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Abstract
The legislature in many countries requires that short-run risk and long-run risk be considered in making natural resource policy. In this paper, we explore this issue by analyzing how
natural resource conservation policy should optimally respond to long-run risks in a resource
management framework where the social evaluator has recursive preferences. The response
of resource conservation policy to long-run risks is reflected into a matrix whose coefficients
measure precaution toward short-run risk, long-run risk and covariance risk. Attitudes toward
the temporal resolution of risk underlies both precaution and the response of resource conservation policy toward long-run risks. We formally compare the responses of natural resource
policy to long-run risks under recursive utility and under time-additive expected utility. A
stronger preference for earlier resolution of uncertainty prompts a more conservative resource
policy as a response to long-run risks. In the very particular case where the social evaluator
preferences are represented by a standard expected utility, long-run risks are not factored in
resource conservation policy decisions.
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Introduction

How does natural resource policy optimally respond to long-run risk considerations? How much
resource conservation is the society willing to exert today in order to mitigate long-run risks? Future uncertainty is widely recognized as a key challenge for natural resource policy. The National
Environmental Policy Act (NEPA,1969), for instance, requires that federal agencies consider both
short-run and long-run effects and risks in implementing natural resource policy programs. The
matter of precaution toward long-run risks is pertinent, with relevance to both a national and a
global perspective (NAPA, 1997; English, 2000; Slimak and Dietz, 2006; Fischhoff, 1990; Viscusi, 1990; Pindyck, 2007, 2010; Hartzell-Nichols, 2012).
Concerns for long-run risks deserve attention in natural resource policy because decisions involve both uncertainty and long time horizons. In this paper we formally analyze and compare
the responses of natural resource policy to long-run risks under recursive utility and under timeadditive expected utility. We show that a stronger preference for earlier resolution of uncertainty
prompts a more conservative resource policy as a response to long-run risks. In the very particular
case where the social evaluator preferences are represented by a standard expected utility, long-run
risks are not factored in resource conservation policy decisions.
In recent years, there has been a growing interest in the finance literature to account for concerns for long-run risks in exploring policy analysis in equity markets. For the most part, the
main insight from this literature is that allowing for nonindifference toward the temporal resolution of long-run uncertainty can help illuminate some puzzling facts observed in financial market.1
Concerns for long-run risks hinge crucially on nonindifference toward the temporal resolution of
uncertainty.2 However, to the best of our knowledge, the issue of concerns for long-run risks has
not yet been analyzed from a natural resource policy approach. While there has been a substantial body of papers focussed on the issue of uncertainty in natural resource management,3 so far
a formal analysis of how natural resource policy should respond to long-run risks has not been
explored. Therefore, this paper contributes to the literature by formally analyzing concerns for
1 For

instance, accounting for concerns for long-run risks has provided a reconciliation of the so-called equity
premium puzzle with financial theory. [See for instance Epstein et al. (2014); Bansal (2007); Bansal and Yaron
(2004); Sargent (2007); Brown and Kim (2014); Bansal et al. (2010); Bansal and Ochoa (2011); Strzalecki (2013)
and CóRdoba and J. Ripoll (2016).] In the economics of longevity literature, CóRdoba and J. Ripoll (2016) analyze
how attitudes towards the temporal resolution of uncertainty affect the value of statistical life (VSL) by calibrating a
version of a discrete-time recursive utility framework.
2 To illustrate the concept of nonindifference to the temporal resolution of uncertainty, let us consider the following
three options: In the first option, a coin is flipped in each future date. If heads you get a high consumption payoff and
if tails a low one. In the second option, a coin is flipped once. If heads you get a high consumption payoff in all future
dates and if tails you get a low one in all future dates. In a third option all the coins are tossed at once in the first period,
but the timing of the payoffs being the same as in the other two options. A decision maker may not be indifferent about
the three options. A decision maker may prefer a late resolution of uncertainty or an earlier resolution of uncertainty
as a result of his/her attitudes toward correlation of payoffs across periods, long-run uncertainty (Duffie and Epstein,
1992).
3 See for instance Pindyck (1980); Epaulard and Pommeret (2003); Dasgupta and Heal (1974); Howitt et al. (2005);
Knapp and Olson (1996); Young and Ryan (1996); Lewis (1977); Sundaresan (1984); Ackerman et al. (2013); Bansal
and Ochoa (2011); Peltola and Knapp (2001); Kakeu and Bouaddi (2017); Pindyck (2007); Bansal et al. (2008)
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long-run risks from a natural resource policy framework.
It is worth investigating alternatives resource policy analysis under frameworks that are broader
than the time-additive traditional expected utility (Heal and Millner, 2014; Pindyck, 2007; Dasgupta, 2008). While insightful, the time-additive expected utility is overly restrictive in expressing
sensitivity to future uncertainty (Skiadas, 2007; Pindyck, 2010; Dasgupta, 2008). The recursive
utility framework provides greater flexibility for understanding plausible channels by which longterm uncertainty matters in current decision making (Kreps and Porteus, 1978; Skiadas, 2007;
Hansen, 2010, 2012; Sargent, 2007; Duffie and Epstein, 1992). Recursive utility allows for nonindifference toward the temporal resolution of uncertainty (Epstein et al., 2014; Kreps and Porteus,
1978), an aspect of risk preferences that plays an important role in understanding attitudes toward
long-run risks.
Our work is related to three strands in the economic literature. First, our model fits in with the
literature that adress environmental and natural resource management problems under uncertainty
using recursive utility approach (Ackerman et al., 2013; Kakeu and Bouaddi, 2017; Young and
Ryan, 1996; Pindyck, 2010; Hambel et al., 2015; Pindyck, 2007; Bansal et al., 2010, 2008; Cai
et al., 2017). For instance, empirical studies by Howitt et al. (2005); Kakeu and Bouaddi (2017)
suggest that natural resource management under uncertainty is consistent with recursive utility.
Numerical simulations done by Ackerman et al. (2013) using a discrete-time recursive utility into
the DICE model show that optimal climate policy calls for rapid abatement of carbon emissions.
Hambel et al. (2015) uses a model a climate model with recursive utility to show that postponing
abatement action could reduce the probability that the climate can be stabilized. Using an empirical model with recursive utility, Bansal et al. (2008) find that preference for early resolution of
uncertainty matter for investigating policies designed to mitigate climate change. While Lontzek
and Narita (2011) uses numerical techniques to show that risk aversion plays a central role in environmental decisions made under uncertainty, they use the time-additive expected utility and do
not adress how concerns for long-run risks affects policy making. The paper by Cai et al. (2017)
provides powerful stochastic simulation approaches to compute stylized climate-economy model
with recursive preferences.4 Second, our framework adds to the stochastic growth-theoretic literature [see Olson and Roy (2006); Nyarko and Olson (1994); Rankin (1998); Femminis (2001) for an
extensive review) with a Duffie and Epstein (1992) recursive utility and treating natural resource
as an economic asset.5 Third our paper can be related to the growing financial literature that use
recursive utility in analyzing aversion to how long-run risk factors play out in asset pricing and
business cycle models (Epstein et al., 2014; Bansal, 2007; Bansal and Yaron, 2004; Sargent, 2007;
Brown and Kim, 2014; Bansal et al., 2010; Bansal and Ochoa, 2011; Strzalecki, 2013).
In this paper, we compare the implications of assuming a recursive utility versus time-additive
expected utility in analyzing the optimal response of natural resource policy to short-run and long4 Alternative

numerical modeling approaches dealing with climate risk include Daniel et al. (2016) and Traeger
(2014).
5 Natural resources are increasing analyzed as natural assets that provide a flow of beneficial goods and services
over time (Arrow et al., 2012; Fenichel and Abbott, 2014; Arrow et al., 2004; Daily et al., 2000; Dasgupta, 1990).
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run risks.6 We show that the optimal response of natural resource policy under uncertainty can be
associated with a matrix of weights on short-run and long-run risks. The weighting matrix reflects
prudence toward short-run and long-run risks. Resource policy under time-additive utility is insensitive toward long-run risks whereas a resource policy under recursive preferences incorporates
long-run risks. A stronger preference for earlier resolution of uncertainty prompts a more stringent
conservative resource policy as a response to long-run risks. In the very particular case where preferences are represented by a standard expected utility, long-run risks are not factored in resource
conservation policy decisions.
The paper is organized as follows: In section 2, we lay out the basic theoretical framework and
show that the optimal response of the resource policy to uncertainty depends upon a matrix that
awards weights to short-run and long-run risks . In section 3, the weighting matrices corresponding
to the Schroder and Skiadas (1999) recursive utility and the time-additive utility are presented. In
section 4, we show that the optimal response of natural resource policy to short-run and longrun risks are associated with the sign of a weighting matrix. In section 5, we derive general
conditions for comparing the responses of two resource policies to short-run and long-run risks
. As example, we compare policies corresponding to the Schroder and Skiadas (1999) recursive
utility and the time-additive utility. In the final section, we offer concluding comments. Some
proofs are consigned to the Appendix.
2

Stochastic natural resource economy

2.1

Stochastic resource dynamics

Consider an economy built on natural resources, whose stock at time t is S(t). The initial stock of
natural resources is S(0) = S0 > 0. For clarity of exposition, we assume that disposing of natural
resources is costless. The natural resource stock at any time t follows the following dynamic:
dS(t) = [N(S(t))

x(t)]dt + sS (t)dB(t),

(1)

where N(S(t)) is the stock-growth function of the natural resource at time t,7 x(t) is the depletion rate or the harvesting rate of natural resource at time t, and sS (t)dB(t) represents exogenous
stochastic shocks.8 The term sS (t) represents the conditional variance of these
p exogenous shocks at
time t. The term dB(t) is the increment of a wiener process, i.e dB = e(t) dt, with e(t) ⇠ N(0, 1).
These stochastic shocks can arise from uncertainties surrounding the evolution of the natural
natural geological or biological process, and might be positive, then contributing to increase the
stock of natural resource, or might be negative, then aggravating the natural resource loss.
6 To

keep matters as simple as possible, we have not admit a role for technology. However allowing a role for
technology will not change the main insights brought out by this paper.
7 The function N(.) is assumed to be differentiable, linear or concave.
8 The volatility does not depend of the size natural resource stock and is assumed to be additive. See Pindyck (1980)
for a similar assumption. This specification of the dynamics of uncertainty does not prevent other forms of uncertainty
dynamics to be analyzed. The point here is to allow unexpected shocks on the evolution of the natural resource over
time.
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If the stock-growth function N(S) = 0, this corresponds to a depletable natural resource (See
for instance Hotelling (1931)) while the case where N(S) = AS, with A > 0 corresponds to an exponential growth renewable capital (See Dawid and Kopel (1999); Merks et al. (2003); Gauteplass
and Skonhoft (2014); Levhari and Mirman (1980) for a similar assumption). The function N(S)
can also be assumed to be a logistic growth function as in the economics of fisheries and marine
ecosystems (Clark, 1976; Smith, 2014; Zhang and Smith, 2011; Stavins, 2011).
2.2

The Duffie and Epstein (1992) continuous-time recursive utility framework

Let us first present the continuous-time Duffie and Epstein (1992) recursive utility framework,
namely stochastic differential utility, used to define dynamic preferences. With recursive preferences, the instantaneous utility, f (x,V ), depends not only on the current extraction but also on
expectations about future extraction through the single variable index V (t). The future utility index V (t) is also called prospective utility by Koopmans (1960). The future utility index V (t) is
attributable to the distribution of the future extraction stream{x(t) : t > t} given the current information available at time t. In other words, V (t) depends upon expectations about future extraction
prospects. The flexible forward looking structure of the recursive utility allows a wide range of
attitude toward the entire future. Indeed, recursive utility pushes beyond time-additive utility by
allowing a rich structure to implement asymmetric attitudes over time and states through an endogenous marginal rate of substitution of current for future utility. With recursive utility, there is a
flexible tradeoff between current-period utility and the utility to be derived from all future periods.
The current utility f (x,V ) is assumed to be continuous, increasing and concave in the extraction,
and to satisfy some growth and Liptschitz condition.9 Preferences over future extraction process
profiles {x(t) : t > t} are defined recursively by future utility as follows:
Z •
V (t) = Et
f (x(t),V (t))dt ,
(2)
t

where Et denotes the conditional expectation given the information available at date t.10 V must
also satisfy a transversality condition of the form
lim e

t!•

nt

E (|V (t)|) = 0.

(3)

The functional specification and the properties of the aggregator f (x(t),V (t)) can be thought of as
reflecting some dimensions of arbitrariness that involve but are not limited to ethical questions,
principles of equity between current and future generations, political systems, ideologies, and
institutions. The point to keep in mind is that different possible specifications of the aggregator can
9 Allowing the aggregator f to satisfy certain continuity-Lipschitz-growth types conditions ensure the existence of
the recursive utility (Duffie and Epstein, 1992, p.366).
10 An alternative way to express the integral equation (2) is to use the following differential notation dV (t) =
f (x(t),V (t))dt + sV (t)dB(t), with initial value V0 , and where sV (t) is the volatility of the short-run and long-run
well-being given the information available at time t.
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be used to compare competing offer value judgments; that is a pluralist approach to intertemporal
issues (Dasgupta, 2005, 12).
The time-additive expected utility can be derived as a very special case of the recursive utility
framework. Note that if the aggregator is linear upon the future utility, f (x,V ) = u(c) bV, where
b represents the pure rate of time preference, the solution to the recursive integral equation (2) is
given by
Z
V (t) = Et

•

t

e

b(s t)

u(c(t))dt,

which is the standard time-additive expected utility over the time interval (t, •).
2.3

Stochastic resource management under a Duffie and Epstein (1992) recursive utility

The problem of the social evaluator is to choose an extraction profile {x(t) : t 0}, so as to
maximize the future utility subject to the stochastic natural resource dynamics constraint.
Let us denote by V (S(t)) the maximized future utility at t achievable from a stock S(t) of
natural resource.
hZ •
i
V (S0 ) = max E
( f (x(t),V (t))dt ,
(4)
{x(t):t 0}

0

subject to:

dS(t) =

h

i
x(t) dt + sS (t)dB(t),

N(S(t))

x(t)

0,

S(t)

0, S(0) = S0 > 0,

(5)

where over a period (t,t + dt), the evolution of the natural resource size, as shown in equation
(5), is the resultant of a deterministic component [N(S(t)) x(t)] and a stochastic component
sS (t)dB(t) capturing random exogenous shocks on natural resource over time. The corresponding
Hamilton-Jacobi-Bellman equation of the resource management problem described above is then
given by:11
i
h
1
0 = sup f (x(t),V ((t)) + Et dV (S(t)) ,
(6)
dt
x
where

h
1
Et dV (S(t)) = VS (S(t)) N(S(t))
dt

i 1
x(t) + VSS (S(t))sS (t)2 ,
2

(7)

with VS denoting the derivative of V with respect to S and VSS denoting the second derivative
11 The

Bellman’s characterization of optimality with a continuous-time recursive utility is shown by Duffie and
Epstein (1992, proposition 9). Some general theorems on the existence and the unicity of the solution to the HamiltonJacobi-Bellman equation require that the aggregator or both the drift coefficient and the diffusion coefficient of the
state variable satisfy certain continuity-Lipschitz-growth types conditions. See for instance Duffie and Lions (1992);
Schroder and Skiadas (1999).
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with respect to S.12
The Bellman equation (6) tells us that the sum of the current utility, f (x(t),V (S(t)), and the
expected change in the future utility dt1 Et dV (S(t)) is zero. This represents a no-arbitrage condition
between the current utility and the expected change in the future utility, which captures the future
welfare consequences in extracting the natural resource today. In other words, the future utility
itself can be viewed as a stock variable that provides a flow of utility returns over time when the
natural resource stock is being managed optimally across generations by the social evaluator.
From the Bellman equation (6), the first order condition with respect to the extraction rate is:13
fx (x(t),V (t)) = VS (t).

(9)

Equation (9) tells us that, in general, the shadow price of the natural resource VS (t) depends on
both the current extraction rate and the future utility V (t). Differentiating the maximized HamiltonJacobi-Bellman equation and using the first order equation along with envelope theorem, it can be
shown [see Appendix] that the expected rate of change of the resource extraction is given by
1 1
Et dx(t)
x(t) dt
|
{z
}

µ f (t)
| {z }

=

Expected pace o f depletion o f natural capital

R f (t)

+

Certainty equivalent pace at timet

| {z }

,

Risk driven pace premium at timet

(10)

where the second term on the right-hand side of Equation (10) decomposes into a short-run risk
component, a long-run risk component, and a covariance risk component as follows:
2
16
R f (t) = 6
6
24

x(t)2 (t) fxxx (t)
x(t) fxx (t)
|
{z
}

weight on short run risk

The weight
V 2 (t) fxVV
is
x fxx
xV fxxV
weight x fxx

x2 fxxx
x() fxx

V 2 (t) fxVV (t)
+
| {z }
x(t) fxx (t)
|
{z
}
Short run risk
s2x (t)

weight on long run risk

7
2x(t)V (t) fxxV (t)
7
sxV (t) 7 .
| {z } 5
| {z }
x(t) fxx (t)
{z
} Covariance risk
Long run risk |
sV2 (t)

weight on covariance risk

(11)
is a measure of prudence associated with the short-run risk, sS . The weight

a measure of prudence associated with long-run risk over future utility, sV . The

is a measure of cross-prudence associated with the covariance risk, sSV , which captures stochastic links between short-run and long-run uncertainty. Therefore, with a recursive
utility, it appears that the specification of the aggregator, f (x,V ), will have implications on how
short-run and long-run risks are incorporated into natural resource conservation policy decisions
12 For

ease of notation, throughout we shortly use V (t) to refer to V (S(t)), and f (t) to refer to f (x(t),V (t)), unless
otherwise stated.
13 In addition, V must satisfy another a transversality, condition of the form
lim VS (t)S(t) = 0.

t!•

6

3

(8)

under uncertainty.
The risk-driven component R f , can be rewritten in a compact form as the trace function of the
product of the weighting symmetric W f and the risk symmetric matrix S as follows:14
⇣

1
2

⌘

R (t) = trace W (t)S(t) .
The symmetric matrix
0

(12)

1
x(t)V (t) fxxV (t)
C
x(t) fxx (t)
C
|
{z
} C
Weight on covariance risk C
C
C
C
V 2 (t) fxVV (t) C
C
C
x(t) fxx (t)
A
|
{z
}

x(t)2 (t) fxxx (t)
B
x(t) fxx (t)
B
{z
}
B |
B Weight on short run risk
B
W f (t) = B
B
B
x(t)V (t) fxxV (t)
B
B
x(t) fxx (t)
@
|
{z
}

Weight on covariance risk

(13)

Weight on long run risk

is a weighting matrix whose coefficients characterize the weights used by the social evaluator to
factor short-run risk, long-run risks, and covariance risks in natural resource conservations decisions under uncertainty.
The positive symmetric semi-definite matrix
0

B
B
B
S(t) = B
B
@

s2x (t)
| {z }

Short run risk

Covariance risk

sxV (t)
| {z }

Covariance risk

sV2 (t)
| {z }

Long run risk

sxV (t)
| {z }

1
C
C
C
C
C
A

is composed of risks elements involved in natural resource conservations decisions.
Using the derivative of the trace function of the product of two matrices and noting that the
short-run and long-run risk matrix sS (t) is symmetric, it is easy to show that:15
h
i
1 1
∂ x(t) dt Et dx(t) µ f (t)
1
=
W f (t) .
(15)
∂S(t)
2
| {z }
|
{z
}
Weighting matrix
Sensitivity o f optimal policyto all risks

14 The

function trace(A) of a square matrix A is defined to be the sum of its diagonal elements.
the derivative of the trace function for the product of two matrices is given by:
⇣
⌘
∂trace W f (t)S(t)
= transpose(W f (t)) = W f (t).
∂S(t)

15 Indeed,

(14)

The transpose of a matrix is a new matrix whose rows are the columns of the original (which makes its columns the
rows of the original).
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Indeed, equation (15) suggests that the sensitivity of the optimal choice to short-run and long-run
risks at time t is characterized by the structure of the weighting matrix at time t.
The weighting matrix W f is a generalization of the concept of relative prudence, first discussed
by Kimball (1990) in the presence of a unidimensional risk, to a multidimensional setting involving a short-run risk, a long-run risk and a covariance risk.16 The symmetric matrix W f can be
viewed as a local matrix-measure of multivariate prudence toward short-run risk, long-run risk,
2
and covariance risk. The diagonal coefficient xx ffxxxxx measures the social evaluator’s precautionary
attitude per unit of short-run risk taken in isolation. This element is reminiscent of the concept
of relative prudence index first developed by Kimball (1990) in the presence of a unidimensional
2
risk. The other diagonal coefficient Vx(t)fxVV
fxx measures the social evaluator’s precautionary attitude

per unit of long-run risk taken in isolation. The off-diagonal element xVx ffxxxxV is a measure of
cross-prudence, i.e., the social evaluator’s precautionary attitude toward covariance risk taken in
isolation.
When there is no uncertainty, the risk term R f (t) in equation (10) reduces to zero, and therefore
the first term



✓
◆
x fxx (t) 1
V (t) fxV (t)
1 1
0
µ f (t) =
fV (x(t),V (t)) N (S(t)) +
Et dV (t) (16)
fx (t)
fx (t)
V (t) dt
can be thought of as the certainty-equivalent component of the expected pace of depletion.
3

Weighting of short-run and long-run risks in natural resource policy: Schroder and Skiadas (1999) recursive utility versus time-additive utility

3.1

Weighting matrix with a Schroder and Skiadas (1999) recursive utility

Let us consider the following Schroder and Skiadas (1999) parametric homothetic recursive utility:
h xg a
f (x,V ) = (1 + a) V 1+a
g

i

bV ,

(17)

with parameters satisfying a, b, g such that b 0, a > 1, 0 < g < min(1, 1/(1 + a)). The parameter b represents the pure rate of time preference and is assumed to be positive. The ratio 1 1 g is the
elasticity of intertemporal substitution, and a captures the dependency of current utility to future
utility J(t).17 A negative a penalizes uncertainty about future utility, whereas a positive a rewards
uncertainty about future utility. The parameter a can be viewed as a measure risk attitude toward
uncertainty shocks to changes in future utility (long-run uncertainty).
16 This notion of prudence was first defined by Kimball (1990) as the sensitivity of the optimal choice to risk. The
coefficient of absolute prudence of Kimball (1990) is defined as the ratio between the third derivative and the second
derivative of the current utility function, while the coefficient of relative prudence is defined as absolute prudence,
multiplied by the extraction rate.
h
i
17 When

g = 0, this aggregator becomes f (x,V ) = (1 + aV ) log(x)

8

b
a log(1 + aV )

.

Preference toward the temporal resolution of uncertainty is related to the idea that in situations
where uncertainty does not resolve in one shot, agents may distinguish between future prospects
based on their attitudes toward the temporal resolution of uncertainty (Kreps and Porteus, 1978;
Skiadas, 1998; Schroder and Skiadas, 1999).18 Preferences for early or late resolution of uncertainty can be related to the curvature of the aggregator (Kreps and Porteus, 1978). With the
Schroder and Skiadas (1999) parametric recursive utility, the sign of the parameter a expresses
the curvature of the aggregator with respect to the second argument, and therefore it captures attitudes toward the temporal resolution of uncertainty.19 A value of a different from zero expresses
nonindifference toward the temporal resolution of uncertainty. A negative-sign of the parameter a
expresses a preference for early resolution of uncertainty whereas a positive sign of the parameter
a expresses a preference for late resolution of uncertainty. There is a link between preference for
earlier resolution of uncertainty and aversion to long-run risks.20 A value of a = 0 characterizes
indifference to long-run risks. In the very particular case where a = 0, which corresponds to the
indifference toward the timing of resolution, the aggregator of the standard time-additive expected
g
utility is obtained as f (x,V ) = xg bV.
With the Schroder and Skiadas (1999) parametric recursive utility, the associated weighting
matrix is computed as follows:
0

B
B
B
B
W f (t) = B
B
B
B
@

2 g
|{z}

weight on short run risk

a
1+a
| {z }

weight on covariance risk

a
1+a
| {z }

weight on covariance risk

a
(1 + a)2 (1
|
{z

g)
}

weight on long run risk

1

C
C
C
C
C.
C
C
C
A

(18)

Expressed another way, the composition of short-run and long-run risks in shaping resource
18 To

illustrate the concept of temporal resolution of uncertainty, let us consider the following three options: In the
first option, a coin is flipped in each future date. If heads you get a high consumption payoff and if tails a low one. In
the second option, a coin is flipped once. If heads you get a high consumption payoff in all future dates and if tails
you get a low one in all future dates . In a third option all the coins are tossed at once in the first period, but the timing
of the payoffs being the same as in the other two options. A decision maker may not be indifferent about the three
options. A decision maker may prefer a late resolution of uncertainty or an earlier resolution of uncertainty as a result
of his/her attitudes toward correlation of payoffs across periods, long-run uncertainty (Duffie and Epstein, 1992).
19 There is a connection between preferences for the timing of resolution of uncertainty and preferences for information (Skiadas, 1998).
20 The concept of aversion to long-run risk is similar to the concept of correlation aversion of payoffs across time
periods (Strzalecki, 2013; Duffie and Epstein, 1992). The idea of correlation aversion was first discussed by Richard
(1975). Along the same lines, see Crainich et al. (2013).
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conservation is given by:
2
6

1
R f (t) = 6
6
24

2 g
|{z}

s2x (t) +

weight on short run risk

a
(1 + a)2 (1
|
{z

g)
}

sV2 (t)

weight on long run risk

a
1+a
| {z }

weight on covariance risk

3

7
7
sxV (t)7 .
5

(19)
As shown in (18), the weighting matrix depends on the preference parameters. The parameter a
plays an important role for understanding the optimal response of resource policy to long-run risks.
A negative sign of the parameter a expresses preference for the early resolution of uncertainty
and plays an important role for understanding the social evaluator’s conservation attitudes in the
face of long-run risk and covariance risk. A more negative a; that is decreasing a toward 1,
implies that a larger weight in absolute value is given to the long-run risk and the covariance risk.
This suggests that the stronger the social evaluator’s preference for early resolution of uncertainty,
the larger the weights attached to long-run and covariance risks. Increasing a to infinity (+•)
implies that a smaller weight in absolute value is given to the long-run risk. Decreasing g toward 1
implies a smaller magnitude of the weight being put on the short-run risk while t it implies a larger
magnitude of the weight being put on the long-run risk. With the Schroder and Skiadas (1999)
parametric recursive utility, the pace of extraction (50) becomes


✓
◆
h xg
i
1
a
1 1
1
0
µ f (t) = [1 g]
(1 + a) V 1+a b
N (S(t)) +
Et dV
.
(20)
g
1+a
V dt
This component does not depend on long-run nor short-run risks.
3.2

Weighting matrix with a time-additive utility

Let us consider the following linear aggregator, which is related to the time-additive utility:
x̃g
g(x̃, Ve ) =
g

bVe , with g < 1.

(21)

It is worth mentioning that this aggregator of the time-additive utility can be obtained as a very
special case of the Schroder and Skiadas (1999) parametric when a = 0.
With a time-additive utility, the time t corresponding weighting matrix is:
0
1
2 g̃
0
|{z}
|{z}
B
C
B Weight on short run risk weight on covariance risk C
C
Wg (t) = B
(22)
B
C.
B
C
@
A
0
0
|{z}
|{z}
Weight on covariance risk

10

Weight on long run risk

In other words,

Rg (t) =

1
2

s2x (t)
| {z }

2 g̃
|{z}

.

(23)

Weight on short run risk Short run risk

The weighting matrix corresponding to the linear aggregator g(x̃, Ve ) is such that the weights

Ve 2 gx̃VeVe
x̃gx̃x̃

Ve 2 g

x̃VeVe
and
x̃gx̃x̃ related to long-run risk and covariance risk reduce to zero. This shows
that the social evaluator endowed with a time-additive utility does not care about long-run risks
in natural resource policy decisions. Put another way, the social evaluator endowed with a timeadditive utility completely discriminates against long-run risks and covariance risks.21 The social
evaluator cares only about the short-run risk and its intertemporal choices are not affected by
the long-run and covariance risks. As shown in (30), the weight which characterizes the social
xe2 gx̃exxe
evaluator’s sensitity to short-run risk faced by current generations is x̃(t)g
= 2 g̃ > 0. This
x̃x̃
coefficient is reminiscent of the concept of prudence that was defined by Kimball (1990) as the
sensitivity of the optimal choice to risk in a unidimensional risk setting.
With a time-additive utility, the pace of extraction (50) at time t becomes

µg (t) = [1

g]

1⇥

b

⇤
N 0 (S(t)) .

(24)

This component does not depend on short-run nor long-run risks.
4

The sign of the weighting matrix and the response of resource policy to short-run and
long-run risks

Let us define the extraction pace premium as the difference in extraction pace between the stochastic natural resource economy and its equivalent deterministic counterpart. It is computed as follows:
0
1
1 1
Et dx(t)
x(t) dt
|
{z

1
B
C
µ f (t) = trace @W f (t) .
S(t)
A.
|{z}
2
| {z }
}
Weights Matrice o f risks

(25)

Pace premium at timet

The pace premium provides insights about links between the sign of the weighting matrix and local
conservation attitudes at time t. Note that in a world without risk (S = 0) or for a risk-neutral social
evaluator (W f = 0), the pace premium reduces to zero.
Definition 1 At time t, a social evaluator endowed with a recursive utility aggregator f (x,V ) is
said to be more conservative in the face of short-run and long-run risks than under certainty if and
only if
1 1
at timet,
Et dx(t) µ f (t) 0 f or any S(t).
(26)
x(t) dt
21 With

a time-additive expected utility, there is a sense that long-run risks are irrelevant to the social evaluator. An
intuitive connection can be made with the concept of risk independence defined on multiattributed utility functions by
Fishburn (1965); Keeney (1973); Pollak (1973). Broadly this research agenda shows that risk independence implies
that the utility function is additive.
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The following proposition relates a social evaluator’s conservations attitudes to the characteristics of the weighting matrix.
Proposition 4.1 Let f (x(t),V (t)) and W f (t) be the aggregator of a recursive utility and its corresponding weighting matrix at time t. The following conditions are equivalent:
1. The pace premium

1 1
x(t) dt Et dx(t)

µ f (t)

() 0 for any risk matrix S(t).

2. The weighting matrix W f (t) is respectively positive semi-definite (negative semi-definite).
Proof. See Appendix B.
This proposition relates conservation attitudes of a social evaluator to the sign of the weighting
matrix, which is a multivariate matrix-measure of prudence toward short-run and long-run risks. It
tells us that when the weighting matrix is positive semi-definite, there is a negative precautionary
pace premium required in order to respond to short-run and long-run risks. In such a case, the
response of resource policy is more conservative in the face of short-run and long-run risks than
in the absence of short-run and long-run risks. Put another way, the social evaluator is willing
to accept a decrease in the natural resource size in order to conserve the same amount as in the
absence of short-run and long-run risks. The reverse interpretation holds true if the weighting
matrix is negative semi-definite.
In what follows we use some parametric aggregators to illustrate how a social evaluator’s conservative attitudes relate to the elements of the weighting matrix, which captures the sensitivity of
the social evaluator’s optimal decisions to short-run and long-run risks (short-run risk, long-run
risk, covariance risk).
4.1

Response of resource policy to short-run and long-run risks with a Schroder and Skiadas (1999)’s parametric recursive utility

With the Schroder and Skiadas (1999) parametric recursive utility, the determinant of the weighting
matrix
0
1
a
2 g
1+a
C
W f (t) = B
(27)
@
A.
a
1+a

is given by

det(W f (t)) =

a
(1+a)2 (1 g)

a(2 g)
(1 + a)2 (g 1)

a2
(1 + a)2

(28)

The time-t matrix W f (t) is positive semi-definite if and only if it has nonnegative principal
minors, which leads to
)
2 g 0.
(29)
a  0.
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The restrictions on the parameters of the aggregator shown in equation (17) ensure that the condition 2 g is satisfied. Therefore, the conditions (29) are equivalent to saying that a is negative.
So for a social evaluator, endowed with aggregator shown in equation (17), to be more conservative
in the face of short-run and long-run risks than under certainty, the parameter a needs to be negative. It is worth mentioning that an alternative interpretation of a negative sign of the parameter a
is that it expresses preference for early resolution of uncertainty, a concept discussed by Kreps and
Porteus (1978); Skiadas (1998). This suggests that a social evaluator endowed with the aggregator
shown in equation (17) and who exhibits a stronger preference for early resolution of uncertainty
(a more negative a > 1) will be more conservative in the face of short-run and long-run risks than
under certainty. With a stronger preference for early resolution of uncertainty, the social evaluator
is willing to pay a higher pace premium to resolve long-run risk and covariance risk, and therefore
adopts a more stringent natural resource conservation policy.
4.2

Response of resource policy to short-run and long-run risks with a parametric timeadditive expected utility

With a time-additive utility, the weighting matrix
0

g̃ 0

2

Wg (t) = @

0

0

1

A.

(30)

is positive semi-definite, as the determinant is zero and the matrix Wg (t) has nonnegative principal
minors. this implies that the pace premium is negative, meaning that the social evalutor is more
conservative in the face of short-run and long-run risks than under the absence of short-run and
long-run risks. Futhermore, as the structure of the weighting matrix W f (t) shows, the social
evaluator’s conservation decisions are not affected by the long-run risk or the covariance risk, each
being taken in isolation. This corresponds to a case where the social evaluator who is indifferent
to the timing of the resolution of uncertainty of the future extraction path.
5

Comparison of two resource policy responses to short-run and long-run risks

In this section we will formally analyze and compare the responses of two social evaluators to
short-run and long-run risks. Let us start with the following definition that relates the difference
in two social evaluators conservations attitudes to the characteristics of the difference of their
weighting matrices.
Definition 2 A social evaluator endowed with a recursive utility aggregator f (x,V ) is said to be
more conservative than a social evaluator with a recursive utility aggregator g(x̃, Ṽ ) when facing
the same short-run and long-run risks if and only if


1 1
1 1
at timet
Et dx(t) µ f (t)
Et d x̃(t) µg (t)
0
(31)
x(t) dt
x̃(t) dt
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The following result compares the pace premia of two social evaluators endowed with different
aggregators.
Proposition 5.1 Let f (x,V ) and g(x̃, Ṽ ) be the welfare metrics of two social evaluators when
facing the short-run risk and long-run risk represented by the matrix S.22 Let us denote by W f (t)
and Wg (t) the time-t associated weighting matrices with f (x,V ) and g(x̃, Ṽ ). Let us denote by
µ f (t) and µg (t) the certainty-equivalent paces corresponding associated with f (x,V ) and g(x̃, Ṽ ).
The following conditions are equivalent:
i h
i
h
1 1
1 1
1. x(t) dt Et dx(t) µ f (t)
0 for any risk matrix S(t).
x̃(t) dt Et d x̃(t) µg (t)
2. The matrices W f (t), Wg (t), and W f (t)

Wg (t) are positive semi-definite.

Proof. See Appendix C
This proposition tells us that the resource risk policy under f is more conservative than the
resource risk policy under g if the sign of their weighting matrices as well as the differential of the
two weighting matrices are positive semi-definite.
5.1

Comparison of two resource policy responses to short-run and long-run risks: Schroder
and Skiadas (1999)’s recursive utility versus time-additive utility

Let us consider two social evaluators endowed respectively with the following aggregators

f (x,V ) = (1 + a)

h xg
g

a

V 1+a

i
bV , with b

and
g(x̃, Ṽ ) =

h xeg
eg

0, 1 < a < 0, 0 < g < min (1,
i

b̃Ṽ , with b̃

0, 0 < g < 1

1
).
1+a

(32)

(33)

The time-t weighting matrices associated to the Schroder and Skiadas (1999) parametric ho22 More

formally, it is assumed that at time t the positive semi-definite matrices S(t) and S̃(t) are equal. In other
words, at time t the following equality is satisfied:
0 2
1 0 2
1
sS̃ (t) sS̃Ṽ (t)
sS (t) sSV (t)
@
A=@
A.
sSV (t) sV2 (t)
sS̃Ṽ (t) sṼ2 (t)
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mothetic recursive utility and the time-additive utility are respectively given by:
0

B
B
B
B
W f (t) = B
B
B
B
@
0

B
B
Wg (t) = B
B
B
@

2 g
|{z}

weight on short run risk

a
1+a
| {z }

weight on covariance risk

a
1+a
| {z }

weight on covariance risk

a
2
(1 + a) (1
|
{z

g)
}

weight on long run risk

2 g
|{z}

weight on short run risk

weight on covariance risk

0
|{z}

weight on covariance risk

0
|{z}

weight on long run risk

0
|{z}

1

C
C
C
C
C,
C
C
C
A
1

(34)

(35)
(36)

C
C
C
C.
C
A

The time-t weighting matrix Wg (t) is positive semi-definite. It is already shown in (29) that the
time-t matrix W f (t) is positive semi-definite if and only if 2 g 0 and a  0, which are satisfied.
The difference of the two weighting matrices W f (t) Wg (t) is positive semi definite if and
only if it has nonnegative principal minors, or more formally,
8
<
which implies

:

a
(1 + a)2 (1

2

g)

[(g̃

g)

a(g

1)]

0

8
< 1  1 ,
1 g 1 g̃
:
a = 0.

or

or

g

2

8
<
8
>
>
>
<

1

=

1

1 g 1 g̃
:
1 < a < 0.
1

g̃,

(37a)
(37b)

(38a)
(38b)
(39a)

,

(39b)
<

1

1 g 1 g̃
✓
◆
(eg g)
>
>
>
, 1 < a < 0.
:max
1 g

,

(40a)
(40b)

Both attitudes toward the resolution of uncertainty and attitudes toward consumption smoothing are important factors to take into account in comparing the response to two resource policies
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to short-run and long-run risks. When conditions (37a)-(37b) are satisfied, the social evaluator
endowed with the aggregator f is more conservative than the social evaluator endowed with the
aggregator g, in the face of short-run and long-run risks. Condition (37a) compares the elasticities of intertemporal subsitution while the second condition (37b) imposes a lower bound and a
negative sign to the coefficient a, which expresses preference for early resolution of uncertainty.
Conditions (38a)-(38b) correspond to the limiting case where a = 0; that is, where the two
social evaluators are indifferent toward long-run risks. In this case, only the elasticities of intertemporal substitution should be used in comparing the response to the two resource policies
to short-run risks. In a standard time-additive expected utility economy, long-run risks are not
considered a pressing issue as they are awarded a zero weight.
Conditions (39a)-(39b) correspond to the case where the elasticities of intertemporal substitution are equal. In such a case only the parameter a 2 [ 1 , 0], which expresses preference for early
resolution of uncertainty, should be used to compare the responses of the two resource policies to
long-run risks. In such as case, the more negative is the parameter a, holding other parameters
unchanged, the greater is the weight awarded to long-run risks, and the more conservative is the
social evaluator endowed with the aggregator f relative to the social evaluator endowed with the
aggregator g.
Conditions (40a)-(40b) correspond to the case where the elasticities of intertemporal substitution are different and the value of a is negative. In such a case the more conservative social
evaluator is the one that has the lowest elasticity of intertemporal substitution and who cares about
long-run risk or prefers an earlier resolution of uncertainty.
6

Concluding remarks

In this paper, we have examined the responses of the optimal resource policy to long-run risk,
covariance risk, and short-run risk, under time-additive preferences and recursive preferences. A
weighting matrix used for balancing short-run and long-run risks is derived. The weights used
for balancing short-run and long-run risks in optimal conservation policy are heavily dependent
on the intertemporal structure of short-run and long-run preferences. The weighting matrix can
also be thought of as a measure of multivariate prudence. The sign of the weighting matrix, which
represents a matrix measure of prudence, is a major determinant of conservation policy under the
short-run and long-run multivariate risk profile faced by the social evaluator.
The sign of the difference between two weighting matrices plays a critical role in comparing
two alternative conservation policies under uncertainty. Examples are given to illustrate how the
weights given to short-run risk, long-run risk, and correlation risk relate to the parameters of the aggregator of the recursive utility. We have also found a formal link between the response of natural
resource policy conservations to long-run risks and the preference for early resolution of uncertainty, a concept developed by Kreps and Porteus (1978); Skiadas (1998). The social evaluator
with a preference for early resolution of uncertainty is more conservative in the face of uncertainty
than a social evaluator who is indifferent toward the timing of resolution of uncertainty. The social
evaluator with a preference for early resolution accounts for long-run risks and covariance risks by
16

adopting a more stringent natural resource conservation policy.23
Finally, let us mention that while most of the debate over natural resource policy is framed in
terms of discount rate, this paper suggests that differences in policy recommendations may also
result from differences in attitudes toward short-run and long-run risk. The point is that attitudes
toward long-run risks matter in formulating natural resource policy. Differences in attitudes toward long-run risks may to some degree be related to differences in social factors including culture
(Slimak and Dietz, 2006; Fischhoff, 1990; Viscusi, 1990; English, 2000). For instance, there is
suggestive evidence that the United States (US) and the European Union (EU) exhibit some differences when it comes to risk attitudes involved in the design of environmental and resource policies
(Wiener and Rogers, 2002; Vogel, 2012). This paper clearly illustrates that even small differences
in attitude toward long-run risk can lead to differences in policy recommendations.

23 There are empirical studies that suggest that concerns for long run risks, represented by preferences for early
resolution of uncertainty, call for a more stringent climate policy (Bansal and Ochoa, 2011; Bansal et al., 2008) .
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Appendix
A

The derivation of equation (10)

To derive equation (10), differentiate the maximized Hamilton-Jacobi-Bellman equation (6) with
respect to S to obtain
⌘
∂x
∂⇣1
fx + fV VS =
Et dV (S(t)) .
(41)
∂S
∂S dt
Assuming that the optimal extraction policy can represented by a smooth function x(t) = h(S(t))
of the natural resource stock, the right-hand side of equation (41) can be computed from (7) as
follows:
✓ h
◆
⌘
i 1
∂⇣1
∂
2
Et dV (S(t))
=
VS N(S(t) x(t) + VSS sS (t)
∂S dt
∂S
2
✓ h
◆
i 1
∂h
2
=
VSS N(S(t) x(t) + VSSS sS (t)
VS N 0 (S(t) + VS
2
∂S
|
{z
}
1
dt Et dVS (S(t))

=

1
Et dVS (S(t))
dt

VS N 0 (S(t) +

∂h
VS
∂S

(42)

Plugging (42) back into equation (41) leads to
fV VS =

1
Et dVS (S(t))
dt

∂h
VS N 0 (S(t)) + [VS fx ] ,
| {z } ∂S

(43)

0

where the last term vanishes as it contains the first order condition (9).
From the equation (43), it follows that :
1
Et dVS (S(t)) = [ fV
dt
or

1 1
Et dVS (t) =
VS (t) dt

N 0 (S(t))]VS (t)

fV (x(t),V (t))

N 0 (S(t)).

(44)

(45)

The term fV (x(t),V (t)) generalizes the notion of discount rate to the stochastic continuous-time
recursive utility. 24
24 The shadow price

of the marginal unit of natural resource stock VS (t) is the increase in well-being which would be
enjoyed if a unit more of natural resource stock were made available costlessly (Drèze and Stern, 1990; Arrow et al.,
2012; Dasgupta, 2010a,b). Equation (45) represents the shadow pricing equation of a natural resource under a general
class of stochastic continuous-time recursive utility. In the very particular case where the aggregator takes the form
f (x,V ) = U(x) bV so that fV (x,V ) = b, and there is no growth in natural resource, N(S) = 0, the basic Hotelling
(1931) rule of exhaustible resource extraction is obtained. That is V 1(t) dt1 Et dVS (t) = b.
S
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Using the first-order equation (9), we may replace VS by fx (x,V ), to obtain:
1
1
Et d fx (x(t),V (t)) =
fx (x(t),V (t)) dt

N 0 (S(t)).

fV

(46)

Using the Multivariate Itô Lemma, the left-hand side of equation (46) can be computed as:

⇣ x(t) f (t) ⌘  1 1
1
1
fxV (t) 1 1
xx
Et d fx (x(t),V (t)) =
Et dx(t) +V (t)
Et dV (t)
(47)
fx (x(t),V (t)) dt
fx (t)
x(t) dt
fx (t) V (t) dt
1 2 fxxx (t) 2
1
fxVV (t) 2
fxxV (t)
+
x (t)
sx (t) + V 2 (t)
sV (t) + x(t)V (t)
sx (t)sV (t).
2
fx (t)
2
fx (t)
fx (t)
Plugging (47) back into equation (46) leads to

⇣ x(t) f (t) ⌘  1 1
fxV (t) 1 1
xx
Et dx(t) +V (t)
Et dV (t)
fx (t)
x(t) dt
fx (t) V (t) dt
1 2 fxxx (t) 2
1
fxVV (t) 2
fxxV (t)
+
x (t)
sx (t) + V 2 (t)
sV (t) + x(t)V (t)
sx (t)sV (t)
2
fx (t)
2
fx (t)
fx (t)
= fV N 0 (S(t)).

(48)

It follows that
1 1
Et dx(t)
x(t) dt
|
{z
}

µ f (t)
| {z }

=

Expected pace o f depletion o f natural capital

R f (t)

+

Certainty equivalent pace at timet

| {z }

,

Risk driven pace premium at timet

(49)

where


µ f (t) =

x(t) fxx (t)
fx (t)

1

fV (x(t),V (t))



V (t) fxV (t)
N (S(t)) +
fx (t)
0

✓

◆
1 1
Et dV (t) (50)
,
V (t) dt

and
2
6

x(t)2 (t) fxxx (t)
24
x(t) fxx (t)
|
{z
}

1
R f (t) = 6
6

weight on short run risk

s2x (t)
| {z }

Short run risk

V 2 (t) fxVV (t)
x(t) fxx (t)
|
{z
}

weight on long run risk
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7
2x(t)V (t) fxxV (t)
7
sxV (t) 7 .
| {z } 5
x(t) fxx (t)
{z
} Covariance risk
run risk |

sV2 (t)
| {z }

Long

3

weight on covariance risk

(51)

B

Derivation of Proposition 4.1
1 1
 ( )0 for any positive semix(t) dt Et dx(t) µ(t)
⇣
⌘
µ(t) 0 = 12 trace W f (t)S(t) , it follows that

Proof. (1) ◆ (2) : Assume that at time t,
definite matrix sS (t). Since

1 1
x(t) dt Et dx(t)

⇣
⌘
1
trace W f (t)S f (t)  ( ) 0 f or any S(t).
2

(52)

For any given column vector Y(t) of size 2 ⇥ 1,25 assume that the positive semi-definite matrix
is of the form S(t) = Y(t)Y0 (t). Since W f (t)Y(t)Y0 (t) = Y0 (t)W f (t)Y(t), then it follows from
(52) that
1 0
Y (t)W f (t)Y(t)  ( ) 0 f or any Y(t),
(53)
2
where the row vector Y0 (t), of size 1⇥2, is the transpose of the vector Y(t). The inequalities shown
in (53) are satisfied for any Y(t) if and only if the time-t matrix W f (t) is positive semi-definite
(negative semi-definite).
(2) ◆ (1): The converse is immediate.
C

Derivation of Proposition 4.2
h
i h
i
1 1
1 1
Proof. (1) ◆ (2) : Assume that x(t) dt Et dx(t) µ f (t)
x̃(t) dt Et d x̃(t) µg (t)  0 for any positive semidefinite matrix
S(t).
h
i h
i
n⇥
o
⇤
1 1
1 1
1
Since x(t) dt Et dx(t) µ f (t)
W f (t) Wg (t) S(t) , it
x̃(t) dt Et d x̃(t) µg (t) = 2 trace
follows that at time t,
n⇥
1
trace W f (t)
2

⇤

o

Wg (t) S(t)  0 f or any S(t).

(54)

For any column vector Y(t) of size 2 ⇥ 1, choosing S(t) of the form Y(t)Y0 (t) and pursuing to
(54) leads to
⇤
1 0 ⇥
Y (t) W f (t) Wg (t) Y(t)  0 f or any Y(t),
(55)
2
where the row vector Y0 (t), of size 1 ⇥ 2, is the transpose of the vector Y(t).
The inequality (55) holds for any vector Y(t) if and only if the time-t symmetric matrix W f (t)
Wg (t) is positive semi-definite. From proposition 4.1, it is readily seen that W f (t) and Wg (t) are
positive semi-definite.
(2) ◆ (1) : The converse is immediate.
25 In

other words, Y(t) is a vector with 2 rows and 1 column.

20

References
ACKERMAN , F., E. A. S TANTON , AND R. B UENO (2013): “Epstein-Zin Utility in DICE: Is Risk
Aversion Irrelevant to Climate Policy?” Environmental and Resource Economics, 56, 73–84.
A RROW, K., P. DASGUPTA , L. G OULDER , G. DAILY, P. E HRLICH , G. H EAL , S. L EVIN ,
K. M ALER , S. S CHNEIDER , D. S TARRETT, AND B. WALKER (2004): “Are We Consuming
Too Much?” Journal of Economic Perspectives, 18, 147–172.
A RROW, K., P. DASGUPTA , L. G OULDER , K. M UMFORD , AND K. O LESON (2012): “Sustainability and the measurement of wealth,” Environment and Development Economics, 17, 317–
353.
BANSAL , R. (2007): “Long Run Risks and Financial Markets,” The Review, St. Louis Federal
Reserve Bank, 89, 283–300.
BANSAL , R., D. K IKU , AND M. O CHOA (2008): “Climate change and growth risks,” Working
paper, Duke University, Durham, NC.
BANSAL , R., D. K IKU , AND A. YARON (2010): “Long Run Risks, the Macroeconomy, and Asset
Prices,” American Economic Review, 100, 542–46.
BANSAL , R. AND M. O CHOA (2011): “Temperature, Aggregate Risk, and Expected Returns,”
Nber working papers, National Bureau of Economic Research, Inc.
BANSAL , R. AND A. YARON (2004): “Risks for the Long Run: A Potential Resolution of Asset
Pricing Puzzles,” The Journal of Finance, 59, 1481–1509.
B ROWN , A. AND H. K IM (2014): “Do Individuals Have Preferences Used in Macro-Finance
Models? An Experimental Investigation,” Management Science, 60, 939–958.
C AI , Y., K. J UDD , AND T. L ONTZEK (2017): “The Social Cost of Carbon with Economic and
Climate Risk,” Economics Working Paper 18113, Hoover Institution.
C LARK , C. (1976): Mathematical bioeconomics: the optimal management of renewable resources, New Jersey: Wiley.
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D R ÈZE , J. AND N. S TERN (1990): “Policy reform, shadow prices, and market prices,” Journal of
Public Economics, 42, 1–45.
D UFFIE , D.
394.

AND

L. E PSTEIN (1992): “Stochastic Differential Utility,” Econometrica, 60, 353–

D UFFIE , D. AND P. L IONS (1992): “PDE Solutions of Stochastic Differential Utility,” Journal of
Mathematical Economics, 21, 577–606.
E NGLISH , M. R. (2000): “Who Are the Stakeholders in Environmental Risk Decisions?... How
Should they be Involved?” Risk: Health, Safety, & Environment, 11, 243–254.
E PAULARD , A. AND A. P OMMERET (2003): “Recursive Utility, Endogenous Growth, and the
Welfare Cost of Volatility,” Review of Economic Dynamics, 6, 672–684.
22

E PSTEIN , L., E. FARHI , AND T. S TRZALECKI (2014): “How Much Would You Pay to Resolve
Long-Run Risk?” American Economic Review, 104, 2680–97.
F EMMINIS , G. (2001): “Risk-sharing and Growth: The Role of Precautionary Savings in the
“Education” Model,” Scandinavian Journal of Economics, 103, 63–77.
F ENICHEL , E. AND J. A BBOTT (2014): “Natural Capital: From Metaphor to Measurement,”
Journal of the Association of Environmental and Resource Economists, 1, pp. 1–27.
F ISCHHOFF , B. (1990): “Understanding long-term environmental risks,” Journal of Risk and Uncertainty, 3, 315–330.
F ISHBURN , P. (1965): “Independence in Utility Theory with Whole Product Sets,” Operations
Research, 13, 28–45.
G AUTEPLASS , A. AND A. S KONHOFT (2014): “Optimal exploitation of a renewable resource
with capital limitations: Nordic sheep farming with and without grazing externalities,” European
Review of Agricultural Economics.
H AMBEL , C., H. K RAFT, AND E. S CHWARTZ (2015): “Optimal Carbon Abatement in a Stochastic Equilibrium Model with Climate Change,” NBER Working Paper 0210449, National Bureau
of Economic Research.
H ANSEN , L. (2010): “Recursive Valuation and Sentiments,” Bendheim lectures, Princeton University, princeton Bendheim Lectures in Finance: Exploring Links Between Asset Pricing and
Macroeconomic Modeling. Available at http://home.uchicago.edu/ lhansen/princeton1.pdf.
——— (2012): “Dynamic Valuation Decomposition Within Stochastic Economies,” Econometrica, 80, 911–967.
H ARTZELL -N ICHOLS , L. (2012): “Intergenerational Risks,” in Handbook of Risk Theory, ed. by
S. Roeser, R. Hillerbrand, P. Sandin, and M. Peterson, Springer Netherlands, 931–960.
H EAL , G. AND A. M ILLNER (2014): “ReflectionsUncertainty and Decision Making in Climate
Change Economics,” Review of Environmental Economics and Policy, 8, 120.
H OTELLING , H. (1931): “The Economics of Exhaustible Resources,” Journal of Political Economy, 39, 137–175.
H OWITT, R., S. MS ANGI , A. R EYNAUD , AND K. K NAPP (2005): “Estimating Intertemporal
Preferences for Natural Resource Allocation,” American Journal of Agricultural Economics, 5,
969–983.
K AKEU , J. AND M. B OUADDI (2017): “Empirical evidence of news about future prospects in the
risk-pricing of oil assets,” Energy Economics, 64, 458–468.
23

K EENEY, R. (1973): “Risk Independence and Multiattributed Utility Functions,” Econometrica,
41, 27–34.
K IMBALL , M. (1990): “Precautionary Saving in the Small and in the Large,” Econometrica, 58,
53–73.
K NAPP, K. C. AND L. O LSON (1996): “Dynamic Resource Management: Intertemporal Substitution and Risk Aversion,” American Journal of Agricultural Economics, 78, 1004–1014.
KOOPMANS , T. (1960): “Stationary Ordinal Utility and Impatience,” Econometrica, 28, 287–309.
K REPS , D. AND E. P ORTEUS (1978): “Temporal Resolution of Uncertainty and Dynamic Choice
Theory,” Econometrica, 46, 185–200.
L EVHARI , D. AND L. M IRMAN (1980): “The Great Fish War: An Example Using a Dynamic
Cournot-Nash Solution,” Bell Journal of Economics, 11, 322–334.
L EWIS , T. (1977): “Attitudes towards risk and the optimal exploitation of an exhaustible resource,”
Journal of Environmental Economics and Management, 4, 111 – 119.
L ONTZEK , T. AND D. NARITA (2011): “Risk-Averse Mitigation Decisions in an Unpredictable
Climate System*,” The Scandinavian Journal of Economics, 113, 937–958.
M ERKS , R., A. H OEKSTRA , J. K AANDORP, AND P. S LOOT (2003): “Models of coral growth:
spontaneous branching, compactification and the Laplacian growth assumption,” Journal of Theoretical Biology, 224, 153–166.
NAPA (1997): “Deciding for the future: Balancing risks and benefits fairly across generations,”
Tech. Rep. ISBN l-57744-050-1, National Academy of Public Administration. A Report for the
US Departement of Energy.
N YARKO , Y. AND L. O LSON (1994): “Stochastic Growth When Utility Depends on Both Consumption and the Stock Level,” Economic Theory, 4, 791–97.
O LSON , L. AND S. ROY (2006): “Theory of Stochastic Optimal Economic Growth,” in Handbook
on Optimal Growth, ed. by R.-A. Dana, C. Le Van, T. Mitra, and K. Nishimura, Springer Berlin
Heidelberg, 297–335.
P ELTOLA , J. AND K. K NAPP (2001): “Recursive Preferences in Forest Management,” Forest
Science, 47, 455–465.
P INDYCK , R. (1980): “Uncertainty and Exhaustible Resource Markets,” Journal of Political Economy, 88, 1203–25.
——— (2010): “Fat Tails, Thin Tails, and Climate Change Policy,” Working Papers 1012, Massachusetts Institute of Technology, Center for Energy and Environmental Policy Research.
24

P INDYCK , R. S. (2007): “Uncertainty in Environmental Economics,” Review of Environmental
Economics and Policy, 1, 45–65.
P OLLAK , R. A. (1973): “The Risk Independence Axiom,” Econometrica, 41, 35–39.
R ANKIN , N. (1998): “How Does Uncertainty about Future Fiscal Policy Affect Current Macroeconomic Variables?” Scandinavian Journal of Economics, 100, 473–494.
R ICHARD , S. (1975): “Multivariate Risk Aversion, Utility Independence and Separable Utility
Functions,” Management Science, 22, 12–21.
S ARGENT, T. (2007): “Commentary on “Long-Run Risks and Financial markets”,” Federal Reserve Bank of St. Louis Review, 89, 301–304.
S CHRODER , M. AND C. S KIADAS (1999): “Optimal Consumption and Portfolio Selection with
Stochastic Differential Utility,” Journal of Economic Theory, 89, 68–126.
S KIADAS , C. (1998): “Recursive Utility and Preferences for Information,” Journal Economic
Theory, 12, 293–312.
——— (2007): “Chapter 19 Dynamic Portfolio Choice and Risk Aversion,” vol. 15, 789–843.
S LIMAK , M. AND T. D IETZ (2006): “Personal Values, Beliefs, and Ecological Risk Perception,”
Risk Analysis, 26, 1689–1705.
S MITH , M. (2014): “Fauna in decline: Management risks,” Science, 346, 819.
S TAVINS , R. (2011): “The Problem of the Commons: Still Unsettled after 100 Years,” American
Economic Review, 101, 81–108.
S TRZALECKI , T. (2013): “Temporal Resolution of Uncertainty and Recursive Models of Ambiguity Aversion,” Econometrica, 81, 1039–1074.
S UNDARESAN , S. (1984): “Equilibrium Valuation of Natural Resources,” The Journal of Business,
57, 493–518.
T RAEGER , C. (2014): “A 4-Stated DICE: Quantitatively Addressing Uncertainty Effects in Climate Change,” Environmental & Resource Economics, 59, 1–37.
V ISCUSI , W. (1990): “Long-Term Environmental Risks,” Journal of Risk and Uncertainty, 3,
311–314.
VOGEL , D. (2012): The Politics of Precaution: Regulating Health, Safety, and Environmental
Risks in Europe and the United States, Princeton University Press.
W IENER , J. AND M. ROGERS (2002): “Comparing Precaution in the United States and Europe,”
Journal of Risk Research, 5, 317–349.
25

YOUNG , D. AND D. RYAN (1996): “Empirical Testing of a Risk-Adjusted Hotelling Model,”
Resources and Energy Economics, 18, 265–289.
Z HANG , J. AND M. S MITH (2011): “Estimation of a Generalized Fishery Model: A Two-Stage
Approach,” The Review of Economics and Statistics, 93, 690–699.

26

