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Abstract
Natural resource management involves balancing benefits and costs that accrue
through time. How individuals and local communities weight such tradeoffs
can profoundly influence how they use and conserve resources. Our goal was
to understand time preferences of future benefits for goods that are relevant
for developing effective conservation strategies. We surveyed >500 Fulani in
Benin about their time preferences regarding financial, ecological, and agricul-
tural goods, summarizing these in the form of discount rates. In a discrete-time,
constant annual form, our results were much higher (median: 150%) than values
often discussed in literature. These discount rates declined through time; people
valued the future more than would be assumed based on constant discounting.
Discount rates were higher for financial goods than ecological or agricultural
goods. We illustrate how our estimates of discount rates change recommenda-
tions for optimal management of forest resource harvesting in the tropics. While
members of this grazing community discount future benefits at a high rate, they
do so in ways that contrast with conventional economic theory and favor long-
term use of nontimber forest products.
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1 INTRODUCTION

Sustainable management of natural resources involves
making an investment for the future with the promise of
long-term ecological benefits offsetting near-term oppor-
tunity costs. These benefits can include greater ecosystem
services, such as increased clean drinking water, recre-
ational opportunities, and ability to cope with natural
disasters (IPBES, 2019). Developing optimal conservation
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strategies for natural resources involves evaluating bene-
fits and costs associated with providing ecosystem services
both now and in the future because these benefits often
accrue through time (World Bank, 2006).
Discount rates are used to compare costs and bene-

fits that accrue through time (e.g., future harvests ver-
sus income today) by converting the value of future goods
into present value equivalents. A positive discount rate
indicates the future good is valued less than the present
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(Cropper, 2012; Lampert, 2019). Discount rates can influ-
ence conservation efforts, such as the amount of land
restored or conserved (Mazziotta et al., 2016; Verdone &
Seidl, 2017), timing of mitigation (Sjølie, Latta, & Solberg,
2013), where to protect land for conservation (Armsworth,
2018), and harvest strategies (Hernández-Barrios, Anten,&
Martínez-Ramos, 2015; Lundström, Öhman, Rönnqvist, &
Gustafsson, 2016). Many such conservation projects must
undergo a cost–benefit analysis. These analyses are highly
sensitive to chosen discount rates (Weikard & Zhu, 2005).
A small change in the discount rate may alter estimated
costs of restoration and conservation by billions of dol-
lars (Gren, Nyström Sandman, & Näslund, 2018). Despite
the influence of discount rates on project appraisals, few
projects assess their sensitivity to their chosen discount
rate (Bonzanigo & Kalra, 2014). Using locally estimated
discount rates allows amore accurate representation of the
future costs and benefits as valued by local resource users
and thereforemore relevant analyses of how those individ-
uals make decisions.
There are surprisingly few estimates of discount

rates that local resource users employ when weighting
benefits and costs through time. In a review of studies
on elicitation of discount rates, 83% of all studies were
conducted with university students or the general public
(Cohen, Ericson, Laibson, & White, 2016). The focus of
discounting studies has recently begun to broaden, mak-
ing heterogeneity in individual choices more apparent.
Personal demographics such as age (Attema, Bleichrodt,
L’Haridon, Peretti-Watel, & Seror, 2018; Kumar & Kant,
2019) and respondents’ country (Wang, Rieger, & Hens,
2016) can explain, in part, differences in individual dis-
count rates. Individuals also discount different domains
(e.g., health, financial, environmental) at different
rates (Hardisty, Thompson, Krantz, & Weber, 2013; Ubfal,
2016). Hence, our goal was to understand if and how
local people discount future benefits when subject to the
constraints they face in situ. We sought to do so for goods
that are relevant for developing effective conservation
strategies.
We studied how traditional resource users perceive

benefits and costs through time. To estimate discount
rates, we surveyed communities of pastoralists in West
Africa, the Fulani, who rely heavily on nontimber forest
products (NTFPs) for fodder for their livestock (Gaoue
& Ticktin, 2009). To illustrate how our findings would
change management prescriptions, we integrated our
estimated discount rates into a model for optimizing
harvest rates of African mahogany, Khaya senegalensis,
an emblematic plant species of conservation concern.
This application illustrates the importance of using

local discount rates while evaluating conservation
strategies.

2 METHODS

2.1 Study system

Benin has high levels of biodiversity (Miller, Minn, &
Sinsin, 2015). Yet, habitat and forest loss has been esti-
mated at 50,000 ha/year (FAO, 2011), largely attributed to
land clearing for agriculture and illegal timber and char-
coal production. (Lokonon et al., 2019). In eight villages
in Benin, we conducted surveys with Fulani, traditional
pastoralists (Figure 1). Increased droughts and extreme
weather events, in addition to competition with increased
agriculture and logging, are causing Fulani to live more
sedentary lives (Gaoue & Ticktin, 2009; Heubach, Wit-
tig, Nuppenau, & Hahn, 2011). Despite their changing
lifestyles, many Fulani do not own land. Instead they rely
on public resources, often operating inside commons-like
grazing systems.
On average, NTFPs contribute 53% of Fulani’s income

(Heubach et al., 2011), creating an intricate link between
these communities and their natural resources. As a
result, these communities face direct and tangible trade-
offs between financial and ecological costs and benefits
through time. Also, perceptions about the distant future
in many traditional African cultures are distinct from
those in western societies (D’Exelle, van Campenhout, &
Lecoutere, 2012), where the majority of literature on time
preferences has occurred (Cohen et al., 2016).
We used K. senegalensis, a native, culturally important

species in Benin to exemplify the impact of discount rates
on conservation decisions because (1) it is listed as vulner-
able by IUCN and is of high concern for conservation by
local communities (Lokonon et al., 2019); (2) its high tim-
ber value causes ongoing illegal harvest; (3) Fulani selec-
tively harvest its NTFPs, especially during the dry season,
for medicinal purposes, including to treat malaria, and for
their livestock (Gaoue&Ticktin, 2009;Houehanou,Assog-
badjo, Kakaï, Houinato, & Sinsin, 2011); and (4) discount
rates for slow growing species has been central to discount-
ing debates (e.g., Clark, 1973).
We conducted 503 surveys. We used 481 surveys because

22 were incomplete. We conducted 201 surveys in a drier
region, 99 surveys in a wetter region, and 181 surveys in a
climatic transition zone. Themedian age was 43 (range 18–
90) with only 16 females, reflecting cultural mores within
which we were working. Of our respondents, 92% had no
formal education and 47% owned or leased land.
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F IGURE 1 Map of study area with village locations. Villages in the drier region of Benin are in red, those in the wetter regions in Benin
are in blue, and those in the transition region between the two ecological regions are in green

2.2 Survey methods

We used verbal choice-based surveys (Hernuryadin,
Kotani, & Kamijo, 2019; Ubfal, 2016). Subjects faced
hypothetical paired choices of gains tomorrow versus
gains to be received next month, next year, and in 3 years.
We used fixed-sequence titration methods for each set of
discount-rate-related questions (Hardisty et al., 2013). If
the respondent always chose the near-term option, we
asked at what amount, if any, would they choose the latter
option (Appendix S1). Our approach, although common
(e.g., Hardisty et al., 2013; Hernuryadin et al., 2019),
involves many assumptions (e.g., narrow bracketing), and
we recognize alternate designs are possible (Table S1).
We repeated our survey questions for financial, eco-

logical, and agricultural goods. We used fodder from
harvestable trees and cows, in biophysical units, to

determine ecological and agricultural discount rates,
respectively. Subjects were also asked demographic
questions (Appendix S1).

2.3 Functional form for discounting

We calculated discount rates using an exponential specifi-
cation of time preferences. A subject would be indifferent
between two benefits if:

𝑉 = 𝐹 × 𝑒−𝛿𝑖𝑡,

𝛿𝑖 = −
1

𝑡
ln

(
𝑉

𝐹

)
, (1)

where V is the present value, F is the future amount, t is
the time delay, and 𝛿𝑖 is the individual’s discount rate for a
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TABLE 1 Ecological model. Additional details and parameter values are provided in Appendix S4

State equations
Density of plant species 𝑑𝑥(𝑡)

𝑑𝑡
= 𝑟(𝑡)𝑥(𝑡)(1 −

𝑥(𝑡)

𝐾
) − 𝐸𝑙(𝑡)𝑥(𝑡)

Intrinsic growth rate of plant 𝜏 𝑑𝑟(𝑡)

𝑑𝑡
= 𝑟𝑒 − 𝑟 − 𝛼𝐸𝑛 − 𝛽𝐸𝑙

Notation Description
𝑥(𝑡) Density of K. senegalensis at time t (a

state variable)
𝑟(𝑡) Intrinsic rate of K. senegalensis at

time t (a state variable)
K Carrying capacity for K. senegalensis
𝐸𝑛 Rate of effort for nontimber harvest

at time t
𝐸𝑙 Rate of effort for timber harvest at

time t
𝑟𝑒 Maximum growth rate of K.

senegalensis
𝜏 Average lifespan of K. senegalensis in

years
𝛼 Growth decay rate for nontimber

harvest
𝛽 Growth decay rate for timber harvest

specific good.Other choices of functional form to represent
discounting are also possible (Appendix S2).

2.4 Empirical analysis

We assumed each respondent’s indifference point was the
midpoint of the interval between the questions at which
they switched to the delayed option (Hardisty et al., 2013;
Johnson & Saunders, 2014). Once we determined indif-
ference points for individuals at each timeframe for each
good, we calculated their discount rates (Equation 1).
Some respondents said they would always choose the
near-term option, implying infinite discount rates (see
also Kumar & Kant, 2019). Respondents having infinite
discount rates are consistent with economic theory for
use of common-pool resources (Hartwick & Yeung, 1997).
Others sometimes answered with zero or negative dis-
count rates, again to be expected whether based on theory
(Baumgärtner, Klein, Thiel, & Winkler, 2015) or cultural
beliefs.
We used generalized linear mixed model with a rank

transformation to compare discount rates across time-
frames and domains. We then incorporated effects of
the climate of the respondent’s village, their age, and
whether they own or lease lands. Both models incor-
porated two random error terms to account for het-
erogeneity across individuals and an individual spe-
cific error term to account for the heterogeneity within
an individual’s responses (Appendix S3). We undertook

robustness tests using several alternative specifications
(Table S5).

2.5 Optimization model

To demonstrate the importance of discount rates, we inte-
grated our results into a model that aims to identify
optimal harvest rates for K. senegalensis. Specifically, we
adapted amodel for timber andnontimber harvesting from
Gaoue, Jiang,Ding,Agusto, andLenhart (2016). Themodel
accounts for growth of populations, while assuming the
intensity of nontimber harvest affects the intrinsic growth
rate of the species (Table 1, see also Gaoue et al., 2016).
Themodel assumes amanagement goal of maximizing net
profits that accrue for local human populations from tim-
ber and nontimber harvesting, while also assigning a con-
servation value to maintaining a standing stock of K. sene-
galensis in an open access system. Managers are assumed
to maximize the objective:

𝐽 (𝐸𝑙, 𝐸𝑛) =
𝑇

∫
0
𝑒−𝛿(𝑡)𝑡 (𝐵1𝐸𝑙 (𝑡) 𝑥 (𝑡) + 𝐵2𝐸𝑛 (𝑡) 𝑥 (𝑡)

−𝐶1𝐸𝑙 (𝑡) − 𝐶2𝐸𝑛 (𝑡) − 𝐶3𝐸
2
𝑙
(𝑡) − 𝐶4𝐸

2
𝑛 (𝑡)

+𝐴𝑥 (𝑡))𝑑𝑡, (2)

where 𝐸𝑙 is effort for timber harvest, 𝐸𝑛is effort for non-
timber harvest, A is the weighted value of conserva-
tion, 𝐵1 and 𝐵2 are aggregate parameters that include
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prices from the two types of harvest, and C1 and C2
describe the cost (including time-cost) of each day of
effort spent harvesting timber and nontimber, while C3
and C4 are an adjustment to this cost reflecting the fact
that marginal costs of each day of harvesting effort may
increase the more effort that is being deployed for both
timber and nontimber harvesting respectively. We use this
model to explore how assumptions about the discount
rate δ(t) would change recommended optimal harvesting
strategies.
We compare optimal harvest strategies using survey

results with (1) a single, constant discount rate at the
median obtained for the financial domain (Gaoue et al.,
2016); (2) a single, constant discount rate at the median
obtained for the ecological domain; and (3) constant, dual-
discount rates using the median values for the financial
and ecological domains (Armsworth, 2018). To implement
dual-rate discounting, we apply a separate discount rate to
the conservation value term (A, Equation 2) and another
for valuing harvest income (Appendix S4). Finally, we
consider (4) a single discount rate that declines through
time paralleling survey results in the ecological domain
(Appendix S4). In Equation 2, δ(t) is the single discount
rate applied,whichwas assumed constant through time for
versions 1 and 2, but declined through time for version 4.
We used Pontryagin’sMaximumPrinciple to transform the
resulting optimal control problem into a boundary value
problem, which we solved numerically using forward and
backward sweeps in Matlab, version R2019a (Lenhart &
Workman, 2007, Appendix S4).

3 RESULTS

Were we to use a discrete time, annual representation of
the discount rate, our median value would be 150%, much
higher than the 0–20% range often discussed in the litera-
ture. These high discount values correspond to a halving
of value in ∼8.8 months for the financial domain, ∼18.9
months for fodder (ecological domain), and ∼13.6 months
for cattle (agricultural domain) (Table 2). A total of 168
(34.9%) respondents reported that no amount of goods in
the future would make them choose the later-term option
for at least one good, implying that they have infinite dis-
count rates.
Delay, domain, and delay-domain interaction were

all significant (p < .0001; Figure 2; Appendix S3), some-
thing that continues to apply if the models are also run
without infinite responses (Table S5 for robustness
checks). Discount rates decreased through time for all
domains, meaning that when considering events in the
more distant future, individuals discount less. Moreover,
when comparing across domains, respondents discounted T
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F IGURE 2 Comparative rank coefficients for discount rates for three timeframes (1 month, 1 year, 3 years) over the three domains, cows,
money, and trees. Trees, 3-year delay, owning land, and wetter region were reference categories for the model. Age was set to 43, the median
age. The bars with an asterisk are significantly different (p < 0.05) than the respective reference category

financial amounts significantly more than they would
in other domains. Respondents who leased or owned
land had marginally significantly higher discount rates
(p = .0586); older respondents had significantly lower
discount rates (p < .001); and climatic zone was not
significant (Figure 2, Table S4).

3.1 Optimization models

The optimization models make clear that the variation
in discount rates we observed can profoundly affect
management recommendations for timber and nontim-
ber harvesting of tropical trees. Our first model uses a
single constant discount rate at the median for financial
discounting (Figures 3A–C, S1). For this case, there is an
initial pulse of timber harvesting and accompanying crash
in population size, before timber and nontimber harvest-
ing are abandoned (Figures S1, 3A–C); that is, with high
discount rates, sustainable harvest of this slow-growing
treewould not be economically efficient. In contrast, when
using the lower fodder, median discount rate, nontimber

harvesting effort gradually expands through time, while
timber harvest is not sustained (Figures S1, 3A). The
expansion in nontimber harvesting results in a reduction
in the growth rate of remaining trees (Figure 3C). Finally,
with dual-rate discounting, nontimber harvesting again
increases to begin with, but is abandoned as the conser-
vation value of standing mahogany comes to dominate
its harvesting value, resulting in the largest density and
growth rate of trees (Figure 3A–C).
We also compare recommendations when assuming

a constant discount rate with recommendations if dis-
count rates decline through time as observed in the sur-
vey data for the ecological domain (Figures 3D–F, S2).
When implementing a nonconstant discount rate, the dis-
count rate is initially very high (to arrive at the same
overall median amount). Hence once again, harvesting
initially does not look like an economically attractive
investment and an initial pulse in timber harvesting sup-
presses the population before harvesting is abandoned.
However, once the discount rate has declined enough, we
observe increasing levels of nontimber harvest being opti-
mal again.
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F IGURE 3 Optimal effort for non-timber harvest (A and D) and the respective effects on population density (B and E) and population
growth rate (C and F) of K. senegalensis over a 100-year time horizon. Panels A–C compare a single rate at the median for the financial domain
(long-dashed line), a single rate at the median for the ecological domain (short-dashed line), and multiple-rate discounting incorporating the
medians for both the financial and ecological domains (solid line). Panels D–F compare a single constant rate at the median for the ecological
domain (solid line) and a single nonconstant rate paralleling declining rates observed in the survey (dashed line)

4 DISCUSSION

Weelicited and calculated discount rates for three domains
across three timeframes. Our study reveals that Fulani in
Benin do discount and at a high rate on average. Yet two
common discounting assumptions do not describe their
preferences well: Fulani do not discount domains equally
and they do not discount at a constant rate through time.
We also found high variation in discount rates, but demo-
graphic covariates could explain some of the variation. We
applied our survey results to an optimization model for
harvest of K. senegalensis. In our study, dual-rate discount-
ing resulted in the highest growth rates of K. senegalensis.
Our work appears to be the first to empirically elicit locals’
discount rates and then depict their importance by apply-
ing them to a bioeconomic model of management.
Elicited discount rates (median: 150%) are significantly

higher than found in other studies (Kumar & Kant,
2019; Ubfal, 2016). High discount rates for the ecologi-

cal domain would align with theory for common-pooled
resources (Hartwick & Yeung, 1997). But high discount
rates applied across domains, suggesting these may be due
more to uncertainty about the future; for example, Fulani’s
lifestyles are rapidly changing from transient to sedentary
due to climate change and competition for land with log-
ging and agriculture (Gaoue & Ticktin, 2009; Heubach
et al., 2011). For K. senegalensis, such high discount rates
imply sustainable timber harvest will not be economically
competitive, putting logging interests and conservation in
tension. At the same time, sustained nontimber harvest
would be optimal. Currently, most plantations and restora-
tion programs in the region focus on fast growing species,
such as Gmelina arborea and Tectona grandis. Programs
that seek to support reliance on NTFPs could help conser-
vation efforts as would programs that seek to deter timber
harvest, 90% of which is done illegally (Siebert & Elwert,
2006), by tracing timber sales (FAO, 2020) and by promot-
ing sustainable energy sources in lieu of fuelwood and/or
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charcoal (World Bank, 2019). For other conservation efforts
with high discount rates, the question may become when
to operate, in addition to focusing on the value of benefits
not just to the organization, but multiple benefits, as we
have shown in our model with both local economic and
conservation benefits.
Aligning with other recent studies, our results showed

people discount domains differently (Green & Richards,
2018; Ubfal, 2016). In our study, dual-rate discounting
resulted in the highest growth rates of mahogany. Addi-
tionally, Fulani discount near-term benefits and costs at
a higher rate than those realized further into the future.
With nonconstant discount rates, awaiting period is neces-
sary before nontimber harvest would be optimal. Building
upon previouswork (Armsworth, 2018; Sumaila&Walters,
2005), our models depict the need for conservation man-
agement to account for domain-specific discount rates and
nonconstant rates, which can influence the timing, rate,
and magnitude of optimal management strategies.
In our study there are potentially other important fac-

tors and assumptions that could be addressed. We only
asked about three time periods and, hence, only calcu-
lated discount rates using one functional form. We pro-
vide a sensitivity test to the choice of functional form
in Appendix S2, which shows similar patterns in dis-
count rates across domains. Additionally, we did not
ask risk-related questions, which could lower elicited
rates (Andreoni & Sprenger, 2012). Because Fulani rarely
divulge the number of cattle they have, or amount of fodder
needed for their cattle, we did not incorporate background
consumption. With our illustrative modeling application,
we explored parameter space relative to survey results and
mahogany, leaving a wider exploration of parameter space
for other work. Despite these and other assumptions, our
study depicts the importance of including locally derived
time preferences in conservation management.
Our study shows that discount rates are much higher

for Fulani in Benin than previous literature suggests and
that Fulani discount monetary amounts differently than
they do some other types of good. This study depicts
the nuanced nature of discount rates and the effects that
discount rates can have on optimal conservation strate-
gies and natural resource management. Discount rates for
conservation decisions and natural resource management
cannot be applied across all communities or user groups
uniformly; instead, managers need locally grounded esti-
mates. Overall, natural resource management and asso-
ciated models could be significantly improved with the
incorporation of local time preferences.
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