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Abstract

This paper examines an industry whose economic activity uses a natural capital on which
its profit also relies. When such a productive natural capital has a limited capacity to
recover from its exploitation, a free market tends to over-exploit it, calling for public
intervention. The analysis is relevant, among other examples, to the case of nature-
based tourism. I study the sustainable management of a productive natural capital: the
conditions under which its exploitation generates maximum long-run social benefits; the
various ways in which a regulator can implement such an exploitation; the rent that it
generates for the industry; the effect of social discounting and operators’ short-termism,
etc. Particular attention is given to situations in which the regulator gives more im-
portance to the industry than it does to consumers, as when consumers are foreigners
or when the industry generates needed tax revenues. In those contexts, I find that the
industry should make more efforts of conservation, rather than less.

JEL Codes: Q2; L1; H5.
Keywords: Renewable natural resources; Over-exploitation; Optimal regulation; Pro-
industry regulation; Public revenue needs; Optimum taxation; Nature-based tourism.
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I Introduction

Economic development puts an increasing pressure on the environment. In industries
which rely on the environment, the resulting environmental deterioration comes at the
expense of the industry itself.

This phenomenon is especially manifest in the tourism industry. In Iceland, for ex-
ample, where tourism is particularly motivated by the spectacle of wildlife, this sector
significantly contributes to the national GDP. In the past few years, however, the extraor-
dinary number of tourists’ arrivals has probably already impacted the beautiful natural
endowment of the country. Accordingly, Iceland’s Minister of Tourism, Industry and
Innovation Thord́ıs Kolbrún R. Gylfadóttir mentioned in a recent interview1 the risk of
“losing what makes [some areas] special—unique pearls of nature that are a part of [Ice-
landers’] image and of what [they are] selling.” Welcoming a large number of tourists
requires the building of infrastructure which obviously deteriorates the virginity of the
environment in a direct manner. Moreover, even the least invasive form of tourism dis-
turbs wildlife. For example, Granquist and Sigurjonsdottir (2014) recently showed that
land-based seal watching affects the distribution and behavior of harbor seals. These
changes threaten the essence of Iceland’s tourism business, which “needs to ensure that
tourists that come [to Iceland] get a positive experience during their stay.” As the minis-
ter put it, in the face of the boom of tourism in Iceland, “the sector and all [Icelanders]
have to be careful not to become victims of [their] own success.”

This paper is about those situations in which economic activity uses a natural re-
source capital on which it also relies. In such situations, a conflict arises between the
short- and long-term interests of the industry. For example, in the case of nature-based
tourism, on the one hand, it is tempting to welcome more tourists to increase current
revenues, whereas, on the other hand, more tourists deteriorate the future conditions
under which the industry will operate, making future tourists’ experience less valuable.
Those situations call for a sustainable management that optimally balances the benefits
of exploiting the natural environment and the benefits of maintaining its quality. In the
words of The Economist (August 13, 2016), “Tourists could kill tourism,” thus justifying
the recent tendency of restricting this activity. Indeed, it cannot be hoped that economic
competition will lead to an optimal sustainable management. Like in fisheries, the long-
run costs of current exploitation are mostly incurred by others and, therefore, not fully
taken into account by competitive operators.

The analysis of this paper will be highly stylized, both for simplicity and for the sake
of generality. In the spirit of Zilberman (2014), the exploited natural capital will be
treated like a renewable natural resource, so as to study its sustainable management in
the face of ecological constraints. For concreteness, the example of tourism will be used
throughout. Nevertheless, the analysis is also relevant to other sectors: obviously, the
exploitation of renewable resources when the maintained quantity of resource facilitates
its exploitation (e.g., fisheries); also, all situations in which the industry has caused so

1Available at https://www.bloomberg.com/news/articles/2017-03-16/

victim-of-its-own-success-iceland-considers-new-tax-on-tourists.
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harmful levels of local pollution that it becomes less attractive to workers and investors
(e.g., large industrial basins in rapidly-developing countries).

I will examine an industry with a single representative firm—e.g., environment-based
tourism industry—exploiting a single productive natural capital—e.g., environmental
quality in a given site—to supply a homogeneous good or service to consumers—e.g.,
tourists’ experience. The extension to more-than-one capitals is straightforward. The
renewable natural capital under study is assumed to have a limited capacity to recover
from its exploitation. The fact that it is productive means that its level contributes to
increase the value for consumers of the good or service that the industry produces.

The large literature originating in Schaefer’s (1954) famous paper on the economics of
renewable natural resources is directly relevant to our problem; see, among many others,
Regev et al. (1998), Jensen et al. (2014), and Costello et al. (2016). The first part of
the paper is consistent with the standard analysis of renewable resource economics: the
welfare-maximizing sustainable exploitation, the competitive equilibrium, and socially-
optimum public policies.

This paper is also complementary to the literature on the economics of nature-based
tourism. The most famous contribution in this field is due to Lindberg (1991) who de-
scribed the basic economic principles of the sector. In the same vein, Clarke (1993)
explained that in presence of residents’ property rights over natural sites, public inter-
vention is not needed. However, these papers ignored the dynamic dimension of tourism,
i.e, the impact of current tourism of the future environment. This dimension has been
brought to the tourism literature recently by Arnason (2017). In this context, Arnason
examined the optimal pricing of natural sites.

The analysis of this paper extends the existing resource economics literature as well as
Arnason (2017) to cases in which the regulator has a particular interest for the industry’s
surplus. We examine three basic cases. First, the regulator may let the industry exert
its market power so as to protect the natural capital: Indeed, as the famous adage goes,
“the monopolist is the conservationist’s best friend.” Second, the regulator that monitors
the industry may give more importance to the latter than it does to consumers because
consumers are mostly residents of other jurisdictions. This is particularly relevant in
the tourism sector as, like in Iceland, most tourists are foreigners and, in other sectors,
when most of the output is exported. Therefore, in the spirit of, for example, Baron
and Myerson (1982) and Hiriart and Martimort (2012), I examine the consequences of
pro-industry regulation. Third, industries that exploit a limited natural input generate
an economic rent that is often an attractive target for governments with revenue needs.
Resource-based sectors often received a special tax treatment and contribute to public
finance in an extraordinary way. In Iceland’s tourism sector, for example, the temptation
to implement access fees is probably justified not only by the willingness to restrict
tourism, but also by the potential tax revenues involved. Ministry officials said that the
already-implemented hotel tax alone would bring not less than ISK 1.2 billion this year.

The paper is organized as follows. Section II describes the productive natural capital
and its exploitation. In Sections III and IV, the analysis is restricted to long-term sus-
tainable exploitations. Section III is standard: It characterizes the welfare-maximizing
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exploitation, the competitive laisser-faire exploitation and discusses the optimal policies
that allow to correct the latter. Section IV presents new results: the consequences of pro-
industry regulation and the sector’s optimal taxation in presence of public revenue needs.
Section V allows the system to converge to the long-term exploitation along a transition
path; it verifies that the basic equilibria examined in the main parts are stable and dis-
cusses the implication of social and firms’ discounting, both in the welfare-maximizing
path and under competition.

II The Model

There is a continuum set of dates t ≥ 0. As will be clear shortly below, the analysis
of Sections II to IV will focus on time-invariant exploitation. Therefore, for notational
simplicity, we omit time indexes as long as they are irrelevant, i.e., until Section V.

II.A The Natural Capital

There is a single natural site, whose environmental quality is modeled as a stock of capital
and is denoted by N ≥ 0. For example, N can be thought of as the number of harbor
seals in a particular site. More generally, it may measure the degree of wilderness of the
site. This stock is naturally renewed at the rate

Ṅ = g(N), (1)

per unit of time. A dot on top of a variable means that the variable is differentiated with
respect to time. The law of motion (1) is unidimensional and, therefore, neglects many
factors determining the evolution of environmental quality, including its structure, its age
and interaction with other environments. This simplifying representation supposes that
other factors compensate each other in the long run, allowing the analysis to focus on
the central aspect: how changes in the state of a natural site affect its future state. For
example, in absence of any seal-watching tourism, the number of new seals in a particular
site is a function of the population already present in the site.

The function g is assumed differentiable, strictly concave and single peaked; there
exists a level NCC such that g(N) < 0 if and only if N > NCC . Furthermore, the
natural capital is assumed unable to renew if it is destroyed: g(0) = 0. In absence of
economic exploitation, the natural capital N grows at a positive rate g(N) > 0 for any
0 < N < NCC and decreases at rate g(N) < 0 beyond, for any N > NCC . As a result,
the level of natural capital naturally stabilizes at the carrying capacity level NCC > 0
such that g(NCC) = 0. This is depicted in Figure 1. For example, when few seals exist
to reproduce in a given site, their population increases slowly but less so as there are
more seals. When their population becomes higher, seals compete for limited food and
become more vulnerable to predators. This natural evolution leads to a natural long-run
equilibrium population of seals called the carrying capacity of the site. More generally,
the natural dynamics of any environmental system can be considered to obey a similar
average pattern.
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Ṅ

0

g(N)

NCC

Figure 1: Growth of environmental quality in absence of exploitation

II.B Sustainable Exploitation

There is a representative firm in a sector which exploits the natural capital at a rate
x ≥ 0. For example, x is the number of tourists watching seals and this is causing
seals to leave the site accordingly. More generally, that means that the environmental
quality of a natural site has a limited absorbtion: It is negatively affected by the sector’s
exploitation, and needs time to recover from it according to its natural dynamics. For
simplicity, let the exploitation rate and environmental quality be normalized in such a
way the former deteriorates the latter on a one-for-one basis: The law of motion of the
natural capital in presence of exploitation is given by

Ṅ = g(N)− x. (2)

In such a context, for any level of natural capital N , it is reduced over time whenever
exploitation x exceeds the growth rate g(N), and, vice versa, it is growing otherwise.
This is depicted in Figure 2.

Exploitation x > 0 is clearly incompatible with the long-run natural situation in which
environmental quality remains at the carrying capacity level NCC . At the same time, the
above context gives rise to the possibility that exploitation be sustainable, in the sense
that it does not further deteriorate the natural capital over time. Indeed, for a given
environmental quality 0 < N < NCC , an intensity of exploitation x = g(N) > 0 leaves N
unchanged: By (2), Ṅ = 0 in such cases.

It follows that each point of the g curve in Figure 2 depicts a particular sustainable
exploitation, which is formally a couple (N, x) where x = g(N), so that N remains
in a steady state over time. For example, a well-chosen and constant positive number
of tourists watching seals is compatible with a sustainable population of harbor seals,
yet this population will be lower than the natural population NCC . One remarkable
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0

g(N)

NCCNMSE

xMSE

Figure 2: Growth of environmental quality in presence of exploitation and sustainable
exploitations

sustainable exploitation maintains the natural capital at level NMSE, which maximizes
the sustainable exploitation level xMSE . For example, this corresponds to the highest
possible number of tourists watching seals that does not induce the number of harbor
seals to diminish over time; more tourists is in no way compatible with a maintained
population of seals.

This “maximum sustainable exploitation” seems appealing. This intuition, however,
will prove to be wrong, as it ignores the fact that, in general, the level of the natural
capital affects the industry’s business.

II.C Productivity

Consider now that the natural capital is productive in the sense that its exploitation x
by the firm generates some services to its consumers who value the site’s environmental
quality N . Formally, there is a continuum of consumers whose aggregate utility is

U(x,N), (3)

which is expressed in some monetary units. Function U is assumed twice differentiable
and increasing not only with x but also with N . It is further assumed to be jointly
concave in its two arguments. As far as the exploitation rate x is concerned, that means
that consumers’ marginal utility

∂U

∂x
(4)

is decreasing in x. For example, the most motivated tourists are willing to pay more for
watching seals and, as exploitation increases, additional tourists are ready to pay less.

Marginal utility (4) and, therefore, utility (3), are assumed to be increasing with
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environmental quality, with
∂2U

∂x∂N
≡ α > 0. (5)

This is a simplifying assumption meaning that, for example, although tourists differ in
their willingness to pay to watch seals, their willingness to pay is increased when the pop-
ulation of seals becomes higher, in the same way for all tourists. Figure 3 depicts examples
of marginal utility curves—reflecting the value of the marginal unit of exploitation—for
two different levels of environmental quality N and N̄ > N .

∂U
∂x
, C ′

x0

C ′(x)

∂U(x,N)
∂x

∂U(x,N)
∂x

N > N

Figure 3: Marginal benefit and marginal cost of the productive environment

Furthermore, consider that the natural capital is essential to the firm’s exploitation:
Exploitation is uneconomic when N = 0, as when the site’s environmental quality is
destroyed—e.g., there is no harbor seal to be watched by tourists. That means U(x, 0) = 0
for any x and, therefore,

∂U(x, 0)

∂x
= 0. (6)

Figure 3 also depicts the firm’s marginal cost of exploiting the site, which is twice dif-
ferentiable and convex. This reflects that, for example, welcoming more tourists requires
the building of additional infrastructure—e.g., hotels—that is marginally more costly;
pieces of infrastructure are first built in the most central and least costly locations, and,
then, in more remote locations which benefit less from agglomeration effects.

III Long-Term Steady-State Analysis

In this section and Section IV, the analysis will focus on the steady states characterized
above. That means that attention will be restricted to couples (x,N) such that x = g(N),
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which are sustained over time. Indeed, such exploitations exhibit the intuitively desirable
property that the industry’s exploitation of the natural capital is sustainable; both the
stock N and the exploitation level x remain constant from date 0 on.

This focus is a simplifying restriction: Since both variables N and x are the same
across time, the steady-state analysis is the same irrespective of time. Therefore, under
this restriction, the analysis is static rather than dynamic despite the dynamic relationship
between exploitation and the level of natural capital. In a dynamic analysis, discounting
plays a central role—i.e., the relative importance for the agents involved of present benefits
and costs relative to benefits and costs at more distant dates—whereas, in a a steady-state
analysis, discounting turns out to be irrelevant.

Section V will do away with the steady-state restriction: It will show how, in general,
the economic system converges in the long run towards a stable steady-state situation
in which variables are constant over time, thus justifying the steady-state analysis as a
relevant approach for examining the exploitation of environmental quality in the very
long run. In this less restrictive setting, Section V will allow to examine the role of
discounting.

III.A Welfare-Maximizing Exploitation

Consider first the problem of finding the sustainable exploitation which maximizes social
welfare, i.e., the social net benefits: the net surplus generated by the sector to the industry
and its consumers. Later in this section, we will examine the outcome of competitive
competition within the industry.

III.A.1 Social-Planner Optimum

For simplicity, assume that there is a benevolent social planner able to dictate the ex-
ploitation x to the industry. The planner seeks to maximize the net long-run social
benefits. Since both the net social benefit, the exploitation level and environmental
quality are the same at each date, its problem is the same at each date:

max
x,N

B(x,N), (7)

where
B(x,N) ≡ U(x,N)− C(x)

denotes the net social benefits. The planner chooses simultaneously x and N , in such a
way as to satisfy the sustainability constraint

x = g(N). (8)

The constraint is introduced to allow the analysis to focus on sustainable exploitations.
In other words, it ensures that the planner takes into account the relationship between the
sustainable exploitation and the associated sustained environmental quality. Therefore, it
implies that the planner integrates long-term consequences on the environmental quality
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of short-term exploitation.
The necessary conditions for the maximization of (7) under (8) are

∂B

∂x
= λo (9)

and
∂B

∂N
+ λog′ = 0, (10)

where λo ≥ 0 is the social marginal cost of exploiting the natural capital, which reflects the
long-term opportunity cost of the industry’s exploitation for the industry and consumers
altogether.

Condition (9) means that the net marginal benefit of exploitation should be equalized
to the marginal opportunity cost of exploiting environmental quality. Condition (10)
means that the marginal benefit of better environmental quality must be zero once its
effect on the natural capital’s growth is integrated.

As a result, the socially-optimum sustainable exploitation must satisfy

∂B

∂N
+

∂B

∂x
g′ = 0. (11)

To rule out uninteresting possibilities in which the sustainability constraint does not
play any role, we focus on situations in which2

λo > 0.

In this context, it follows from (9) that the welfare-maximizing exploitation must be such
that g′ < 0 and, therefore, is more conservative that the sustainable exploitation that
maximizes exploitation:

No > NMSE.

Appendix A shows that (11) characterizes a relationship between environmental qual-
ity and the optimum exploitation

x = o(N), (12)

which crosses the growth curve (8) only once, at the level No, as depicted in Figure 4.
The welfare-maximizing sustainable exploitation is denoted by (No, xo).

Result 1 (Welfare-maximizing sustainable exploitation) In the sustainable ex-

ploitation that maximizes social welfare,

1. Exploitation xo is lower than the maximum sustainable exploitation xMSE;

2. It induces more conservation of the natural capital: No > NMSE.

2That means that, by assumption, the unconstrained maximization of B(x,N) leads to violating the
sustainability constraint, i.e., the solution (x,N) in that case is such that x > g(N).
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N

x

0

g(N)

NCCNMSE

xMSE

o(N)

No

xo

Figure 4: Welfare-maximizing sustainable environmental quality and exploitation

Result 1 contradicts the intuition that it would be optimum to implement the maxi-
mum exploitation which is sustainable xMSE: Indeed, the latter ignores the fact that the
consumer surplus increases with environmental quality. Once this is taken into account,
it turns out that it is socially beneficial to be more conservative, despite the fact that
this means a lower exploitation.

III.A.2 Welfare-Maximizing Market Equilibrium

In reality, there is no social planner dictating the industry the extent to which it should
exploit the natural capital. Nevertheless, if the industry consisted of a single competitive
operator, fully responsible for the long-run evolution of the natural capital, it would
induce a market equilibrium that would maximize social welfare.

In that case, assuming again a steady-state exploitation, the market for the good or
service produced by the natural capital’s exploitation would establish a price

p =
∂U

∂x
, (13)

equal to the marginal consumer utility, constant over time. The industry would seek to
maximize its profit at each date

max
x,N

px− C(x), (14)

subject to the sustainability constraint (8), thus integrating the impact of exploitation
on the long-run sustained level of natural capital. It would also integrate that the price p
increases with the environmental quality as per dp/dN = α. However, as competitive, the
operator would ignore the possibility of manipulating the price by restricting exploitation,
taking the price in (13) as independent of x. However,
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Appendix B shows that the first-order condition for the maximization of (14) under
(8), with the market equilibrium condition (13), characterizes the welfare-maximizing
sustainable exploitation (No, xo). It further identifies a gap between the price po =
∂U(xo,No)

∂x
= C ′(xo) + λo and the marginal cost, which results in an economic rent

λoxo > 0

that accrues to the industry on top of ordinary profits. This rent is represented in Figure
5 by the diagonally hatched area. Total profits, including this rent, correspond to the
vertically hatched area.

p

x0

C ′(x)

xo

∂U(x,No)
∂x

po

po − λo

Figure 5: Welfare-maximizing market-equilibrium sustainable exploitation and industry
profits

Result 2 (Welfare-maximizing market-equilibrium sustainable exploitation) If
there was a single competitive firm in the industry, the market-equilibrium sustainable

exploitation would be the one maximizing social welfare. In that case, the price would

exceed the marginal exploitation cost, generating a rent accruing to the industry.

In ordinary sectors which do not rely on a natural capital, the competitive equilibrium
exhibits the standard equality between price and marginal cost. In the industry under
study, by contrast, the marginal rent λo > 0 emerges because there is an opportunity cost
of exploiting the natural capital: More exploitation deteriorates the productive natural
capital in the long run, which undermines the exploitation itself in the long run. As
a result, it is socially desirable that exploitation be limited below the level that would
be optimal in ordinary sectors. For example, that means that the number of tourists
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should be limited to some level despite the fact that some tourists would be ready to
cover the cost of their experience. The socially optimal number of tourists is such that
the marginal tourist is ready to pay not only for the cost of his or her experience, but
also for the opportunity cost due to his or her long-term impact on the natural capital
and, therefore, the long-run consequences for the entire sector.

III.B Competitive Equilibrium without Public Policy

As a matter of fact, modern economies are mostly market economies which do not rely
on centralized planning. Moreover, industries often consist of many operators.

For simplicity, consider now that there is a continuum of competitive firms in the
industry and that no regulation is implemented. As far as profit is concerned, the industry
maximizes the aggregate profit taking the market equilibrium price (13) as given:

max
x

px− C(x). (15)

However, unlike the sole owner of the previous subsection, the industry’s firms do not
take into account the impact of their individual exploitation on the long-run level of their
common natural capital; indeed, the impact of small firms is virtually fully borne by the
rest of the industry.

As a result, (15) leads to the standard price-marginal-cost equality p = C ′(x), where
(13) implies that net social benefits of exploitation are maximized as if exploitation had
no long-run opportunity cost in terms of the sustained natural capital; in equilibrium,

∂B

∂x
= 0, (16)

rather than ∂B/∂x > 0 as per (9).
According to (16), the profit-maximizing exploitation depends on the level of the

natural capital. Appendix C shows that the relationship between the latter and the
former is given by an increasing function

x = e(N), (17)

as depicted in Figure 6. Indeed, Appendix C shows that, for any given environmental
quality N ,

e(N) > o(N). (18)

The competitive-equilibrium exploitation is sustainable when it intersects the growth
curve (8). It follows from (18) that the competitive-equilibrium sustainable exploitation
(N e, xe) is only compatible with a lower level of natural capital.

12



N

x

0

g(N)

e(N)

NCCN e

xe
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Figure 6: Competitive-equilibrium sustainable exploitation and environmental quality

Result 3 (Competitive-equilibrium sustainable exploitation) In the competitive-

equilibrium sustainable exploitation,

1. The natural capital is less conserved than when welfare is maximized: N e < No;

2. Exploitation xe may be higher than xo or, in catastrophic cases, lower.

Indeed, environmental quality may be deteriorated by a competitive sector to such an
extent that it is only compatible with a lower exploitation in the long run.

By definition, the welfare-maximizing exploitation generates a higher level of social
welfare to consumers and firms altogether so that the competitive-equilibrium is socially
inefficient. What are the specific implications of the competitive-equilibrium exploitation
for the industry’s profit? On the one hand, for any level of exploitation, the equilibrium
price (13) is lower since consumers are ready to pay less for less conservation. On the
other hand, the equality between the price and the marginal cost implies that there is no
rent accruing to the industry. The total profit of the sector is represented in Figure 7 by
the hatched area.

Result 4 (Competitive-equilibrium sustainable exploitation and industry prof-
its) In the competitive-equilibrium sustainable exploitation,

1. Consumers’ marginal utility ∂U(x,N e)/∂x is lower than ∂U(x,No)/∂x when social

welfare is maximized;

2. There is no exploitation rent accruing to the industry.

In catastrophic cases in which exploitation is lower than when social welfare is maximized,

the industry’s profit is lower than if it was taking into account the opportunity cost of

exploitation.
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Figure 7: Competitive-equilibrium sustainable exploitation and industry profits

With a standard externality caused by the industry, the industry’s activity is excessive,
which comes at the expense of the rest of society, but at the benefit of the industry. With
a productive natural capital, by contrast, the fact that the industry does not take into
account its impact on the long-run sustained level of environmental quality jeopardizes
its profit.

III.C Optimal Policy: Tax vs. Restrictions

The previous subsection calls for public intervention to restore the efficiency of the sector.
Assume now that a regulator monitors the industry. The most basic way correct the
inefficient market outcome is to penalize its exploitation with a tax. For example, the
possibility of implementing a tourists’ fee has been discussed—see, for example, Arnason
(2017).

Assume an exploitation tax equal to the social user cost

τ o = λo,

which is the value of λ prevailing under the welfare-maximizing sustainable exploitation.
This way, firms maximize, rather than (15),

max
x

px− λox− C(x), (19)

where the market equilibrium price p = ∂U/∂x of (13) is taken as given. The above
formulation, therefore, supposes that the tax falls on firms, which receive the net-of-tax
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price p− τ o = ∂U/∂x− τ o. One can verify, however, that it is formally equivalent to the
formulation in which the tax falls, instead, on consumers. In this case, consumers would
pay the inclusive-of-tax price p + τ o = ∂U/∂x, and firms would receive p = ∂U/∂x −

τ o. It follows that, unlike the popular belief, the distributional consequences of taxing
exploitation are the same irrespective of whether the tax is imposed to firms or consumers.

In either case, the introduction of the tax τ o = λo puts the industry in the same
situation as if they were taking into account the opportunity cost of their exploitation in
terms of the long-run level of natural capital.

For simplicity, tax revenues τ ox are assumed not to cause any distortion, as when
they can be rebated in a lumpsum way. Recalling the market equilibrium price (13), it
can easily be verified that problem (19) reproduces the welfare-maximizing sustainable
exploitation characterized by condition

∂B

∂x
= λo

and the sustainable constraint (8).
However, this equilibrium differs from the welfare-maximizing equilibrium examined

in Subsection III.A.2 because a tax has distributional consequences. Indeed, the price
accruing to firms in this case is po−τ o = ∂U/∂x−τ o, rather than po. The rent earned by
the industry in Subsection III.A.2 is now fully captured by the regulator as tax revenues
τ oxo. In Figure 8, these revenues are represented by the diagonally hatched area. The
hatched area below this rectangle shows the actual profit of the industry. Nevertheless,
the rent captured by the tax may be rebated to the industry in a lumpsum manner so
as to ensure that it earns the same total profit as in the welfare-maximizing competitive
equilibrium of Subsection III.A.2. In general, to sum up, the distributional consequences
of the corrective tax examined here depend only on how the tax proceeds are rebated,
but not at all on whether the tax is imposed to firms or consumers.

The other basic way of restoring efficiency is to restrict quantities. For example,
tourists’ restrictions have often been proposed to limit the long-run impact of tourism on
environmental quality. In practice, such restrictions may be implemented via a system of
tradable rights at the natural site level. However, Figure 8 indicates that an exploitation
cap at the optimal level xo is not only compatible with the sustained welfare-maximizing
environmental quality No, but also with the lower level N . In the latter case, the ex-
ploitation is at the optimal level xo, but the low environmental quality N implies that
consumers are only ready to pay ∂U(xo, N)/∂x < ∂U(xo, No)/∂x, and that the industry
profits are reduced unambiguously compared with the welfare-maximizing market equi-
librium of Subsection III.A.2. This sub-optimal equilibrium, however, can only realize
if the exploitation cost is low enough so that it is covered by the market price, i.e., as
when ∂U(xo, N)/∂x ≥ C ′(xo). In general, that means that restricting exploitation does
not guarantee that there will be enough conservation in the long run.

This possibility calls for an alternative policy to ensure a minimum level of environ-
mental quality No, for example, by setting adequate norms on the natural site or by
implementing protected areas within the site. In this case, the competitive market is
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Figure 8: Welfare-maximizing tax, tax revenues and industry profits

induced to exploit the site at level xo, and the same rent as in the welfare-maximizing
equilibrium would accrue to the industry.

Result 5 (Welfare-maximizing policy: tax vs. restrictions) In general, there are

three ways of implementing the welfare-maximizing sustainable exploitation:

1. An exploitation tax τ o = λo equal to the social cost of exploitation; assuming that

the tax proceeds can be rebated in a lumpsum way, the distributional impact of the

tax does only depend on this redistribution, irrespective of whether the tax is imposed

on firms or consumers;

2. An exploitation restriction at level xo does not guarantee that there is enough conser-

vation of the natural capital; when there is insufficient conservation, the industry’s

profits are reduced;

3. A direct protection of the natural capital at level No.

Minimum measures to protect environmental quality may also be used as a comple-
ment to an exploitation restriction, so as to avoid the possibility that the latter turns out
to be ineffective.

IV Monopoly Power, Industry-Oriented Regulation, and Public Finance

This section extends the management of productive natural capitals to cases in which the
regulator gives more importance to the industry than it does to consumers. This may be
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Figure 9: Welfare-maximizing quantity restrictions (exploitation vs. environmental qual-
ity)

justified in a variety of empirically-relevant situations. First, letting the industry exert
its market power may induce more conservation. Second, consumers may be residents of
other jurisdictions that the regulator does not represent. Third, the industry’s rent may
be an attractive source of public revenues for the government.

IV.A Monopoly Power

Natural sites are attached to specific locations. Moreover, they are often unique. The
most beautiful spectacles of wildlife are hardly substitutable with other sites. For these
reasons, operators exploiting natural capitals often have monopoly power. Following the
adage that “the monopolist is the conservationist’s best friend” in the face of supply
limitations (e.g., Solow, 1974), it might be tempting to let a concentrated industry exert
its influence over the market for the goods and services produced from environmental
quality. For simplicity, assume that the industry is a monopoly. Although extreme, this
case is sufficient to understand the distortion implied by the concentration of an industry
exploiting a productive natural capital.

It is textbook wisdom to consider that monopoly power tends to reduce the output.
For example, one should expect a monopoly to welcome less tourists than an otherwise-
similar competitive sector. This subsection will show that this standard logic does not
apply to the case of an industry that relies on a productive natural capital.

Unlike the competitive industry of Subsection III.C, a monopoly takes into account
that its exploitation affects the equilibrium market price (13). Its problem becomes,
instead of (15),

max
x

∂U

∂x
x− C(x). (20)

To focus on the effect of monopoly power, consider that the monopoly, like the competitive
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sector, does not internalize the sustainability constraint (8): It is solely concerned about
profit and does not take into account the long-run impact of its exploitation on the level
of the natural capital.

The first-order condition for the maximization in (20) is the standard equality between
marginal cost and marginal revenue, instead of price under competition:

∂U

∂x
−

∂2U

∂x2
x = C ′(x), (21)

where the second term on the left-hand side is negative to reflect that the marginal
exploitation revenue of the monopolist is lower than the price p = ∂U/∂x as more ex-
ploitation contributes to depress the market price.

Condition (21) can be written

∂B

∂x
= −

∂2B

∂x2
x, (22)

which is strictly positive, rather than zero under competition. Appendix D shows that the
latter condition defines a relationship between environmental quality and the monopolist’
profit-maximizing exploitation like

x = m(N). (23)

Appendix D further shows that, for any given N , the monopolist’s exploitation x = m(N)
is strictly lower than the competitive-equilibrium exploitation x = e(N). As depicted in
Figure 10, it follows that the sustainable monopoly exploitation (Nm, xm), given by the
intersection of them and the g curves, exhibits more conservation than under competition,
thus confirming the well-known adage.

Nevertheless, the standard logic that monopoly power tends to reduce the output
does not apply here. On the one hand, the monopolist has a lower exploitation level
for a given level of natural capital. On the other hand, it leads to a higher sustained
level of natural capital in the long run, which contributes to increase its exploitation.
The following result shows that the analysis of market power is not standard when the
industry relies on a productive natural capital.

Result 6 (Monopoly exploitation) In the sustainable monopolistic exploitation,

1. The monopoly conserves the natural capital more than an otherwise-similar com-

petitive industry: Nm > N e;

2. Exploitation xm may be lower than xe or, if competition induces a very low conser-

vation N e < NMSE, higher;

3. The industry profits include a monopoly rent.

The latter rent is illustrated in Figure 11, where the intersection of marginal cost
with marginal revenue determines the quantity in such a way that the price exceeds the
marginal cost. The monopoly rent corresponds to the diagonally-hatched area.

18



N

x

0

g(N)

e(N)

NCCN e

xe

m(N)

Nm

xm

Figure 10: Monopoly sustainable exploitation and environmental quality

IV.B Pro-Industry Regulation

Consumers of the industry may not be residents of the regulator’s jurisdiction. For
example, the number of tourists in Iceland largely exceeds the number of Icelanders. In
such cases, as when an industry’s output is mostly exported, the regulator should not
seek to maximize the total welfare generated by the industry. Instead, it should pursue
an objective that gives more weight to the local industry.

This subsection examines the exploitation that a regulator should seek to implement
in this context. For that, consider that there is a social planner that seeks to solve,
instead of problem (7), the following one:

max
x,N

B(x,N) + βπ, (24)

with
β > 0,

subject to the sustainability constraint (8), where

π =
∂U

∂x
x− C(x). (25)

That means that the pro-industry social planner takes into account that the sustain-
able exploitation determines the profit (25) that would accrue to the industry, in a way
reminiscent of a monopoly.

Therefore, the problem of the planner in Subsection III.A.1 is modified to add a
monopoly dimension to the planner’s problem. However, unlike the monopoly examined
in the previous subsection, the planner, like in Subsection III.A.1 takes into account
the impact of exploitation on the long-run level of the natural capital. Accordingly, if
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Figure 11: Monopoly equilibrium and monopoly rent

β was zero in (25), the planner’s solution would be the welfare-maximizing sustainable
exploitation.

The standard intuition is that pro-industry regulators are too lax, allowing an exces-
sive exploitation, which comes at the cost of an insufficient conservation of the natural
environment. However, the previous subsection highlighted that the monopoly dimension
of the regulator’s objective does not obey the standard logic. This calls for a rigorous
examination of the effect of the bias β.

Appendix E establishes the following condition for the maximization of (24):

∂B

∂N
+ g′

∂B

∂x
= −

β

1 + β
g′
∂2U

∂x2
x, (26)

which is strictly negative as β > 0, instead of zero when the planner maximizes welfare as
per (26). Accordingly, Appendix E shows that the latter condition defines a relationship

x = b(N), (27)

between the biased-optimum exploitation and environmental quality, where

b(N) < o(N). (28)

That means that, for any level of the natural capital, the pro-industry planner’s exploita-
tion is lower than the welfare-maximizing exploitation.

As Figure 12 illustrates, this implies that the sustainable biased-optimum exploitation
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commands both a lower sustainable exploitation level and more conservation in the long
run.
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Figure 12: Sustainable biased-optimum exploitation and environmental quality

Result 7 (Pro-industry welfare-maximizing exploitation) In the sustainable ex-

ploitation that maximizes social welfare with a pro-industry bias,

1. Exploitation xb is lower than the welfare-maximizing sustainable exploitation xo;

2. The natural capital is more conserved than when social welfare is maximized: N b >
No.

A regulator that is more concerned about the profit of the industry that it supervises
than it is about consumers’ utility should implement more conservation of the productive
natural capital and less exploitation of this capital.

IV.C Government’s Tax Revenue Needs

More now than ever in the aftermath of the global financial crisis, many governments are
struggling to meet their public revenue needs. In this context, industries relying on a
productive natural capital appear to be very attractive targets for governmental taxation,
due to the rent that their activity generates. Iceland, to extend the paper’s recurrent
example, makes no exception.

Tax collection has hitherto been assumed corrective, thus resolving a distortion rather
than causing one. However, in presence of public revenue needs, tax collection becomes
distortionary. Assume that raising one unit of public revenue costs 1 + δ units of social
welfare; δ > 0 is called the marginal cost of public funds. In this case, units of tax
revenues raised from the exploitation of the natural capital are valued by the government
as 1 + δ units of the welfare objective.
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To focus the analysis on the role of public revenue needs, assume that the industry
is competitive and does not take into account its impact on the long-run level of natural
capital, like in Subsection III.B. Further assume that exploitation is taxed at a unit
level τ , that is to be determined by the regulator. Variables evaluated in the competitive
equilibrium for a given tax will be denoted by a tilde on top of them. The tax τ generates
a gap between the marginal utility of consumers and the competitive industry’s marginal
cost:

∂U(x̃, Ñ)

∂x
− τ = C ′(x̃). (29)

The regulator sets the tax in such a way as to maximize the total welfare generated by
the sector, while taking into account (ı) the effects of its tax on equilibrium quantities, (ıı)
the contribution of tax revenues to the total welfare, and (ııı) the sustainability constraint,
i.e., the impact of its tax on the long-run level of the natural capital. Formally, its problem
is

max
τ

U(x̃, Ñ)− τ x̃− C(x̃)− (1 + δ)τ x̃, (30)

subject to the sustainability constraint (8), which takes the form x̃ = g(Ñ).
If δ was zero, the situation of the regulator would be identical to that of Subsection

III.C: The optimal tax would be set equal to λo so as to implement the welfare-maximizing
sustainable exploitation. In the sequel, for simplicity, we examine the case of a cost
of public funds δ which is strictly positive and arbitrarily small; this is sufficient to
understand the optimal distortion that the regulator should impose to the sector.

In Appendix F, the following condition is obtained for the maximization of (30):

∂B

∂N
+ g′

∂B

∂x
= −δg′

[

x̃
dx̃
dτ

+ τ

]

, (31)

which is negative, instead of zero when welfare is maximized in absence of public revenue
needs, as per (11) with δ = 0. The above condition defines the following relationship
between the exploitation level and the level of environmental quality:

x̃ = f(Ñ), (32)

which is strictly lower than the function o(N) in (12) for a given capital level N = Ñ ; a
strictly positive cost of public funds commands to exploit less.

The same conclusion as in the previous subsection follows: The sustainable welfare-
maximizing exploitation is lower in presence of public revenue needs, and induces a higher
level of sustained natural capital.

Let us consider now the optimal tax level in this context. Appendix F shows that the
optimal exploitation tax is

τ f = −
δ

1 + δ

1

ξ̃
−

∂U

∂N

1

g′
, (33)
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where

ξ ≡ −
x

dx/dτ
= x

(

1

ξD
+

1

ξS

)

> 0

is the tax elasticity of the competitive equilibrium exploitation, in which the demand and
supply elasticities correspond to the standard expressions ξD ≡ − (∂U/∂x) / (x∂2U/∂x2)
and ξS ≡ C ′/ (xC ′′).

Expression (33) looks complex but, in fact, brings up simple insights. The first tax
component on the right-hand side of (33) is the standard Ramsey (1927) tax to be imposed
on the output of an ordinary sector that does not rely on a productive natural capital.
The second term on the right-hand side is the additional tax component that emerges
when the sector’s activity relies on a natural capital. It would vanish otherwise, as when
consumers’ utility was independent from environmental quality. Therefore, our formula
extends Ramsey’s taxation analysis to the sustainable management of productive natural
capitals. This second term is positive, meaning that the exploitation of a natural capital
commands to tax the sector’s activity at a higher level. Furthermore, this additional
tax component positively increases, other things being held constant, with the sensitivity
of consumers’ utility to environmental quality, as well as with the effect of the natural
capital on its growth rate.

The following result summarizes the above findings.

Result 8 (Welfare-maximizing taxation with public revenue needs) In presence

of public revenue needs,

1. The welfare maximizing tax τ f on the exploitation of a productive natural capital is

higher than the optimal tax on the output of an otherwise-similar ordinary sector;

2. This tax induces a lower exploitation and more conservation of the natural capital

than in absence of public revenue needs.

V Short-Run Transitional Dynamics, Long-Term Stability, and Discounting

The analysis of Section III and IV has focused on sustainable exploitations. For that, a
sustainability constraint was introduced, restricting exploitation to be in a steady-state.
This approach is relevant to examine long-run solutions, that can be sustained over an
arbitrarily long period of time.

However, in the short term, things are not so simple: Policy makers face a given level
of natural capital, which only changes over time as a function of natural growth and
exploitation, as per (2). Therefore, implementing a sustainable exploitation that satisfies
constraint (8) takes time whenever the targeted level of natural capital differs from the
current level.

In this section, we do away with the restriction that the industry’s or regulator’s
problem is to pick up a sustainable exploitation. Instead, modifying the level of natural
capital requires to modify the exploitation over a sufficiently long period of time. In
this much more general and complex setting, it will turn out that a short-run transition
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phase converges towards a long-run steady state resembling the sustainable exploitations
of Sections III and IV. This assures the theoretical relevance of the previous steady-state
analysis. The analysis will also allow to examine the role of discounting.

For brevity, let us focus on two main cases: first, the social planner’s problem of
maximizing social welfare and, second, the competitive industry. The interested reader
can verify that other cases—sole competitive operator, monopoly, pro-industry regulator,
public revenue needs—exhibit similar properties.

V.A Welfare-Maximizing Exploitation

The absence of sustainability constraint means that exploitation changes over time: As
a result, the social planner’s problem differs from one date to the other. One cannot, in
this case, single out a particular date as representative of all others, unlike the steady-
state analysis. In the sequel, we make the time index—hitherto omitted for notational
simplicity—explicit below all variables.

The intertemporal problem of the social planner is to maximize the discounted stream
of net social benefits over the infinite time period t ≥ 0:

max
(xt)t≥0,(Nt)t≥0

∫

∞

0

B(xt, Nt)e
−rt dt, (34)

where r > 0 is an arbitrarily small social discount rate, subject to the law of motion

Ṅt = g(Nt)− xt (35)

Appendix G shows, by applying the Maximum Principle, that the solution to the
intertemporal maximization of (34) under (35) obeys a two-dimensional dynamic system.
At each date t ≥ 0, (xt, Nt) should evolve according to two equations. The first one is
simply (35), which gives the law of motion of Nt. It predicts that Nt remains unchanged
over time according to whether xt is higher or lower of the Ṅt = 0-isocline:

xt = g(Nt), (36)

which is depicted in Figure 13 by the g curve.
The second equation yields the optimal dynamics of exploitation xt:

ẋt =
1

∂2B
∂x2

[

α (xt − g(Nt)) + r
∂B

∂x
−

∂B

∂N
− g′

∂B

∂x

]

. (37)

It predicts that xt increases or decreases depending on whether it is higher or lower than
the following ẋt = 0 isocline:

xt = g(Nt) +
1

α

(

∂B

∂N
+

∂B

∂x
g′
)

−
r

α

∂B

∂x
. (38)
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Appendix G shows that the isocline (38) defines a relationship

xt = d(Nt), (39)

as depicted in Figure 13.
Appendix G shows that the d curve would coincide with the o curve defined by (12)

in the steady-state analysis if the discount rate were zero. With r > 0, by contrast,
exploitation over the isocline (38) is higher than the exploitation given by (12):

d(Nt) > o(Nt). (40)

By definition, the steady-state in which both environmental quality and exploitation
are unchanged over time is obtained when the two isoclines cross; this steady-state is
denoted by (N∗, x∗) in Figure 13.

V.A.1 Convergence to Long-Run Steady State and Stability

Figure 13 further shows the phase-diagram analysis of the welfare-maximizing trajectories
of the level of natural capital and its exploitation around the steady-state exploitation
(N∗, x∗). These trajectories are indicated by the dark arrows in each area around the
g and d isoclines. These trajectories imply that the long-run dynamics of the system is
saddle-path stable. In a neighborhood of the steady state, the system converges to the
latter following the red stable arm.
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Figure 13: Welfare-maximizing exploitation (optimal converging trajectories)

Result 9 (Welfare-maximizing transitional dynamics and long-run steady state)
In the welfare-maximizing exploitation with an optimal transitional dynamics, the ex-

ploitation converges to a long-run, stable steady state.
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This result confirms that the steady-state analysis of Sections III and IV is relevant
in a long-run perspective: Absent any steady-state restriction, the exploitation turns out
to be sustainable. That being said, the long-run welfare-maximizing steady-state with
a transitional dynamics slightly differs from the welfare-maximizing sustainable steady
state of Section III.A.1. This is due to discounting.

V.A.2 Social Discounting

The long-run steady-state exploitation (N∗, x∗) corresponds to the intersection of the g
and d curves. Since d(Nt) > o(Nt), it turns out that N

∗ < No.

Result 10 (Welfare-maximizing long-run steady state and social discounting)
Due to the discounting rate r > 0, the welfare-maximizing exploitation with an optimal

transitional dynamics, the natural capital is less conserved than in the welfare-maximizing

steady-state exploitation: N∗ < No.

This result and its intuition is standard. Assume, for example, that the initial level of
natural capital is below the long-run level targeted by the social planner. When the long-
run steady-state is reached progressively along a transition path, rather than immediately,
the short-run transition requires that the capital be exploited less than its natural growth
so that it increase. Social discounting reflects society’s impatience: The transition is a
sacrifice in terms of social welfare, which calls for a downward adjustment of the long-run
steady-state level of natural capital to alleviate the sacrifice.

V.B Competitive Equilibrium without Public Policy

Let us now extend the case of the competitive market equilibrium of Subsection III.B
to allow a transitional dynamics. As the previous extension of the welfare-maximizing
problem shows, the presence of a transitional dynamics gives rise to the influence of
discounting.

As far as discounting is concerned, not only the interest rate is relevant to competitive
operators, but also their expectations to continue their exploitation of the site in the
future. Many operators, for example in the tourism industry, are multinational and
mobile.

Assume, for simplicity, that the representative competitive firm of the industry an-
ticipates that, at each date t ≥ 0, there is a constant probability 0 ≤ γ < 1 that it will
not operate anymore in the industry from this date on. The existence of this probability
implies a “short-termism” of firms, which is formally equivalent to discounting.

In this case, the problem of the industry is modified to become

max
(xt)t≥0

∫

∞

0

(ptxt − C(xt)) e
−(r+γ)t dt, (41)

where pt is taken as given at the level pt =
∂U
∂x

established by the market, like in (13),
and r + γ is the industry’s effective discount rate.
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V.B.1 Convergence to Long-Run Steady State and Stability

In this context, the condition for the maximization of profits (41) is the same as in the
steady-state analysis of Subsection III.B, and defines the same function

xt = e(Nt)

relating the prevailing level of natural capital and the profit-maximizing exploitation. It
follows that there is a steady-state competitive exploitation, which is characterized by
the intersection of the e curve with the g curve at point (N e, xe), as depicted in Figure
14.
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Figure 14: Competitive exploitation (optimal converging trajectories)

Outside this steady state, the economy converges to it, along the e curve, at the speed
given by the dynamic equation (35). The following result follows.

Result 11 (Competitive-equilibrium transitional dynamics and long-run steady
state) In the competitive-equilibrium exploitation with an optimal transitional dynamics,

the exploitation converges to a long-run, stable steady state, which is identical to the

sustainable competitive-equilibrium exploitation (N e, xe).

The result confirms that the steady-state analysis of Sections III and IV is relevant
in a long-run perspective. It is even more so in the competitive case, in which the long-
run steady-state equilibrium following the short-run transition is exactly identical to the
sustainable exploitation identified in the steady-state analysis.

V.B.2 Industry Short-Termism

It follows from the previous subsection that discounting is irrelevant in the competitive
equilibrium.
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Result 12 (Competitive equilibrium, discounting and firms’ short-termism)
The discounting rate r and the parameter γ reflecting firms’ short-termism affect neither

the competitive-equilibrium long-run steady state (N e, xe) nor the short-run transition

towards this steady state.

When the industry is competitive and its operators do not take into the dynamic
impact of their exploitation on environmental quality as per (35), its problem has no
dynamic dimension, unlike the welfare-maximizing problem. As a result, the competitive-
equilibrium exploitation is independent of discounting, whether it is due to the interest
rate or to short-termism.

This result would not carry over to the case of an industry which—at least partly—
takes into account the law of motion of the natural capital (35). Everything else being held
unchanged, such an industry would induce more conservation in the long run. However, as
its effective discount rate r+ γ would increase, it would become closer to the competitive
industry examined here and its long-run exploitation would tend to (N e, xe).

VI Executive Summary

This section enumerates the main lessons from the paper’s analysis.

– An industry—e.g., the tourism sector—relies on a productive natural capital—e.g.,
the environmental quality of natural sites—when its activity consists in exploiting
the natural capital in such a way that it deteriorates the conditions in which the
industry will operate in the long run.

– The welfare-maximizing management of a productive natural capital requires that
the long-run opportunity cost of short-run exploitation be taken into account.

– The welfare-maximizing management of a productive natural capital does not max-
imize the sustainable exploitation of the capital; it induces more conservation than
the maximum sustainable exploitation does.

– When the welfare-maximizing exploitation is implemented, it generates an economic
rent besides ordinary profits which may accrue to the industry, or be taxed away
by public policy.

– Competition with no public policy induces

– less conservation of the natural capital and a lower price for the good or service
produced by the industry than in the welfare-maximizing equilibrium;

– the exploitation rent to vanish.

– The welfare-maximizing sustainable exploitation can be implemented by using a
corrective exploitation tax that reflects the long-run opportunity cost of exploita-
tion; in that case, the tax captures the exploitation rent and its distributional
consequences only depend on how this tax proceed is rebated, but not at all on
whether the tax is imposed on firms or consumers.
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– By contrast, restricting the industry’s exploitation at the sustainable welfare-maximizing
level does not guarantee that the natural capital’s conservation be sufficient, but
if exploitation restrictions are accompanied by measures to directly protect the
natural capital.

– An industry that exerts its monopoly power tends to induce more conservation
of the natural capital than under competition, but does not necessarily reduce
exploitation.

– A regulator that is concerned about the sustainable-exploitation profits of the in-
dustry should command that the natural capital be exploited less and conserved
more.

– A regulator that is concerned with the collection of tax revenues should tax the
exploitation of the natural capital at a higher rate than the output of an otherwise-
similar sector that does not rely on a productive natural capital; doing so, it would
induce less exploitation and more conservation.

– A higher social discount rate justifies more exploitation and less conservation of the
natural capital.

– Competitive firms’ “short-termism” is irrelevant when these firms do not take into
account the long-run opportunity cost of their exploitation; it would only be relevant
if firms were taking this opportunity cost into account, inducing them to conserve
less of the natural capital.
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MATHEMATICAL APPENDICES

Results that are not shown in these appendices are established in the main text.

A Proof of Result 1

The Lagrangian function associated with the maximization of (7) under the sustainability
constraint (8) is

B(x,N)− λ (x− g(N)) ,

where λ denotes the multiplier associated with the constraint. The necessary first-order
conditions for the choice of x and N are given by conditions (9) and (10) respectively,
where λo indicates the value of the multiplier at the solution. Substituting the expression
of λo given by (9) into (10) yields the necessary condition (11).

Condition (11) is a cartesian equation in which the left-hand side is continuously dif-
ferentiable by assumption. Therefore, it implicitly defines a continous functional relation
between N and x, defined as the o function of (12). Clearly, 0 = o(0). For N > 0, the
total differentiation of (11) with respect to N and x shows that, along the o function,

dx

dN
=

−

[

∂2B
∂N2 + αg′ + ∂B

∂x
g′′
]

α + ∂2B
∂x2 g′

.

The main text has explained that g′ is strictly negative at the intersection of the
o curve with the g curve, which, therefore, occurs over N > NMSE . Moreover, the
examination of the above expression of the o curve’s slope dx/dN reveals that the latter
curve is strictly increasing for all N > NMSE, i.e., such that g′ < 0. It follows that the o
function is strictly increasing in a neighborhood of its intersection at No > NMSE, and
that this intersection is unique.

B Proof of Result 2

In the same way as in Appendix A, the Lagrangian function associated with the maxi-
mization of (14) under the sustainability constraint (8) is

px− C(x)− λ (x− g(N)) .

Since the price is taken as independent of the exploitation quantity, the first-order condi-
tion for the choice of x is p− C ′(x) = λ. The first-order condition for the choice of N is
αx+λg′ = 0, where αx = ∂B/∂N by assumption. Combining these necessary conditions
by substituting λ, one obtains that the sustainable exploitation by the sole competitive
owner of the natural capital is characterized by the same condition (11) as the social
planner’s solution and, therefore, is identical to this solution (No, xo). This also implies
that the value of the multiplier is the same λo in both cases. Replacing this value and
the price (13) evaluated at the solution in the above first-order condition for the choice
of x, one finds ∂U(xo, No)/∂x− C ′(xo) = λo.
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C Proof of Result 3

The first-order condition for the maximization of (15) with respect to x is the standard
condition p = C ′(x) where p is given by (13). This can be rewritten as (16), which defines
the relationship between x and N denoted by the e function in (17).

One can compare the e function with the o function by comparing the functions that
implicitly define them. o satisfies the equality ∂B/∂x = λo > 0, while e is defined by
∂B/∂x = 0. Let us examine the more general relationship between ∂B/∂x = χ, where
χ ≥ 0, encompassing both functions. Since ∂B/∂x is decreasing in x, an increase in χ
holding N unchanged must imply a decrease in x. It follows that, for any N , (18) is
observed.

D Proof of Result 6

In the same way as for functions o and e, condition (22) implicitly defines a relationship
between N and x that can be expressed as the functional relationship x = m(N).

Given that the function m satisfies an equality between ∂B/∂x and a strictly positive
value, the analysis of the Proof of Result 3 applies, from which it follows that for any N ,
m(N) < e(N).

E Proof of Result 7

The Lagrangian function associated with the problem of maximizing (25) under constraint
(8) is

U(x,N) − (1 + β)C(x) + β
∂U

∂x
x− λ (x− g(N)) .

The first-order conditions for the choice of x andN are respectively ∂U/∂x+(1+β)C ′(x)−
βx∂2U/∂x2−β∂U/∂x = λ and ∂U/∂N +βαx+λg′ = 0. Combining these two conditions
by replacing λ and using that, by assumption, αx = ∂B/∂N , one can obtain the necessary
condition (26).

In the same way as for condition (11) and function o, condition (26) defines a rela-
tionship between N and x that is denoted by the function b. One can compare functions
o and b by comparing (11) with (26). For simplicity, our analysis focuses on arbitrarily
small values of β, i.e., as explained in the main text, on a neighborhood of the optimum
sustainable exploitation (No, xo). It has been established that in such a neighborhood,
g′ < 0.

Therefore, (26) satisfies the equality ∂B/∂N + g′∂B/∂x = σ for some σ < 0 whereas
(11) satisfies the same equality with σ = 0. As long as g′ < 0, the left-hand side of the
equality is increasing with x. It follows that, for a given N , the equality with σ < 0
determines a lower x so that b(x) < o(x).
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F Proof of Result 8

The problem of maximizing (30) subject to (8) can be reformulated in terms of the single
equilibrium variable Ñ by using constraint (8) to replace x̃ by g(Ñ). This way, the prob-

lem becomes the maximization of B
(

g(Ñ), Ñ
)

+ δτg(Ñ) by choice of τ . Differentiating

the reformulated objective with respect to τ and setting the obtained derivative equal to
zero, one obtains the necessary first-order condition which, after rearranging, becomes

∂B

∂N
+ g′

∂B

∂x
= −δ

[

g(N)
dÑ
dτ

+ τg′

]

.

Using again x̃ = g(Ñ), and its implication that dx̃/dτ = g′dÑ/dτ , condition (31) follows.
This condition implicitly defines the relationship between Ñ and x̃ that is denoted by the
f function in (32).

The analysis focuses on arbitrarily small values of δ, i.e., on a neighborhood of the
optimum sustainable exploitation (No, xo). This implies that g′ < 0. Note, moreover,
that a positive tax would only be implemented if it was raising more tax revenues than
a zero tax. Therefore, a tax is only implemented in situations in which

d (τ x̃)

dτ
= τ

dx̃

dτ
+ x̃ > 0.

In this context, one can easily verify that the right-hand side of (31) is strictly negative.
The analysis of ∂B/∂N+g′∂B/∂x = σ in the Proof of Result 7 applies to the comparison
of the f and o functions; it immediately implies that f(Ñ) < o(Ñ).

Consider now the optimum tax rate that implements the solution examined above.
Rearranging condition (31) by using the definition B(x̃, Ñ) = U(x̃, Ñ) − C(x̃) and the
equality ∂U/∂x − C ′ = τ that follows from the market equilibrium condition (29), one
obtains

τg′(1 + δ) = −δg′
x̃
dx̃
dτ

−
∂U

∂N
,

from which (33) is derived.

G Proof of Results 9 and 10

The Hamiltonian function associated with the intertemporal problem of maximizing (34)
under the dynamic constraint (35) is

B(xt, Nt)e
−rt + λt (g(Nt)− xt) ,

where λt is the co-state variable asociated with the dynamic constraint. By the Maximum
Principle, one obtains the three following necessary conditions. First, the first-order
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condition for the choice of xt,
∂B

∂x
e−rt = λt.

Second, the optimal law of motion of the co-state variable:

λ̇t = −
∂B

∂Nt

e−rt
− λtg

′.

Third, the growth constraint (35). Differentiating the first condition with respect to time,
combining it with the second one by replacing λt and λ̇t, and rearranging, one obtains
equation (37). Setting ẋt to zero in this equation and rearranging, the expression of the
isocline (38) follows.

In the same way as for other relationships between N and x before, (38) defines
implicitly the functional relationship d in (39).

(38) may be rewritten

∂B

∂Nt

+ g′
∂B

∂xt

= α (xt − g(Nt)) + r
∂B

∂x
.

Integrating the sustainability relationship xt = g(Nt) to this condition, as in the steady-
state analysis, it would coincide with (11) that defines the o function if r were zero. Under
the same conditions with r > 0, the analysis of ∂B/∂N + g′∂B/∂x = σ in the Proof of
Result 7 applies and shows (40).

One can verify that that combining equations (38) and (36) of the isoclines, one
obtains

∂B

∂N
+

∂B

∂x
g′(N) = r

∂B

∂x
, (G.1)

which is strictly positive because r > 0, rather than zero in the steady-state analysis

34


	IFRO_WP_2017_08_forside.pdf
	2017 / 08
	Julien Xavier Daubanes



