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Over-exploitation of natural resources is followed
by inevitable declines in economic growth and
discount rate
Adam Lampert 1,2

A major challenge in environmental policymaking is determining whether and how fast our

society should adopt sustainable management methods. These decisions may have long-

lasting effects on the environment, and therefore, they depend critically on the discount

factor, which determines the relative values given to future environmental goods compared

to present ones. The discount factor has been a major focus of debate in recent decades,

and nevertheless, the potential effect of the environment and its management on the discount

factor has been largely ignored. Here we show that to maximize social welfare, policymakers

need to consider discount factors that depend on changes in natural resource harvest

at the global scale. Particularly, the more our society over-harvests today, the more policy-

makers should discount the near future, but the less they should discount the far future.

This results in a novel discount formula that implies significantly higher values for future

environmental goods.
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The exploitation of ecosystems by humans has long-lasting
consequences for the future provision of natural resources
and ecosystem services1,2. This may negatively affect the

provision of food, increase health hazards and risks of natural
disasters, and more. Degraded ecosystems may be slow to
recover or may not recover naturally even after their exploitation
stops3–5. Consequently, the availability of natural resources
such as food, clean air, and other ecosystem services, may be
adversely impacted for extended periods if the ecosystems pro-
viding these resources become degraded. For example, the
emission of greenhouse gases may affect the global climate for
centuries6,7; invasive species and diseases may irreversibly
damage ecosystems8,9; and the non-sustainable harvest of fish-
eries and forests may leave these systems degraded for decades2,4,
or even lead to their irreversible and permanent degradation3,10.
Since natural resources are limited, it has been widely recognized
that a transition to sustainable harvest is necessary11. What the
optimal pathway and speed are for this transition, however,
constitute the focus of an ongoing debate. For example, it has
been suggested that an abrupt transition may slow economic
growth in developing countries and may negatively affect pro-
duction12, and that rapid emission cuts may create energy deficits
before we manage to develop viable substitutes13.

Determining the optimal strategy for the adoption of sustain-
able management over time requires cost-benefit analyses. A
common approach is to consider a social planner whose objective
is to maximize social welfare14–16. This is often formalized as
maximizing a net present value,

NPV ¼
Z 1

0
BðtÞe�ΔðtÞdt; ð1Þ

where B(t) is the benefit minus the cost (in units of consumption)
due to both the management and the environment at time t, and
Δ(t) is the cumulative discount. In turn, the discount factor, exp
(−Δ(t)), is the number of units of some good or currency needed
at present to compensate for the lack of one unit at time t. The
rationale behind discounting is that the objective of our society
is to maximize welfare rather than net consumption. In turn, if
society is going to be wealthier in the future, then one unit of
consumed goods in the future may add less to welfare than the
same unit today14–16.

Accurate discounting is particularly important for environ-
mental policies in which the resultant damages are long-term,
such as policies concerning climate change and provision of
natural resources6,17,18. Specifically, a small difference in the
discount may lead to a large difference in estimates of long-term
environmental cost. For example, consider no changes in prices
and a constant annual discount rate, δ≡ dΔ/dt. Then, if the cost
due to losing some good today is $1M, then the cost due to losing
the exact same good (no depreciation) 100 years from now is ~
$50K if δ= 3%, and only ~$2.5K if δ= 6%. Therefore, even the
best estimates of environmental damages may lead to an inade-
quate policy if we are unable to accurately convert future costs to
their present-equivalent dollar value.

The central role that discounting plays in the valuation of
natural resources has led to extensive debates over the value that
policymakers should use for the discount rate and over how this
value varies over time. Specifically, the small values given to
future environmental goods due to discounting may contradict
our intuition that our society should sustain our planet’s eco-
systems for future generations. One major debate followed the
publication of the Stern report6, which used a discount rate that is
smaller than those used in previous major assessments, and
consequently, argued for radical emission cuts. The bulk of the
criticism19 has focused on which discount rate should policy-
makers use (not on the comprehensive cost assessments). Also,

several authors16,20–23 proposed that policymakers should use a
discount rate that declines over time, and they showed that this
is justified if future economic growth is uncertain. Another
mechanism that could affect the discount rate is a large pertur-
bation that significantly affects social welfare24,25, such as an
environmental degradation that may occur due to climate change
or over-harvesting26–29. Particularly, several authors showed that
global changes in the provision of non-substitutable natural
resources might affect their relative prices30,31 and the discount
rate25,32. Nevertheless, these authors considered the changes in
the provision of natural resources as given, while the long-term
consequences of harvesting on economic growth and discount
rate remain largely unknown.

In this paper, we examine how the discount rate and factor are
affected by large changes in the harvest methods used at the
global scale, such as the transition from over-harvesting to har-
vesting sustainably. Specifically, the decline in the provision of
natural resources due to the future transition might be so large
that it will significantly affect social welfare and economic growth.
In turn, since discount rates depend on welfare and growth, this
means that the discount rate itself could be affected. Revealing
harvest-induced changes in the discount will provide policy-
makers with better evaluations of long-term benefits and costs,
thereby enabling them to improve long-term environmental
policies. We focus on the harvest of renewable resources in a
broad sense, where non-sustainable harvest suppresses the future
provision of the resource or the ecosystem service. Examples
include the over-harvesting of fish and timber that degrades
fisheries and forests10, and non-sustainable agriculture and
land-use that make future land-use less effective33,34. We show
that over-harvesting temporarily keeps the discount rate higher,
but is followed by a period of lower discount rates during the
same period in which society makes the transition to sustainable
harvesting. Specifically, during the transition, the rates of eco-
nomic growth and discount could be much lower than their rates
before and after the transition. Therefore, the more our society
over-harvests natural resources today, the more policymakers
should discount the near future, but the less they should discount
the far future. Furthermore, we prove a theorem implying that
postponing or slowing the transition to sustainable harvesting
cannot prevent the ultimate declines in the cumulative discount.
Accordingly, we develop a discount formula that incorporates
the changes in the harvest methods, which, in turn, dictates sig-
nificantly higher net costs due to long-lasting environmental
damages.

Results
Theoretical framework. We consider a social welfare function,
UT, that depends on the provision of some natural resource at
the global scale, f(t), and on the consumption of the other goods,
including manufactured goods, c(t) (Methods, Eq. 4). In turn,
the dynamics of the c(t) and f(t), together with UT, determine
the social rate of discount, δ(t), which specifies the rate at
which goods should be discounted by a social planner whose
objective is to maximize social welfare15,16,35. To define the
social rate of discount (hereafter, the discount rate), we adopt a
well-established framework12,14,16,32,36,37 and we assume that it
is given by the rate of decline in the marginal contribution of
consumption to social welfare (consumption rate of discount).
Specifically, we consider a given currency unit, a dollar, that
enables the consumption of exactly με units of the natural resource
and (1− μ)ε units of the other goods, where 0 ≤ μ ≤ 1 and ε
is very small. Accordingly, the discount factor at time t is
given by the number of dollars needed at present to compensate
for a lack of one dollar at time t. Note that the choice of
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μ does not affect the value given to future goods, and therefore, it
does not affect the policy and/or the management decisions;
rather, μ determines the units and it affects only the relative role of
the discount factor and the prices in determining the value
of future goods36,37. In turn, we show that this implies that the
discount rate, δ(t), and the cumulative discount ΔðtÞ ¼ R t

0δ t′ð Þdt′,
are given by Eq. 5, and the prices of the natural resource and of
the other goods are given by Eq. A10 (Methods and Supple-
mentary Note 1). Specifically, the discount rate and the prices
depend on the substitutability of the natural resource and the
other goods, which is incorporated in the social welfare function.
In Supplementary Note 2, we derive specific expressions for the
discount rate and for the prices in two cases, one in which
the natural resource and the other goods are non-substitutable
(Eqs. B5, B9), and one in which they are partially substitutable
(Eqs. B12, B15, B16).

In turn, the novel part of this study comes from endogenizing
the dynamics of c(t) and f(t) by modeling how they depend on the
harvest methods used globally (see Methods). This allows us to
examine how the discount factor and the prices depend on
changes in harvest methods. We assume that, if the harvest
methods do not change, then c(t) and f(t) increase exponentially
at fixed rates, gc and gf, respectively, due to exogenous factors
such as technological developments and exogenous environmen-
tal changes; however, changes in the patterns of harvest may
affect c(t) and f(t), thereby affecting the discount rate over time
(see Methods). This approach builds on and generalizes previous
studies that considered f(t) and c(t) that grows exponentially
irrespective of the harvest32,37. Specifically, note that c(t) and f(t)
characterize the total provision of the goods at the global scale,
and accordingly, we consider a large ecosystem that comprises a

large number of distinct regions (Fig. 1). This ecosystem may be,
for example, the entire planet’s aquatic ecosystem, where each
region is some local fishery providing fish; the forest area on a
given continent, where each region is a single forest providing
timber; or the area that can be used for agriculture worldwide,
where each region is a local geographic area comprised of
agricultural fields. We are interested in the long-lasting effects of
harvesting on the provision of the natural resource, and therefore,
we focus on irreversible degradations of the ecosystem, rather
than on temporary fluctuations of the resource stock. These
degradations may occur, for example, if some ecosystem services
are permanently lost5 or if the ecosystem that provides the
renewable resource collapses or undergoes an irreversible regime
shift in some of its regions, such as occurs in eutrophication
and deforestation3,4,10. We assume that higher rates of non-
sustainable harvest (higher Hn) result in a greater provision of
the natural resource at the time of harvest but also result in a
higher degradation of the ecosystem (Eq. 6, see Methods).
Specifically, we assume that a given portion of the global
ecosystem, H(t), is being harvested in year t, while some portion
of the ecosystem, Hn(t), becomes degraded during that year due
to non-sustainable harvest, and cannot be used for harvest
thereafter (Fig. 1). For example, Hn(t) may characterize the
portion of the global fish or timber stock that is lost due to the
collapse of fisheries or the irreversible degradation of forests
worldwide in year t38. For another example, Hn(t) may
characterize the persistent reduction in the yield of crop caused
by the degradation of vital ecosystem services and the increase
in the persistence of pests33,34. In turn, H(t) and Hn(t) are
determined by the various harvest methods used in the system
(see Methods).

Degraded

Harvested and becomes
degraded (Hn in total)

Harvested but remain
non-degraded (Hs in total)

Non-degraded but
not harvested

Fig. 1 Schematic illustration of the model. Demonstrated is the state of the system at the global scale (e.g., the entire planet’s marine area, forest area, or
agricultural area) in a given year. The dark-gray area characterizes the part of the system that is degraded due to former non-sustainable harvesting. The
light gray area with the arrows characterizes the part of the system that is being harvested non-sustainably and will be degraded starting next year (total
dark-gray area is given by Hn). The green area with the fishing vessels characterizes the part of the system that is being harvested sustainably and will
remain non-degraded next year (total green area is given by Hs). (Note that the total area under harvest, H, is given by the green and the light gray areas
combined, H= Hn+ Hs). The blue area characterizes the part of the system that is not degraded but is still not being harvested. We assume that the spatial
scale of the system is very large, and therefore, the recovery of the degraded areas due to migrating biota from other regions is negligible and the total
degraded area increases over time. Each year, Hn and Hs are determined by the aggregate management by all the managers. We assume that managers
may be subject to different externalities in distinct regions, e.g., some regions are managed by a single manager that dictates the harvest method, while
some regions are shared (open-access), and all managers are free to harvest in them (rightmost region). The variables x1 and x2 (Eqs. 7 and 8) characterize
the total non-degraded areas (blue, green, and light gray) in the managed and in the shared regions, respectively
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To examine the effect of over-harvesting on the natural
resource and on the discount rate, we compare scenarios in which
over-harvesting occurs to scenarios in which it does not. We
consider two approaches. First, we consider a competitive market
approach in which we compare the optimal solution that
maximizes social welfare with the solution that emerges in a
model of a perfectly competitive market with externalities (Figs. 2
and 3). Specifically, the competitive market includes managed
regions that have a single manager (e.g., landowner, government),
and shared regions in which multiple managers are free to harvest
(e.g., open-access) (see Methods). Second, we consider a more
general approach in which we compare the dynamics that emerge
when the harvest is entirely sustainable with the dynamics that
emerge following various ad hoc choices of non-sustainable
harvest functions (Theorem and Fig. 4).

Over-harvesting is followed by declines in the discount rate.
Following the optimal solution in which the harvest functions
maximize social welfare, two phases emerge along the time
axis (Fig. 2a, b). In the first phase (t < t0), c(t) is initially small,

and the harvest rates are limited due to the direct cost of
harvesting (Methods, Eq. 9). Over time, as c(t) increases, the
direct cost plays a less significant role, and the harvest rates
increase. Consequently, f(t) increases at a rate that is greater
than gf, and the discount rate approximately follows Ramsey’s
formula. In the second phase (t > t0), the entire ecosystem is
under harvest (either sustainable or non-sustainable). Therefore,
the society cannot increase f via harvesting without increasing
the non-sustainable harvest (i.e., increasing Hn), which would
negatively affect the resource’s future provision. Consequently,
the non-sustainable harvest decreases exponentially and c(t)
and f(t) increase at approximately the rates of their technological
developments, namely, _c=c � gc and _f =f � gf . This implies
that, if gf < gc, the discount rate in the second phase is lower
than it was in the first phase (Eqs. B6, B13, Supplementary
Note 2). Note that the optimal solution comprises non-
sustainable harvest (Hn > 0) because an increase in f at a given
time has a greater effect on welfare than the same increase at a
later time; the lower the discount rate, the lower the rate of non-
sustainable harvest.
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Fig. 2 Over-harvesting extends the period during which the discount rate is high, but it is followed by sharp declines in the discount rate and the cumulative
discount. Panels a and b demonstrate the optimal harvest of the natural resource from a social planner’s perspective, where the natural resource and the
other goods are either non-substitutable (a, Eq. B2) or partially substitutable (b, Eq. B10). In the early stages, harvesting activity increases exponentially and
the discount rate is high. Approximately at time t0, when harvesting is occurring in the whole system (Hs+ Hn= x1+ x2), the total harvest stops increasing
and the discount rate decreases. Next, panels c and d demonstrate harvesting in a competitive market in which some of the regions are shared. The
parameters and utility functions used in panels c and d are identical to those used in panels a and b, respectively. The period during which the discount rate
is high is extended until t= t1 due to over-harvesting of the natural resource in the shared regions (compare panel a with panel c, and compare panel b with
panel d). However, this period is followed by a rebound in which harvesting declines and the discount rate and the cumulative discount drop. In addition,
around t= t1, the price of the natural resource increases and the total product decreases. Note that, in accordance with the theorem, the cumulative
discount approaches lower values if the harvest is determined by the market. Scaling: the harvest rates are given in (years)−1, the total non-degraded areas
are given in units showing the maximal annual sustainable yield (ax1 and ax2), and Δ is given by 100 times the value on the y-axis. The parameter values
used are within their realistic ranges (Methods). Parameter values and Source data are provided as a Source Data file
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In turn, in the competitive market solution (see Methods), the
rate of non-sustainable harvest is higher than the socially optimal
rate, namely, the solution exhibits over-harvesting (Fig. 2c, d).
Specifically, the harvest is still primarily sustainable in the
managed regions but is non-sustainable in the shared regions.
The total area under (non-sustainable) harvest in the shared
regions increases over time, and consequently, f(t) continues to
increase over an extended period of time, which postpones the
decline in the discount rate. Eventually, however, at time t= t1
(Fig. 2), the shared regions become entirely degraded and the
total rate of non-sustainable harvest declines. In turn, the period
during which managers over-harvest (t < t1) is followed by
declines in the discount rate, the cumulative discount (Δ), total
production (Eq. A11), and the price of manufactured goods
(Eq. A10). These declines are greater if the magnitude and/or
duration of the over-harvesting are greater (e.g., if more regions
are shared), and also if the natural and the manufactured goods
are non-substitutable. Note that the optimal solution exhibits no
declines in economic growth or in Δ because the social planner
plans for the forthcoming constraints on the harvest by avoiding
over-harvesting in the early stages (t < t0); in the market solution,
managers also take into account the forthcoming decline in f and
avoid non-sustainable harvesting in the managed regions prior
to time t= t1, but they still over-harvest in the shared regions.
Also note that, in both the optimal and the market solutions,
the harvest functions, as well as c(t) and f(t), do not depend on μ
(only the discount and the prices do).

Decline in the cumulative discount is unavoidable (theorem).
More generally, the following theorem shows that over-harvesting

may result in an increase in Δ in the short run, but ultimately,
Δ would return to a lower value than it would have had if
managers used optimal harvesting or only sustainable harvesting
(see proof in Supplementary Note 3 and demonstration in Figs. 3
and 4). Specifically, a more gradual transition to using sustainable
harvest methods may result in a more gradual decline in Δ, but
the ultimate magnitude of the decline must exceed that of the
incline in Δ that occurred formerly due to the over-harvesting
(Figs. 3 and 4a). In particular, the theorem shows that the result is
robust and does not depend on specific assumptions and para-
meters. It applies not only in the competitive market model but
also in the more general case in which non-sustainable harvest
is used instead of more sustainable harvest.

Theorem. Assume that the social welfare, UT, is given by Eq. 4,
where f(t) is given by Eq. 6, and c(t) is given by Eq. 9 with C1=C2=
constant (Methods). Also, assume that u(c,f) is monotonically
increasing and twice differentiable with respect to both of c and f,
and all of its second partial derivatives are non-positive (namely, an
increase in c or f does not cause another increase to be more
beneficial). In addition, we consider gf= 0 and assume that as
c!∞ while f remains fixed, uc/uf! 0 (the price of c approaches 0),
ucc/uff! 0 and ucf/uff! 0. (Alternatively, we consider gf > 0 and
assume that u satisfies the conditions of Lemmas 2B and 3). Finally,
we assume that, for sufficiently large t, cufc/uf and fuff/uf are
monotone with respect to t. (All these assumptions are satisfied if u is
given by Eqs. B2, B10 with η > 1, or various other standard
forms32,37.)

Denote Δopt as the cumulative discount (Eq. 5) that emerges
following the optimal harvest. Namely, the non-negative harvest
functions maximize social welfare (max UT subject to Eqs. 6–9
where T!∞; see Methods). Next, denote Δmarket as the
cumulative discount that emerges where the harvest functions
are determined if each manager aims to maximize her/his own
profit and the non-sustainable harvest may be higher than its
socially optimal level (Methods). Then, there exists a time tc such
that Δmarket≤ Δopt for all t≥ tc. Furthermore, denote Δsus as the
cumulative discount that emerges following optimal harvest while
excluding non-sustainable harvest (Hn= 0). Then, for any Δ that
emerges if non-sustainable harvest occurs (Hn(t) > 0) between
times t0 and t1, there exists tc > t1 such that Δ(tc)≤ Δsus(tc).

A new discount formula. The theorem shows that an upper
bound on Δ(t) in the long run is given by Δsus(t), the cumulative
discount that would have occurred if managers used only
sustainable harvest, which increases at a rate given by δsus (Fig. 4
and Supplementary Note 2). Also, the present value of Δsus

is below Δ because over-harvesting already has occurred prior
to today. Specifically, ϕ0= Δ(0)− Δsus(0) reflects the negative
shock to Δ that must occur during the transition to sustainable
harvest methods due to the prior over-harvesting. It follows
that, if t is sufficiently large and δsus is constant, then

Δ tð Þ � δsust � ϕ0: ð2Þ
Particularly, if the discount rate has been δtoday > δsus due to non-
sustainable harvest during the last t0 years, and if δtoday and δsus
have been constants, then ϕ0= (δtoday− δsus)t0.

The correction to the value of future goods is significant.
Next, we calculate the correction to the value of future natural
goods as dictated from Eq. 2. Specifically, we compare the
value dictated by the formula to the value dictated by a bench-
mark policy that assumes that the rate of increase in the
provision of the natural resource would remain gc for the
next τ years and decrease to gf thereafter12. Namely, this
benchmark policy ignores the negative shock and simply uses a

Non-sustainable harvest, Hn

System 1 System 2

Sustainable harvest, Hs
Cumulative discount, Δ

Cumulative welfare difference
0.1

0.05

0

0 20 40 60 80t1

Time, t (years)

Fig. 3 Social welfare and the cumulative discount are ultimately lower if
the transition to sustainable harvest is more gradual. Demonstrated are
the aggregate non-sustainable harvest, Hn(t) (solid lines); the aggregate
sustainable harvest, Hs(t) (dashed lines); and the cumulative discount, Δ
(dotted lines), for two systems. System 1 (blue) follows the market solution,
in which society abruptly stops harvesting non-sustainably at t= t1. System
2 (purple) follows the same dynamics until t= t1, but then, society
gradually shifts to sustainable harvest. The gradual transition postpones the
decline in the cumulative discount, but ultimately, it declines to an even
lower value than its value in system 1. Moreover, the cumulative welfare, Ut,
in system 1 is initially smaller, but it ultimately becomes greater compared
to system 2 (gray). Harvest rates are given in units of (years)−1, and Δ is
given by 100 times the value on the y-axis. The parameters are the same
as in Fig. 2c (Parameter values and Source data are provided as a Source
Data file)
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discount rate given by δ(t)= δtoday if t ≤ τ and δ(t)= δsus if t > τ.
In turn, we would like to calculate the correction to that policy
due to the negative shock to Δ. Note that the inevitable decline
in the future value of the cumulative discount, ϕ0 (Eq. 2), is what
policymakers need to incorporate due to the over-harvesting
that has already occurred before t= 0. But if the discount rate
remained δtoday for the next τ years, until t= τ, then the lower
bound on the negative shock, ϕτ, would be greater than ϕ0 and
given by (Fig. 4)

ϕτ ¼
Z τ

�t0

δtodayðtÞ � δsusðtÞ
� �

dt: ð3Þ

This greater shock would compensate for the τ years with the
higher discount, such that, in the long run, Δ(t) would still
satisfy Eq. 2. Note that the shock may be gradual and spread over
many years, but this decline in Δ(t) eventually occurs (Theorem,
Figs. 3 and 4).

Therefore, this shock implies that the correct discount factor
should be greater by a factor of at least exp(ϕτ) compared to the one
implied by the benchmark policy. Namely, ignoring this shock and
simply considering the benchmark policy would result in under-
estimating the value of future natural goods by a factor of at least
exp(ϕτ) (Fig. 5). In turn, the magnitude of ϕτ depends on the
substitutability of the natural resource and the other goods, as well
as on the exogenous growth rates, gc and gf (Supplementary Note 2).
For example, if the natural resource is non-substitutable (Eq. B2),
then δsus is given by Eq. B5 and (δtoday− δsus)! η(gc− gf) as
t!∞ (Eq. B7). Expressions that result from other utility functions
are given in Supplementary Note 2 and in the literature32,37. These
expressions enable us to quantify exp(ϕτ) and examine how it
depends on the parameters (Fig. 5). For example, if gf= 1% year−1,
gc= 2% year−1 36 and τ= 50 years, then the value of future goods
before the adjustment is underestimated by a factor greater than
two (exp(ϕτ) > 2), and this factor is greater if gf is smaller or if τ
is larger.
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Fig. 4 The decline in the cumulative discount is unavoidable (demonstration of the theorem). At some point in time, −t0, some planetary boundaries for
harvest have been approached, and the rate of discount that would have occurred if managers used only sustainable harvesting has decreased from δtoday
to δsus (blue lines, Δsus). Nevertheless, due to over-harvesting, the economy grew faster and the cumulative discount, ΔðtÞ ¼ R t

0δðt′Þdt′, continued to grow
at a higher rate, δtoday (solid orange lines), at least until today (t= 0). In turn, the future value of Δ(t) depends on the future harvest patterns. If over-
harvesting continues, the discount rate might remain close to δtoday for several years or decades (dotted orange lines). But in the longer run, according to
the theorem, Δ has to decrease below the blue curve that characterizes Δsus, regardless of how the resource is being harvested. This is also demonstrated
for three scenarios in panel a: In scenario 1, the non-sustainable harvest stops today, while in scenarios 2 and 3, the non-sustainable harvest continues for
a few decades and then declines gradually. Also, note that Δsus increases at a rate δsus, so if one assumes that the discount rate remains δtoday for the next
τ years and becomes δsus afterward, then he/she needs to subtract at least ϕτ to obtain the correct Δ (Eqs. 2 and 3). (The value of ϕτ is demonstrated in
Fig. 5.) We assume that u(c, f) is given by Eq. B5 (non-substitutable goods) in panels a and c, and by Eq. B12 (partially substitutable goods) in panels b and
d. In turn, the scenarios are calculated for three different choices of Hn(t), where the dynamics follow Eqs. 6–9 with H(t)= x1(t)+ x2(t) for all t. The
parameter values used are within their realistic ranges (Methods). Parameter values and Source data are provided as a Source Data file
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Discussion
After over-harvesting for decades, many societies around the
world are beginning to transition to sustainable environmental
management practices and sustainable harvest methods11. Our
study shows that the transition to sustainable harvest methods
after a period of over-harvesting is expected to result in a decline
in social welfare, economic growth, and the discount rate. In
particular, we show that the discount rate, or the social rate of
discount, does not decline gradually to its sustainable asymptotic
rate; rather, the transition to sustainable harvest may include a
period during which the discount rate is far below its asymptotic
level (Figs. 2–4 and Theorem). Note that several studies suggested
that policymakers need to consider discount rates that decline
gradually over time due to various mechanisms, including
uncertainty in technological growth16,20–23, slowdown in tech-
nological development due to environmental degradation27,28,
and declining production due to decline in the exploitation of
natural resources12. In contrast, we showed here that the transi-
tion to sustainable harvest imposes a sharper, non-gradual decline
in the cumulative discount (Figs. 2–4). The mechanism under-
lying this sharper decline is that the rate of increase in the pro-
vision of natural resources not only slows down, but must at some
point become lower than it would be if over-harvesting had never
occurred. In turn, social welfare depends on the provision of
natural resources, and therefore, a decline in their provision
implies a lower discount rate.

Our results also suggest that the calculations of the discount
factor in the long run should not rely on simple extrapolations of
the discount rates in the short run. Specifically, over-harvesting
might continue for a couple of decades, which may keep the
provision of natural resources high in the short run, but will
ultimately result in an even lower provision of these resources.
Therefore, continued over-harvesting may justify considering
higher discount rates in the short run, but it also necessitates
discounting the long run less (Fig. 4a). Ignoring the harvest-
induced decline in the discount rate not only falsifies cost-benefit
analyses, it also creates a bias: Over-harvesting increases the
discount rate in the short run, which might unjustifiably bias
the expectations of policymakers to anticipate higher future dis-
count rates, which, in turn, is used to justify further exploitation.
(This may also explain why policymakers should consider lower
discount rates in the long run although there is no clear evidence

that the rate of return on capital will decline during the next
30–40 years15.)

To correct for this bias and account for the future decline in the
cumulative discount, we developed a new discount formula
(Eqs. 2 and 3), which provides a simple way to estimate the
increase in the present value of future goods due to the transition
to sustainable harvest methods. Specifically, policymakers need
to consider a cumulative discount, Δ(t) (Eq. 1), that is lower
in the long run due to its decline during the transition to sus-
tainable harvest. Although further over-harvesting may postpone
the timing of the decline, we prove in the theorem that the
decline eventually comes with a rebound as Δ(t) decreases even
further: The more our society over-harvests, the lower Δ(t) ulti-
mately becomes. Therefore, the expected decline in the cumula-
tive discount must be at least as large as its former increase due
to over-harvesting (Eq. 2, Fig. 4). In turn, this former increase
is given by Eq. 3. The correction to discounting suggested by our
formula is significant (Fig. 5), where adjustments of the order of
magnitude implied by the formula suggest significant changes in
climate policy, including significant emission cuts6,36.

Note that the effect of harvest on discounting should be con-
sidered in addition to (not instead of) changes dictated by various
other mechanisms and considerations. In particular, there is a
controversy over the value of the rate of pure time preference, ρ,
that should be used in environmental policies; some authors
argue that policymakers should determine ρ based on individual’s
preferences (ρ ≈ 3% year−1), but others argue that policymakers
should use ρ ≈ 0 based on considerations of intergenerational
equity6,16,19,39. The value of ϕτ, however, does not depend on the
value of ρ and should be subtracted from Δ regardless of that
choice. Similarly, uncertainty about technological development
may imply that policymakers need to consider δsus that declines
over time16,20–23, which implies another decline in the cumulative
discount on top of the one suggested here. Also, note that the
future values of natural resources do not depend on the pro-
portion given to their consumption in the currency unit, μ.
Specifically, their future values do not depend on whether they
are accounted for as market or as non-market goods. Never-
theless, μ does affect the relative weights given to the discount
factor and to the prices of natural resources in determining the
resources’ future values32,36,37. Specifically, ignoring the role of
non-market natural resources in economic growth (considering a
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Fig. 5 Endogenizing changes in harvest patterns implies a larger discount factor and higher values for future environmental goods. If a policymaker
considers a gradual transition to sustainable harvest that would occur within τ years, then he/she may consider a sustainable discount rate, δsus, starting
from year τ. In addition, however, he/she needs to add to Δ another factor, ϕτ, that accounts for the decline in the cumulative discount that will follow
due to over-harvesting prior to time τ (Eqs. 2, 3 and Fig. 4). This factor may impose significantly higher values on future goods, e.g., over two times higher if
τ= 50 years and gf= 1% year−1 (exp(ϕτ) > 2 in both panels a and b) and even significantly higher for higher values of τ or lower values of gf. However,
if the long-term provision of the natural resource continues to increase at the same rate as the other goods, i.e., gf= gc= 2% year−1, then δsus= δtoday and
ϕτ= 0 (Eq. 3). The other parameter values are the same as in Fig. 4 (Parameter values and Source data are provided as a Source Data file)
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small μ) would imply that a change in the provision of these
resources has a larger effect on their prices but a smaller effect on
the discount factor (Supplementary Note 1). Therefore, focusing
on the inevitable increase in the price of natural resources fol-
lowing their over-harvesting would result in the same conclusions
and present an alternative approach to the one presented here. In
particular, the adjustment exp(ϕτ) (Fig. 5) is due to the change in
the discount factor, while the complementary change in the price
(Fig. 2) introduces another adjustment to the future value of
natural resources36. The total adjustment due to changes in both
discount and prices does not depend on the choice of μ, and
would be ≥exp(ϕτ). The significant effect that the global transition
to sustainable harvest has on the future value of natural resources
suggests that climate policies should be determined jointly with
other environmental policies.

Methods
Model overview. We begin with describing a well-established framework32,36,37

that specifies how social welfare and the discount rate depend on the provision of
the natural resource over time, f(t), and on the consumption of other goods over
time, c(t). Next, we specify how harvest at the global scale affects the dynamics of
f(t) and c(t) (which would grow exponentially if the harvest functions are fixed).
We complete the model by describing how the harvest strategies are determined by
the various managers in a competitive market.

Model of social welfare and the discount rate. We consider a social welfare
function that is given by the widely-used form12,32,36,37

UT ¼
Z T

0
u cðtÞ; f ðtÞð Þe�ρtdt; ð4Þ

where u(c, f) is the instantaneous utility that increases as c and f increase (Table 1),
ρ is a constant rate of pure time preference, and T is a time horizon (we are

interested in the limit T!∞). The distinction between the provision or con-
sumption of the natural resource, f(t), and that of the other goods, c(t) is necessary
here because, if the natural resource and the other goods are not entirely sub-
stitutable and the ratio between them varies over time, then social welfare depends
on the ratio between c and f over time and cannot be written as a function of a
single variable29. In turn, the substitutability is determined by the form of u12,29,37.
For example, the goods may be non-substitutable, characterized by separable utility
functions (Supplementary Note 2, Eq. B2), if one good cannot compensate for the
lack of the other good (e.g., many cars cannot compensate for a lack of food).
Alternatively, the goods may be partially substitutable (Eq. B10) if a sufficient
amount of one good may compensate for the lack of the other good (e.g., many
carrots can compensate for the lack of fish).

In turn, note that there are several candidates for quantifying the social rate of
discount15, including the consumption rate of discount and the social and private
rates of return to investment. These three quantities are closely-related, and, in a
perfectly competitive market, they become equal and reflect the marginal
productivity of capital. In this study, as in numerous related studies12,14,16,32,36,37,
the focus is on the consumption rate of discount, which is the rate of decline in the
marginal contribution of consumption to social welfare. In other words, the
corresponding discount factor specifies how many units of consumption added at
present would have the same effect on social welfare as a single unit added at time t.
In turn when the welfare depends on multiple goods, the discount may depend on
the particular good that the policymaker considers31,36,37. (This simply reflects the
relative price changes of the goods.) Therefore, to define discount in our system,
we consider a small, marginal perturbation to both c and f. Specifically, we consider
a given currency unit, a dollar, that allows the consumption of exactly με units
of the natural resource and (1− μ)ε units of the other goods, where 0 ≤ μ ≤ 1 and
ε≪ c(0), f(0). Accordingly, we define the discount factor at time t as the number of
dollars needed at present to compensate for a lack of one dollar at time t. This
implies that the discount rate, δ(t), is given by (Supplementary Note 1)

δ tð Þ ¼ dΔðtÞ
dt

¼ 1� μð Þucc dc
dt þ 1� μð Þucf dfdt þ μufc

dc
dt þ μuff

df
dt

1� μð Þuc þ μuf
þ ρ; ð5Þ

where subscripts in this equation denote partial derivatives and the discount factor
is given by exp(−Δ). The right side of Eq. 5, without the term ρ, is due to the
change in the marginal contribution of c and f to social welfare. (Note that, if μ= 0
and dc/dt= cgc, then Eq. 5 becomes the Ramsey’s discount formula14,16, δ(t)= ηgc
+ ρ, where η≡ cuc/ucc.) In turn, if μ reflects the portion in society’s basket of goods
allocated to consumption of the natural resource, then our definition is consistent
with the way the marginal productivity of capital is measured, and the total product
(e.g., GDP) is proportional to the total value of all the goods (Supplementary
Note 1, Eq. A11). Alternatively, if we are interested in discounting some climate
damage, then we can chose μ to be proportional to the cost that is due to the
damage to the natural resource. Note, however, that the choice of μ only
determines the units and does not affect the value given to future goods.
Specifically, if the proportion of damages to the natural resource differs from μ,
then one should consider the changes in relative prices in addition to
discounting36,37. For example, several authors37 considered a dual discounting
framework in which the natural resource is discounted with μ= 0 and the
manufactured goods with μ= 1, where the change in the relative price accounts
for the difference; this approach is equivalent to the one presented here.

Model of the dynamics and management of the natural resource. Next, we
specify how the harvest methods of the renewable natural resource at the global
scale determine the dynamics of c(t) and f(t) (Fig. 1). Note that the aggregate
harvest functions at the global scale are determined by the various harvest methods
used at the local scale. In turn, at the local scale, a non-sustainable harvest in a
given area during a given year yields β units of the natural resource per unit area,
but the ecosystem in that area becomes degraded and ceases to yield resources
thereafter. In turn, sustainable harvest in a given area yields less resource (αβ units,
where 0 < α < 1 is a constant), but the area remains fully functional for future use.
For example, non-sustainable harvest may include aggressive fishing methods that
inflict irreversible damage on fish populations and their habitats, while sustainable
harvest implies sustaining fish populations and harvest at the fish growth rate,
while also using methods that preserve the habitat and the age and size structures
of the fish38. In turn, the productivity of the natural resource per unit area, β, may
increase due to technological developments but may also decrease due to other
environmental changes, such as climate change. Accordingly, we assume that
β(t)= β0 exp(gft), where β0= β(0) and gf is the rate of change in productivity.
It follows that the total amount of the natural resource harvested globally at time t
is given by

f tð Þ ¼ αHsðtÞ þ HnðtÞð Þβ0e gf t ; ð6Þ
where Hn is the area that is non-sustainably harvested in year t (becomes degraded
and cannot be harvested thereafter), and Hs(t) is the area that is being sustainably
harvested and remain non-degraded in year t (Hs(t)=H(t)−Hn(t)).

In turn, we distinguish two types of regions: those that have a single manager,
and those that are shared such that all managers are free to harvest. Ultimately, the
harvest methods used by all managers determine the total areas that become
degraded at time t in the managed and in the shared regions at the global scale,

Table 1 Table of symbols

Objective function and discounting
Symbol Meaning
UT Social welfare
u Instantaneous utility
δ(t) Discount rate (social rate of discount; consumption rate

of discount)
ρ Rate of pure time preference
Δ(t) Cumulative discount (δ(t)= dΔ(t)/dt)
μ Portion of the natural resource in the curreny unit
Dynamical variables
Symbol Meaning
f(t) Harvested natural resource for consumption
c(t) Consumed goods other than the natural resource
x1(t), x2(t) Total non-degraded areas of managed and of shared

regions
Harvest functions (controls)
Symbol Meaning
H(t) Portion of the system that is being harvested in year t
Hn(t) Portion of the system that becomes degraded in year t
Hs(t) Portion of the system that is harvested but remains

non-degraded in year t
H1
nðtÞ;H2

nðtÞ Portion of the system that becomes degraded in
managed and shared regions

H1
sðtÞ;H2

s ðtÞ Portion of the system that is harvested but remains
non-degraded in managed and shared regions

Parameters of the dynamics
Symbol Meaning
α Fraction of the maximal amount of the resource that can

be harvested via sustainable harvest (0 < α < 1)
gf Growth rate of natural resource yield per unit of non-

degraded area
gc Growth rate of production of the other goods
C1, C2 Direct cost of harvest in managed and shared regions.
λ Ratio between the direct costs of sustainable and non-

sustainable harvest
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H1
nðtÞ and H2

nðtÞ, respectively Hn ¼ H1
n þ H2

n

� �
. Accordingly, the total non-

degraded areas in all managed regions, x1, and in all shared regions, x2, decrease
due to non-sustainable harvest as follows:

dx1
dt

¼ �H1
n tð Þ; ð7aÞ

dx2
dt

¼ �H2
n tð Þ: ð7bÞ

Moreover, the harvest functions are constrained by the non-degraded areas:

H1
s tð Þ þ H1

n tð Þ � x1 tð Þ; H2
s tð Þ þ H2

n tð Þ � x2 tð Þ ð8Þ
for all t, where Hs ¼ H1

s þ H2
s .

In turn, we assume that harvest comes with a direct cost as more labor and
resources are directed toward harvesting. We incorporate this direct cost as a
reduction in c(t), which would otherwise grow exponentially at an exogenous rate
gc due to technological developments. Specifically, we assume that c(t) is given by

c tð Þ ¼ c0e
gc t � C1 x1ð Þ � H1

n þ λH1
s

� �� C2 x2ð Þ � H2
n þ λH2

s

� �
; ð9Þ

where C1 and C2 are the direct costs of harvesting (in units of c), and λ is the ratio
between the direct costs of non-sustainable and sustainable harvest.

Model of the competitive market. It remains to specify how the harvest strategies
of the managers at the local scale are determined, and how these strategies
determine the harvest functions at the global scale, H1

s ðtÞ; H2
s ðtÞ; H1

n, and H2
nðtÞ.

We are interested in comparing two types of solutions: The optimal solution that
maximizes the social welfare, and the market solution that emerges in a competitive
market. The optimal solution is found via the maximization of the social welfare
(Eq. 4) subject to the constraints given in Eqs. 6–9. In turn, to define the market
solution, we consider a competitive market in which each manager aims to max-
imize her/his own utility. Specifically, we consider a well-established framework in
which the market is perfectly competitive, such that, if property rights are defined
everywhere and there are no externalities, the market solution coincides with the
optimal solution12,14,31,40–42. In turn, the market solution depends on the form
of the externalities for the various managers, namely, it depends on how non-
sustainable harvest by a given manager affects the ecosystem in regions managed
by other managers.

To define the externalities, we distinguish between managed regions and shared
regions (Fig. 1). Each managed region is managed by a single manager who
determines the harvest method, which may vary anywhere between using only
sustainable methods and using only non-sustainable methods. In turn, the harvest
method in a given region determines the portion of the region that is harvested and
the rate at which the region becomes degraded (Fig. 1). We assume that the
management in a given managed region has no externalities as it affects only the
degradation level in that region. In turn, the shared regions are managed by a very
large number of managers, each of whom is free to harvest without restrictions
there. Specifically, we assume that each manager ignores the effect of her/his
actions on the future provision of the resource in the shared regions and considers
only her/his instantaneous benefit and cost from the harvest. Consequently, the
managers have the incentive to increase non-sustainable harvest in the shared
regions until the price of the natural resource equals the direct cost of the harvest.
These considerations enable us to find the market solution that is given by the
unique Nash equilibrium (see the section Numerical methods). In particular, the
perfectly competitive market assumption implies that the management in the
managed regions is socially optimal under the constraint given by the management
in the shared regions. Note that, without shared regions (x2= 0), there are no
externalities and the market solution coincides with the optimal solution.

Numerical methods. The numerical results showing the optimal and market
solutions are demonstrated in Figs. 2 and 3, system 1. The optimal solution is given
by the unique set of non-negative aggregate harvest functions, H1

s ðtÞ; H2
s ðtÞ; H1

n,
and H2

nðtÞ, that maximize social welfare: maxUT (Eq. 4) in the limit T!∞, where
c(t) and f(t) are given by Eqs. 6 and 9, subject to the constraint given in Eqs. 7 and
8. (Note that using the social welfare function given in Eq. 4 with a constant ρ, and
considering deterministic dynamics of c and f, guarantee that the optimization
problem is time consistent and has a unique solution12,37.) In turn, the market
solution is determined by a perfectly competitive market where each manager
maximizes her/his own profit. Specifically, consider the set of non-negative
harvest functions that maximize utility, maxUT (Eq. 4) as T!∞, subject to the
constraint given by Eqs. 7a and 8 and the constraint dx2/dt= X(t). Then, the
market harvest is given by the unique solution that satisfies XðtÞ ¼ H2

nðtÞ
(consisteny criterion).

We used algorithms that find the exact solutions provided that the resolutions
are sufficiently fine. Specifically, to find the optimal solution numerically, our
algorithm uses Stochastic Programming with backward induction (Supplementary
Note 4)43,44. (Note that the model’s dynamics are deterministic but the general
method is still called stochastic.) To find the market solution, our algorithm also
uses Stochastic Programming to solve for a given value of X. But it finds a solution
multiple times, each time for a different value of X, until it finds the solution that

satisfies the consisteny criterion. These algorithms are coded in C/C++ and are
described in detail in Supplementary Note 4.

In turn, in the results shown in Fig. 3, system 2, as well as in Figs. 4 and 5 and in
the graphical tool, we assume that the dynamics of c and f follow Eqs. 6–9, but we
consider harvest functions that are not given by either the optimal solution or
the market solution. In Fig. 3, system 2, we consider harvest functions that follow
the market solution until t= t1 and after t= t1+ 10, but between these times, the
non-sustainable harvest decreases gradually from its maximal level to zero. In
Fig. 4, we calculate Δsus, which is the cumulative discount that emerges if the
harvest is entirely sustainable, namely, Hn= 0 and Hs= x1+ x2 if t > 0. Also, in
Fig. 4a, we consider three scenarios in which the non-sustainable harvest is higher
in the beginning but eventually approaches zero, while Hn+Hs= x1+ x2.

After we determine the harvest functions, the functions c(t) and f(t) are
calculated according to Eqs. 6 and 9. In turn, we calculate the discount rate and the
cumulative discount according to Eq. 5 (where the cumulative discount is the
integral over time of the discount rate). Specifically, for the case in which only
sustainable harvest is used (Δsus in Fig. 4), the discount rates are calculated in
Supplementary Note 2 and are given by Eqs. B5 and B12. The prices are given by
Eq. A10, and the total product is given by Eq. A11. All of these equations are
derived in Supplementary Notes 1, 2.

Choice of parameters. The parameter values used for all of the numerical simu-
lations, which are given in the Source Data file, are within their realistic ranges.
The rate of technological growth is around 1.5–2.0% year−1 in developed countries
and is higher in some developing countries16,45. In turn, the rate of growth in
the yield per unit of sustainable harvest, gf, depends on the specific natural resource,
where values that were considered in the literature vary from gc down to much
lower (even negative) values32,37. Next, the value of 0 ≤ a ≤ 1 (unitless) also
depends on the particular system. In a fishery, for example, if non-sustainable
harvest would imply catching all the fish and sustainable harvest would imply
keeping the fish population size fixed, then a would be the growth rate of the fish
(i.e., 2% year−1 for large fish and higher rates for smaller fish)38; In agriculture,
sustainable management implies the use of environmentally friendly pest control
methods and effective water management, which may result in a comparable crop
yield (α≲ 1), but may be more expensive (λ > 1)33,34. In turn, the ratio between c(t)
and the direct costs, C1 and C2 (Eq. 9), determines the relative portion of c that
is needed per unit of harvest. Specifically, c (and thus the ratio) is initially small
but increases due to technological changes. Also, C1 and C2 may vary with x1 and
x2 if the cost varies among regions (e.g., if near-shore regions are depleted, the
average direct cost of harvest may increase). Next, note that 0 ≤ μ ≤ 1 (unitless)
can be chosen arbitrarily by the policymaker, as it does not affect the harvest
strategy and the future value of the natural resource; rather, it determines the
currency unit, which, in turn, determines the relative role of the discount and
the price in determining the future value of the natural resource. A reasonable
choice would be the portion in the basket of goods of the natural resource (e.g., the
portion of agricultural products in consumption is ~5% in the United States and
is higher in various developing countries), but μ may be higher if non-market
goods are incorporated. Finally, a variety of utility functions that incorporate both
c and f were suggested in the literature12,32,37, including the two that are used
here (Eqs. B2, B10)12, where estimates of η vary between 1 and 3 (unitless)16,41,45,
and suggested values for ρ varies between 0 and 3% (year−1)6,16,19,45.

Analytical and theoretical analysis. The general discount formula (Eq. 5) is
derived in Supplementary Note 1. The discount formulas for the special cases
presented in the figures are derived in Supplementary Note 2. The proof of the
theorem is given in Supplementary Note 3.

Data availability
No datasets were generated or analyzed during the current study. All the data needed to
reproduce the results is given in the paper. In particular, the parameter values used for
each figure are given in the Source Data file. These parameter values are taken from the
references that are cited in the Methods section.

Code availability
The algorithm that we used for finding the optimal and market solutions (Figs. 2 and 3)
is described in Supplementary Note 4. The C/C++ code used for generating Figs. 2 and 3
as well as the Matlab code used for generating Figs. 4 and 5 are available as a
supplementary code.

Received: 8 August 2018 Accepted: 25 February 2019

References
1. Assessment, M. E. Ecosystems and Human Well-being (Island Press,

Washington, DC, 2005).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09246-2 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:1419 | https://doi.org/10.1038/s41467-019-09246-2 | www.nature.com/naturecommunications 9

www.nature.com/naturecommunications
www.nature.com/naturecommunications


2. Groom, M. J., Meffe, G. K. & Carroll, C. R. Principles of Conservation Biology
(Sinauer Associates, Sunderland, 2006).

3. Scheffer, M. & Carpenter, S. R. Catastrophic regime shifts in ecosystems:
linking theory to observation. Trends Ecol. & Evol. 18, 648–656 (2003).

4. Folke, C. et al. Regime shifts, resilience, and biodiversity in ecosystem
management. Annu. Rev. Ecol., Evol., Syst. 35, 557–581 (2004).

5. Moreno-Mateos, D. et al. Anthropogenic ecosystem disturbance and the
recovery debt. Nat. Commun. 8, 14163 (2017).

6. Stern, N. H. The Economics of Climate Change: the Stern Review. (Cambridge
University Press, Cambridge, 2007).

7. Solomon, S., Plattner, G.-K., Knutti, R. & Friedlingstein, P. Irreversible climate
change due to carbon dioxide emissions. Proc. Natl Acad. Sci. USA 106,
1704–1709 (2009).

8. Coomes, D. A., Allen, R. B., Forsyth, D. M. & Lee, W. G. Factors preventing
the recovery of New Zealand forests following control of invasive deer.
Conserv. Biol. 17, 450–459 (2003).

9. Hulme, P. E. Beyond control: wider implications for the management of
biological invasions. J. Appl. Ecol. 43, 835–847 (2006).

10. Barnosky, A. D. et al. Approaching a state shift in Earth’s biosphere. Nature
486, 52–58 (2012).

11. Bringezu, S. & Bleischwitz, R. Sustainable Resource Management: Global
Trends, Visions and Policies (Routledge, New York, 2009).

12. Xepapadeas, A. in Handbook of Environmental Economics (ed. Vincent, J. R.
and Mäler, K. G.). (Elsevier, North Holland, 2005).

13. Chu, S. & Majumdar, A. Opportunities and challenges for a sustainable
energy future. Nature 488, 294–303 (2012).

14. Ramsey, F. P. A mathematical theory of saving. Econ. J. 38, 543–559 (1928).
15. Groom, B., Hepburn, C., Koundouri, P. & Pearce, D. Declining discount

rates: the long and the short of it. Environ. Resour. Econ. 32, 445–493 (2005).
16. Arrow, K. J. et al. Should governments use a declining discount rate in project

analysis? Rev. Environ. Econ. Policy 8, 145–163 (2014).
17. Nordhaus, W. D. To slow or not to slow: the economics of the greenhouse

effect. Econ. J. 101, 920–937 (1991).
18. Arrow, K. J. et al. Determining benefits and costs for future generations.

Science 341, 349–350 (2013).
19. Nordhaus, W. D. A review of the Stern review on the economics of climate

change. J. Econ. Lit. 45, 686–702 (2007).
20. Weitzman, M. L. Why the far-distant future should be discounted at its

lowest possible rate. J. Environ. Econ. Manag. 36, 201–208 (1998).
21. Weitzman, M. L. Gamma discounting. Am. Econ. Rev. 90, 260–271 (2001).
22. Weitzman, M. L. A review of the Stern Review on the economics of climate

change. J. Econ. Lit. 45, 703–724 (2007).
23. Gollier, C. Pricing the Planet’s Future: the Economics of Discounting in an

Uncertain World (Princeton University Press, Princeton, 2013).
24. Van der Zwaan, B. C., Gerlagh, R. & Schrattenholzer, L. Endogenous

technological change in climate change modelling. Energy Econ. 24, 1–19
(2002).

25. Dietz, S. & Hepburn, C. Benefit–cost analysis of non-marginal climate and
energy projects. Energy Econ. 40, 61–71 (2013).

26. Dell, M., Jones, B. F. & Olken, B. A. Temperature shocks and economic growth:
evidence from the last half century. Am. Econ. J.: Macroecon. 4, 66–95 (2012).

27. Moore, F. C. & Diaz, D. B. Temperature impacts on economic growth warrant
stringent mitigation policy. Nat. Clim. Change 5, 127–131 (2015).

28. Dietz, S. & Stern, N. Endogenous growth, convexity of damage and climate
risk: how Nordhaus’ framework supports deep cuts in carbon emissions.
Econ. J. 125, 574–620 (2015).

29. Drupp, M. A. Limits to substitution between ecosystem services and
manufactured goods and implications for social discounting. Environ. Resour.
Econ. 69, 135–158 (2018).

30. Neumayer, E. Global warming: discounting is not the issue, but substitutability
is. Energy Policy 27, 33–43 (1999).

31. Neumayer, E. Weak Versus Strong Sustainability: Exploring the Limits of Two
Opposing Paradigms (Edward Elgar Publishing, Cheltenham, 2003).

32. Hoel, M. & Sterner, T. Discounting and relative prices. Clim. Change 84,
265–280 (2007).

33. Brewer, M. J. & Goodell, P. B. Approaches and incentives to implement
integrated pest management that addresses regional and environmental issues.
Annu. Rev. Entomol. 57, 41–59 (2012).

34. Lefebvre, M., Langrell, S. R. & Gomez-y-Paloma, S. Incentives and policies
for integrated pest management in Europe: a review. Agron. Sustain. Dev. 35,
27–45 (2015).

35. Lind, R. C. in Discounting for Time and Risk in Energy Policy (eds Lind, R. C.
et al.) (Resources for the Future, Washington, DC, 1982).

36. Sterner, T. & Persson, U. M. An even sterner review: Introducing relative
prices into the discounting debate. Rev. Environ. Econ. Policy 2, 61–76 (2008).

37. Traeger, C. P. Sustainability, limited substitutability, and non-constant social
discount rates. J. Environ. Econ. Manag. 62, 215–228 (2011).

38. Clark, C. W. Mathematical Bioeconomics: the Mathematics of Conservation
(John Wiley & Sons, New Jersey, 2010).

39. Stern, N. Ethics, equity and the economics of climate change paper 2. Econ.
Philos. 30, 445–501 (2014).

40. Becker, R. A. & Boyd III, J. H. Capital Theory, Equilibrium Analysis, and
Recursive Utility (Wiley-Blackwell, New Jersey, 1997).

41. Evans, D. J. The elasticity of marginal utility of consumption: estimates for 20
OECD countries. Fisc. Stud. 26, 197–224 (2005).

42. Romer D. Advanced Macroeconomics, 4th edn (Mcgraw-Hill, New York,
2011).

43. Conrad, J. M. & Clark, C. W. Natural Resource Economics: Notes and Problems
(Cambridge University Press, Cambridge, 1987).

44. Clark, C. W. & Mangel, M. Dynamic State Variable Models in Ecology:
Methods and Applications (Oxford University Press, Oxford, 2000).

45. Nordhaus, W. D. Managing the Global Commons: the Economics of Climate
Change. (MIT press, Cambridge, MA, 1994).

Acknowledgements
The author sincerely thanks Charles Perrings for his valuable comments on the paper.
The author thanks SAL MCMSC, CLAS and SHESC, ASU, for funding (no. DN5-1057).

Author contributions
A.L. designed the research, composed the model, conducted the research, and wrote
the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09246-2.

Competing interests: The author declares no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports
are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09246-2

10 NATURE COMMUNICATIONS |         (2019) 10:1419 | https://doi.org/10.1038/s41467-019-09246-2 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-09246-2
https://doi.org/10.1038/s41467-019-09246-2
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Over-exploitation of natural resources is followed by inevitable declines in economic growth and discount rate
	Results
	Theoretical framework
	Over-harvesting is followed by declines in the discount rate
	Decline in the cumulative discount is unavoidable (theorem)
	A new discount formula
	The correction to the value of future goods is significant

	Discussion
	Methods
	Model overview
	Model of social welfare and the discount rate
	Model of the dynamics and management of the natural resource
	Model of the competitive market
	Numerical methods
	Choice of parameters
	Analytical and theoretical analysis

	References
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




