of zero when x → +∞. Therefore, if ρ > (δ + θ),

then the incentive constraint holds for all x. Since δ ∼= 0 in our planner’s problem this
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simplifies to ρ > θ: the probability of being caught and punished for cheating must exceed

the probability of dying in the next instant. It is also useful to note at this juncture that

ρ > (δ + θ) ⇐⇒ Φ > 2 and hence this method shows when Φ > 2 and β → 2 the first best

is always attainable.

Alternatively, if ρ < (δ+ θ) then for x ∼= 0 the constraint fails but for x large it will hold.

This implies in terms of prices that at high resource prices the constraint fails, but at lower

prices it will hold.
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