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Introduction

With tropical deforestation accounting for up to a fifth of global, anthropogenic CO2 emissions (van der Werf et al. (2009)), Reducing Emissions from Deforestation and Degradation
(hereafter ‘REDD’) has been posited as a cost-effective climate change mitigation strategy
(Stern (2007); Eliasch (2008); Palmer and Engel (2009)).1 Policy options for REDD span
the range of well-known interventions in forest and land use, although incentive payments or
payments for environmental services (PES) are often emphasised (Angelsen (2010); Palmer
(2011)). A major selling point of PES is their relative, potential cost-effectiveness compared to other policy options (Ferraro and Kiss (2002); Ferraro and Simpson (2002); Muller
and Albers (2004); Groom and Palmer (2010)). For REDD, the challenge is to design costeffective payments that can secure forest climate services in settings where the returns from
different land uses constantly change. Stochastic control models, which have long been applied to forest management problems, are of particular relevance for this policy setting.
In these, the incentives driving land-use change under uncertainty are central. Of particular interest are those that enable a land-use change from forest to agriculture and vice
versa (e.g. Bulte et al. (2002); Schatzki (2003); Isik and Yang (2004); Wiemers and Behan
(2004); Behan et al. (2006)). Yet, previous work neither considered the cost-effectiveness
of different payment schemes under uncertainty nor has there been an explicit focus on
REDD.
This paper proposes an index-based REDD payment scheme that meets a pre-set probabilistic criterion to keep land in forest. We investigate its cost-effectiveness using a model
of land-use change, which is characterized by dependent and stochastic alternative land-use
returns. A key innovation of our paper is the development of a criterion to keep land in
forest, which we term the ‘permanence’ criterion. Since carbon sequestered in the terrestrial biosphere is not permanently removed from the atmosphere, it is at constant risk of
being returned through deforestation whether intentional or not. Thus, REDD will not
represent a permanent change in the cumulative flux of carbon dioxide to the atmosphere
and perfect permanence will always be impossible to attain.2
1

‘REDD+’ encompasses policies and activities to prevent or slow deforestation and degradation, and
increase forest carbon stocks. It has been considered for inclusion in a post-2012 global climate regime
(UNFCCC (2010)). In this paper we mainly focus on the cost-effectiveness of REDD and not REDD+.
We also assume throughout that REDD is socially optimal. Previous research has shown that it is often
less expensive than alternative mitigation options and has high side benefits, e.g. biodiversity (see Palmer
and Engel (2009)).
2
While this also applies to industrial emissions sources, we adopt the viewpoint of Watson et al. (2000)
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There are several types of risks that jeopardize permanence in forest carbon sinks.3 We
focus on demand-side risk in the presence of stochastic returns. This is the risk that an
increase in profits from the alternative land use raises landowner’s opportunity costs of
keeping land under the original use above the value of the REDD payment. In this case,
it might become profitable for landowners to change land use. Understanding how these
risks affect landowners’ decisions can provide valuable insights for the design of payment
schemes that ensure permanence. With recent booms in commodities’ prices - including
in agriculture - there is an increasing need to design payments schemes that can adapt
to impending population increases and rising food- and energy-related demands for land.
While we believe our results are of general relevance for PES design, we focus our analysis
on forest carbon and REDD payments. Stakeholders with billions of dollars invested in
REDD fear that reductions in loss of forest carbon stocks may be credited now or rewarded
across time but that these stocks may later disappear due to opportunistic land conversion.4
Beginning with the Stern Review (2006), the decision to allocate land use between
forestry and an alternative in the REDD literature has generally been tackled employing
standard discounted cash flow techniques (e.g. Nepstad et al. (2007); Boerner and Wunder
(2008); Butler et al. (2009)). Closer scrutiny of the data used in the Stern Review suggests
wide variation in the opportunity costs of keeping land in forest over a 30 year period
using a 10 percent discount rate, even within countries. For example, including the returns
from a one-off timber harvest, opportunity costs in Brazil range from around US$ 600 per
hectare for large-scale cattle ranching to US$ 2,100 per hectare for soybean production
(see Grieg-Gran (2009)). The main assumption of these kinds of analyses is that future
opportunity costs are known with certainty and hence, these studies are limited in guiding
policy design with respect to demand-side risk.
Dutschke and Angelsen (2008) were the first to explore possible REDD policy options
regarding permanence. To manage demand-side risk one suggestion is to index REDD
transfers to a relevant agricultural commodity index if prices move out of a ‘pre-determined
that reductions in fossil fuel emissions can be regarded as leading to more permanent reductions in cumulative flows to the atmosphere in contrast to reductions in deforestation.
3
Dutschke and Wong (2003) discusses the potential difficulties of addressing permanence in the presence
of different types of risk. Note that the term permanence has a looser definition in this paper than that
commonly used in the REDD+ literature. Under a national approach to reducing emissions, for example,
the concern is less about permanence of specific forest areas but instead whether a particular country
continues to maintain changes in emissions below some reference level (Dutschke and Angelsen (2008)).
4
Along with possible REDD contract breach by landowners (see MacKenzie et al. (2011)). While credit
buffers, risk pools and insurance allow for some mitigation of risk, these provide only limited incentives to
ensuring permanence at the landowner level.
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price corridor’. Otherwise, such transfers would remain fixed as is commonly observed in
PES schemes around the world (Engel et al. (2008)). However, this idea was not explored in
any further detail. Indexing payments to landowners’ agricultural incomes was considered
by Benı́tez et al. (2006), who extended the use of stochastic dominance rules to conservation
payments needed to prevent land-use change. In bearing part of the landowner’s income
risk, the conservation buyer can benefit from lower total conservation costs if these risks
are spread across many landowners and over time. Benı́tez et al. (2006) also discuss the
role of irreversibility in land-use decisions and admit that by ignoring this, their estimates
of the required payment levels may be too high.
The land-use allocation problem for REDD involves sunk costs and uncertain profits.
Studying the land conversion problem from forestry to agriculture, Schatzki (2003) shows
that it is optimal for land owners to delay land-use change when conversion costs are sunk
and the returns from alternative land uses are uncertain. This is a standard result in real
options theory and accounts for the idea that land use can be considered as a real asset with
an attached perpetual option to convert it to another land use at any time.5 Depending
on the levels of uncertainty that characterize the problem, these option values to delay
are potentially large. Incorporating these in payments for forest conservation may lower
payment values. Guthrie and Kumareswaran (2009) consider the effect of carbon credit
payments on forest owners’ land use and harvest decisions using a real options model.
Payments are either paid on the basis of the amount of carbon sequestered at a given
point in time or a payment paid on the basis of the long-run carbon sequestration potential
of the land. They find that the former scheme leads to greater carbon sequestration at
a lower cost than the latter. While the timber price, i.e. landowner’s opportunity cost,
is modeled as a source of volatility, carbon prices are not modeled stochastically. In our
model, neither the landowner’s opportunity cost of keeping land in forest nor the value of
the indexed payments is known with certainty. Yet, if both returns are stochastic then from
a REDD policy perspective there is a need to better understand the dependency structure
between these two.
We first develop a general model of optimal land-use change under stochastic returns
with two land uses, forest and agriculture. A risk–neutral land owner decides whether
to retain her starting-point land use, whether forest or agriculture, or to change to the
5

We refer to McDonald and Siegel (1986) and Pindyck (1988) for an introductory discussion about
options theory applied to real investments. A more comprehensive description of the real options theory
can be found in Dixit and Pindyck (1994), Dixit (1989), and Pindyck (1991).
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alternative. We then focus on the decision of whether to keep land in forest with REDD
payments or to convert the forest to agriculture. The payment scheme comprises both
constant and indexed payment components. Building on standard concepts of financial
risk management, we impose our permanence criterion on this decision. Thus, for a given
unit of land, probability and time horizon, we identify combinations of the parameters of
the payment scheme that ensure the landowner keeps her land in forest with a probability
not lower than 90 percent.
In Section 2, we show that the relative cost-effectiveness of different payment schemes
depends on three features of the scheme under consideration. First, the dependency structure between the returns from the indexed component of the payment and the returns
from the alternative land use. This has not been considered in the literature before. Our
results suggest that the more correlated these two returns the lower the cost of the policy
overall. Second, the relative volatility level of the underlying returns. Here, we reproduce
standard real option results in that the greater the volatility of payments the higher the
upside potential profits. This makes the option value to delay land-use change, i.e. no
land conversion, more appreciable. Third, the relative combination of fixed and variable
payment components. A higher option value to delay allows for a reduction in the fixed
component of the payment and, ultimately, reduces policy costs.
The model is then applied to policy scenarios in Section 3, specifically to the design of
cost-effective payments made to landowners in Parana State, Brazil. In becoming one of
Brazil’s major soybean producing regions, Parana has experienced high rates of forest loss
(see Fearnside (2001); Angelsen and Kaimowitz (2001)). With potential for further high
returns on agriculture, the area could continue to be at high risk of severe deforestation.
In other words, Parana is a prime candidate for REDD payments to slow deforestation.
Indeed, Brazil is an active participant in REDD policy debates at the international level.
After calibrating the dynamics of alternative land-use returns to Parana’s soy bean
index, we estimate the dynamics of forest-related returns, i.e. the REDD payments, with
respect to two observable price indices: the CBOT (Chicago Board of Trade) Soybean
May Futures and the European Union’s Emissions Trading System permit price. Thus,
motivated by the work of Dutschke and Angelsen (2008) and Benı́tez et al. (2006), we first
link the variable payment component to an agricultural commodity index that correlates
with landowners’ opportunity costs. We then consider linking this component to carbon
prices. While not a feature of the Kyoto architecture, linking payments in the Clean
Development Mechanism to the secondary market price of permits has been discussed
5

in the literature, e.g. (Mehta and Capoor (2003), Streck (2005)), and was considered
in previous meetings of the United Nations Framework Convention on Climate Change.
Linking future REDD payments to carbon market prices, however, remains a possibility in
the event of market integration (Gregersen et al. (2010)).6 The costs of payment schemes
with indexed components based on one of these indices are compared. Consistent with the
results presented in Section 2, our findings illustrate the costs of securing permanence in a
high-risk area through the indexing of payments to landowners. These results, along with
their policy implications and limitations, are discussed in Section 4.

2

The model

In this paper we value a representative single-hectare of land that generates profits from one
of two alternative uses: forest (hereafter F ) or agriculture (hereafter A). Whenever the land
use is changed, conversion costs are incurred. Costs for changing from forest to agriculture,
(CCF A ) and, vice versa, from agriculture to forest, (CCAF ) are sunk.7 Profits to the
landowner from forest are generated by an incentive payment program while profits from
agriculture are generated by crop sales. Future returns both from forest and agriculture
are, in principle, uncertain.

2.1

Payment program and the landowner’s decision

We consider a payment program with two components: (i) a constant per-hectare payment,
c; and, (ii) a per-hectare indexed payment component, I, scaled by a pre-set coefficient, α.
The second component I, can correspond to some observable price index, the return process
of which may be dependent or independent with respect to alternative agricultural returns.
Forest returns correspond to the sum of these two components, i.e. F = c + α · I. Our aim
is to identify a pair (c, α) that makes profitable the carbon dioxide sequestration service of
forest for a given time horizon, T. Later, in Section 2.2, we spell out the probabilistic rule we
propose to assess how likely the land is kept in forest, i.e. the permanence criterion. Then,
6

In the voluntary markets, sales of Verified Emissions Reductions finance payments that incentivize
shifts in local land use towards ones supplying higher carbon benefits, e.g. agroforestry and reforestation
activities by local farmers in Mozambique (Palmer and Silber (2012)).
7
Later, when introducing the probabilistic permanence criterion, we concentrate on the situation where
the land use is changed from forest to agriculture and neglect a possible change back from agriculture to
forest. The model can easily accommodate this by imposing very high conversion costs, (CCAF ), that
preclude such an event.
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in Section 2.3, we quantify the relative cost-effectiveness of different payment programs that
meet such a criterion. We first introduce the general model of land-use change. Assume
that the index returns process I evolves according to the following stochastic process:
dI = µI Idt + σI IdWI ,

(1)

where µI is the constant drift term, σI is a positive constant, and WI is assumed to be
standard normally distributed. Similarly, we assume the agricultural return process A
evolves according to a second stochastic process:
dA = µA Adt + σA AdWA ,

(2)

where µA is the constant drift term, and σA is again a positive constant. Because the two
return processes may be correlated, we introduce a second process Wa that is assumed to
p
be standard normally distributed, and such that WA = ρIA · WI + 1 − ρ2IA · Wa , and ρIA

represents the unconditional correlation. Note that we model the returns directly instead
of modelling the price and crop yield uncertainties separately. This simplifies our analysis
considerably and allows us to utilize existing numerical techniques to solve the optimal

land–conversion problem. In Section 3, we parametrize the return processes to observable
price indices, yield processes, conversion costs and payment programs. All these values are
specified per hectare of land. In the following sections we concentrate on those policies
where the forest returns are indexed to some return value that is, to varying degrees,
correlated with the returns from the alternative land use.
Over each increment of time dt, a landowner receives F dt if the land is in forest or
Adt if the land is in agriculture. Assume first a starting point of land in forest. At each
point in time, the landowner decides either to keep her land in forest or to convert the
forest to agriculture. The decision to change land use generates instantaneous profits net
of conversion costs. Alternatively, the landowner can delay the decision to harvest the
forest and continue to receive the forest returns, i.e. the payments. Thus, the value of a
single hectare of forest is
f (F, A, t) = max{π F , π A − CCF A }.

(3)

The first term on the right-hand side describes the returns if the land is kept in forest. The
landowner receives a payment of F dt and the discounted future expected returns from the
7

land. Therefore, π F represents the landowner’s return from forest use. In particular
π F = F dt + e−rdt E[f (F + dF, A + dA, t + dt)],

(4)

where E is the expectation operator. All returns are valued by discounting their expected
values at the constant, continuously compounded, risk-free discount rate r. The second
term of Equation (3) is the return when the land is converted from forest to agriculture.
The landowner incurs sunk conversion costs equal to CCF A .8
For generality, we also explore the possibility of converting from agriculture to forest,
i.e. via activities that increase forest carbon stocks. This is not only relevant for REDD+
as defined in footnote (1) but also for afforestation or reforestation activities undertaken in
the Clean Development Mechanism (CDM) of the Kyoto Protocol. When the initial land
use is agriculture, the landowner faces a similar decision-making problem. She can either
produce the agricultural commodity before converting the land to forest, or postpone this
decision and continue with agricultural production. Therefore, the value of a single hectare
of agriculture is
g(F, A, t) = max{π A , π F − CCAF }.

(5)

Similar to the previous situation, the first term on the right-hand side describes the returns
if the land is kept in agriculture. The landowner receives a profit Adt from agriculture and
the discounted future expected returns of land:
π A = Adt + e−rdt E[g(F + dF, A + dA, t + dt)].

(6)

If the landowner decides to change her land-use from agriculture to forest she faces conversion costs equal to CCAF .
For π F and using Ito’s Lemma, we obtain:
π F = f (F, A, t)
(7)

 ∂f
1
∂2f
∂f
1
∂2f
∂f
∂f
+ σF2 F 2 2 + µF F
+ σA2 A2 2 + µA A
− ρF A σF σA
− rf dt
+
∂t
2
∂F
∂F
2
∂A
∂A
∂F ∂A
+ F dt.
8

Conversion from forest to agriculture may also generate a one-time timber profit. Such extra profit
may be explicitly accounted for by modeling the timber price, the volume of timber extracted from the
forest, and the harvest costs. For model tractability, we do not explicitly model these profits. In Section
3, however, we incorporate a one-off timber profit amounting to 30 percent of the conversion costs, CCF A .
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Similarly, for π A we obtain:
π A = g(F, A, t)
(8)
 ∂g 1

∂2g
∂g
1
∂2g
∂g
∂g
+
+ σA2 A2 2 + µA A
+ σF2 F 2 2 + µF F
− ρF A σF σA
− rg dt
∂t 2
∂A
∂A 2
∂F
∂F
∂F ∂A
+ Adt.
We know from Equation (3) that f (F, A, t) must be at least as large as π F or π A −CCF A .
That is, f (F, A, t) must satisfy:
0≥

∂f
1
∂2f
∂f
1 2 ∂2f
∂f
∂f
+ σF2 F
+
µ
F
+
σA A 2 + µA A
− ρF A σF σA
− rf + F, (9)
F
2
∂t
2
∂F
∂F
2
∂A
∂A
∂F ∂A
f (F, A, t) ≥ π A − CCF A .

(10)

We also know from Equation (5) that g(F, A, t) must be at least as large as π A and
π F − CCAF . Therefore, g(F, A, t) must satisfy:
∂g 1 2 ∂ 2 g
∂g
1 2 ∂2g
∂g
∂g
0≥
+ σA A 2 + µA A
+ σF F
+ µF F
− ρF A σF σA
− rg + A, (11)
2
∂t 2
∂A
∂A 2
∂F
∂F
∂F ∂A
g(F, A, t) ≥ π F − CCAF .

(12)

At least one of the two conditions for f (·) and g(·) must hold with equality. For example,
for land in forest, if Equation (9) is an equality, then the landowner should keep her land
in forest. Conversely, if Equation (10) is an equality, the landowner should change her
land use to agriculture. For land in agriculture, if Equation (11) is an equality, then the
landowner should keep her land in agriculture. Conversely, if Equation (12) is an equality,
the landowner should change her land use to forest. In all other cases, the landowner is
indifferent between converting and not converting, i.e. it is optimal to wait. Because the
two value functions f (F, A, t) and g(F, A, t) are interdependent, there are no analytical
solutions to the system of the Equations (9) and (10) and (11) and (12). Therefore, we
solve the optimal land-use change problem numerically.9
9
We solve this problem using the collocation method. This approach approximates the unknown value
functions f (F, A, t) and g(F, A, t) using linear combination of n known basis functions. We refer to Miranda and Fackler (2002) and Dangl and Wirl (2004) for a comprehensive explanation. Often, the finite
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To solve the land-use change problem we first evaluate the optimal conversion boundaries given the parameters of the forest Ft and the agriculture returns At , respectively; the
conversion costs CCF A and CCAF ; the dependence structure between the two alternative
land uses, forest and agriculture, ρIA ; and the discount rate r. Figure 1 represents the
conversion boundaries given a possible set of parameters chosen. In particular, the solid
line corresponds to the boundary for the conversion from forest to agriculture, CF A ; the
dashed line corresponds to the boundary for the conversion from agriculture to forest, CAF .
Supposing the land is in forest, when a simulated forest return turns out to be below the
boundary from forest to agriculture (CF A ), the landowner changes from forest to agriculture. Conversely, she keeps the land in forest. Supposing the land is in agriculture, when a
simulated agriculture return turns out to be above the boundary from agriculture to forest
(CAF ), the landowner changes. Conversely, she keeps the land in agriculture. The area
between the two boundaries is the waiting region.

2.2

Probabilistic permanence criterion

The general model shows when it is optimal to change land from one use to another,
and vice versa. To be of relevance to the policy discussion on REDD, we now focus on
the incentives required to prevent a change from forest to agriculture, i.e. such that the
landowner continues to postpone the decision to change from forest to agriculture.
Once the underlying, observable index market I is chosen, a specific criteria is required
to identify the (c, α) pair, i.e. respectively, the constant per-hectare payment component
and the scaling coefficient for the variable payment component, that ensures land is kept
in forest. Building on standard concepts of financial risk management, we propose a probabilistic permanence criterion. For a given hectare of forestland, a pre-set probability level,
p, and a chosen time horizon, T , the pair (c, α) is derived to ensure that the land remains in forest over the given time horizon with a probability not lower than the specified
probability level. Together p and T identify the permanence criterion. Note that since p
can be interpreted as the probability of avoiding deforestation, (1 − p) corresponds to the
probability of deforestation.
In order to determine the pair (c, α) that satisfies the permanence criterion, we first
evaluate the optimal conversion boundaries given a specific set of model parameters. We
difference method is used to solve numerically the value functions in the framework of stochastic dynamic
optimization. However, the collocation method result has proven to be both a quicker and more robust
alternative.

10

Figure 1: Optimal land-use change and waiting regions. The dashed line corresponds to the
boundary for the conversion from forest to agriculture, CAF . The solid line corresponds to the
boundary for the conversion from agriculture to forest, CF A . Within the top light-grey region it
is optimal to change land use from agriculture to forest; within the bottom dark-grey region it is
optimal to change land use from forest to agriculture. In the clear regions it is optimal to wait.
then solve for the optimal land-use change numerically. Focusing on the starting point of
land in forest, we choose different sets of (c, α) and simulate the returns from forest and
agriculture. When forest returns are below the conversion boundary CF A , changing land
use from forest to agriculture is optimal. This comparison is assessed every s months.
More specifically, the simulation yields a converted path when agriculture becomes more
profitable than forest at any given comparison node, i.e. we assume irreversible conversion
at the first node agriculture is more profitable than keeping land in forest. Dividing the
total number of non-converted paths by the number of simulations, S, we compute the
likelihood of a land-use change from forest to agriculture not occurring, p̂. A policy meets
the permanence criterion when p̂ ≥ p.

2.3

Model results

In this sub-section, we explore the relative cost-effectiveness of different payment schemes
that ensure the land stays in forest with a probability p of 90 percent over a time period

11

T of 30 years.10 We elicit combinations of the size of the constant per-hectare component
c of the payment scheme along with that of the variable, indexed component α for the
least expensive overall payment. Thus, the objective of the carbon service buyer is to
determine the pair (c, α) that satisfies the permanence criterion at lowest cost. Achieving
policy cost-effectiveness while avoiding deforestation and hence, ensuring the environmental
effectiveness of the programme first requires that we compare the two alternative returns to
the landowner: agricultural profits on one hand and those coming from the buyer’s REDD
payments on the other. A number of policy insights follow, particularly with respect to
indexing payments to the landowner’s opportunity cost of keeping the land in forest, i.e. the
alternative land-use returns.
We solve the optimal land-use change problem using a set of parameters that are derived
from data used for the real-world policy scenarios in Section 3. Specifically, the initial value
of both returns is set equal to the unconditional mean of the log return from a Brazilian
soybean index.11 Also, conversion costs are based on calculations in the following section.
We return to this index and the construction of conversion costs when we explicitly model
a Brazilian landowner’s alternative returns for the policy scenarios in Section 3. Finally,
we use a standard discount factor equal to 5%. All parameters used in this section are
reported in Table 1.
Three different scenarios are considered for the dependency structure between the two
competing land returns: a high correlation factor of 0.9, a relatively lower correlation factor
of 0.5, and uncorrelated. Given the model parameters and the structure of dependence between returns, we identify the combination of (c, α) that satisfies the permanence criterion.
The expected policy cost, i.e. the cost of the pair (c, α), is the average cost accruing from
the corresponding non-converted paths.12 Table 2 shows that the dependency structure
between the indexed returns and the returns from the alternative land uses matters. In
particular, relative cost-effectiveness depends upon the correlation factor. The more corre10

CDM guidelines propose that Land Use, Land Use Change and Forestry projects have a duration of
between 20 and 60 years. We chose 30 years on the basis of this being the shortest desirable timeframe
for securing forest climate benefits from REDD, i.e. in bridging the time to a less carbon-intensive global
economy (see Lecocq and Chomitz (2001)). Moreover, policy designed to secure permanence may not even
be necessary in 30 years time if there are fewer incentives in the future to deforest the areas protected or
afforested today (Chomitz and Thomas (2001)).
11
If pt−1 and pt are two consecutive observations for a price series, the log return r(t) is defined as the
difference ln(pt ) − ln(pht−1 ).
i P
hR
i
RT
T
S
12
In other words, E 0 F (t)dt ≈ i=1 0 Fi (t)dt /S where i is the i-th simulation that yields to a
non-converted land use at each comparison node.
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Description

Parameter

Value

Drift of the index returns
Drift of the alternative returns
Volatility of the index returns
Volatility of the alternative returns
Initial value of the index returns/ha
Initial value of alternative returns/ha

µI
µA
σI
σA
I0
A0

0
0
0.010
0.015
48.60
48.60

Conversion costs/ha
Discount rate
Total length in years
Evaluation window in months
Number of simulations
Per-set probability level

CCF A
r
T
s
S
p

60.7
0.05
30
6
10,000
0.90

Table 1: Model parameters used in this Section. The unit for the conversion costs and the return
processes is $/ha.

lated the two returns, the lower the cost of the policy. Intuitively, the higher the potential
returns coming from agriculture the higher the opportunity cost to keep land in forest. This
opportunity-cost wedge, however, may be reduced when the forest returns are indexed to
some return value that is highly correlated to the returns from the alternative land use.
The volatility of the underlying returns affects the opportunity-cost wedge in a similar
fashion. Suppose the volatility of the index-based forest returns increases from σI = 0.01
(Scenario 1, in Table 2) to σI = 0.025 (Scenario 2). Consistent with the real options
literature, a more variable payment increases the upside potential profits and, therefore,
reduces the opportunity cost of keeping land in forest. As shown in the table, for a given
value of α, the value of the option to postpone land-use change ultimately makes the policy
relatively cheaper because it reduces the fixed payment c.
Finally, note that all previous results hold (with reverse sign) when the two alternative
land uses are negatively correlated. Testing a policy in which the variable component is
indexed to an underlying return that is negatively correlated has, however, no economic
meaning.
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ρ = 0.9
Scenario

α = 0.7
c

α = 0.8

Cost

c

Cost

α = 0.9
c

Cost

Scenario 1 0.29 2, 492 0.17 2, 494 0.05 2, 495
Scenario 2 0.28 2, 414 0.16 2, 423 0.05 2, 479
ρ = 0.5
Scenario

α = 0.7
c

α = 0.8

Cost

c

Cost

α = 0.9
c

Cost

Scenario 1 0.30 2, 502 0.17 2, 503 0.06 2, 537
Scenario 2 0.28 2, 430 0.16 2, 490 0.06 2, 513
ρ = 0.0
Scenario

α = 0.7
c

α = 0.8

Cost

c

Cost

α = 0.9
c

Cost

Scenario 1 0.30 2, 513 0.19 2, 524 0.07 2, 581
Scenario 2 0.29 2, 505 0.18 2, 513 0.07 2, 549
Table 2: Combinations of (c, α) that satisfy the permanence criterion for different correlation
levels of the land returns: ρI,A = 0.9 , ρIA = 0.5 and ρI,A = 0.0. In Scenario 1 σI = 0.01 and
σA = 0.015, whereas in scenario 2 σI = 0.025 and σA = 0.015. The remaining model parameters
are as specified in Table 1. The unit for the policy costs is $/ha over a 30-year period.

3

Policy scenarios: REDD payments to landowners in
Parana State, Brazil

This section applies the model presented in Section 2 to real-world REDD policy scenarios. Participants in our hypothetical payment scheme are landowners from Parana State in
Brazil who grow soybean for commercial purposes. For these landowners, the opportunity
cost of keeping land in forest determines the minimum level at which their participation
can be secured. In constructing the return processes from two alternative land uses, forest and agriculture, recall that the former is based on a payment scheme with fixed and
variable components. The model parameters of the variable component is calibrated using
data extracted from two price indices, respectively, the European Union Emission Trading
System (ETS) and the Chicago Board of Trade (CBOT) Soybean May Futures index. We
calibrate the parameters in order to elicit the most cost-effective payment scheme while
14

also satisfying the permanence criterion.

3.1

Calibration of model parameters

To begin, we construct the I(t) return process by first indexing the forest payment to the
log returns of transferable permits exchanged under the EU ETS. We estimate the amount
of carbon dioxide that would be emitted in case of deforestation on a single hectare of
forest land and multiply it by the historical time-series of the permit price. Formally, this
corresponds to:
I(t) = CO2Ha · pCO2 (t) − CM
(13)
where CO2Ha is the amount (in tons) of carbon dioxide per hectare, pCO2 (t) is the price of
carbon permits at time t, and CM represents all costs such as fixed management and transaction costs. In particular, pCO2 (t) corresponds to the price of European Union Allowances
Units (EUA) futures traded on the European Climate Exchange. This is the most liquid
market for permits. We use quoted futures with maturity December 2010, from March 31,
2006 to June 2010. Prices are converted into US$. The index is first constructed using
Equation (13). Next, the parameters of Equation (1) are calibrated via maximum likelihood
and are reported in Table 3 (a similar calibration is undertaken for the CBOT May futures
and for the agricultural returns. Note that Equation (2) is used for the latter). For the
amount of carbon per ha (the parameter CO2Ha), we rely on the values and methodology
cited in Busch et al. (2009). For management and transaction costs, the default value in
Busch et al. (2009) of US$ 4.20 per hectare per year (2008 figures) is used. The values of
CO2Ha and CM are reported in Table 4, as are conversion costs.13 We assume the same
starting value for the emissions index as for the agricultural index.
Farmers in Parana use the CBOT May futures of soybean as an indicator for the price of
soybean at harvesting and selling time. It thus forms their expectations of what they might
receive for their crops in a few months time. Harvesting time in Parana occurs between
late February and early April. Most of the sales are then made within three months after
harvest.14 For the second index, we consider the time series of the CBOT Soybean May
13

Land conversion costs include profits (from timber harvesting) and costs (e.g. timber extraction costs,
taxes, land costs and clearing and farm establishment costs). For the profit from timber harvesting, we
assume an average timber rent of US$ 261 per hectare (Busch et al., 2009). Other research suggests a wide
range in estimates of timber returns. For example, Boerner and Wunder (2008) find total net returns from
timber extraction in Mato Grosso to range from US$ 109 to 734 per ha.
14
In the state of Parana in Brazil, farmers usually plant corn as a second yearly crop after the soy is
harvested. We simplify in order to keep everything tractable and assume that there are two soy harvests
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EUA
µEI
2
σEI

0
0.029

CBOT
µCI
2
σCI

0
0.017

CEPEA
µA
2
σA

0
0.015

Table 3: Calibrated parameters for (i) the emissions index (European Union Units Allowances,
EUA) futures contracts from March 31, 2006 to 30 June, 2010; (ii) the agricultural index (CBOT
Soybean Index) from March 31, 2006 to March 31, 2011; and (iii) the constructed index for
soybean produced in Parana state (CEPEA) from March 31, 2006 to August 31, 2010. The
estimated unconditional correlation value between the EUA prices and the prices of Brazilian
soybean is approximately zero, therefore in this case ρEA = 0.0. The estimated unconditional
correlation value between the CBOT index and the prices of Brazilian soybean is ρIA = 0.93.

futures from March 31, 2006 to March 25, 2011. Finally, for the farmers’ agricultural
return process A(t), we use the CEPEA/ESALQ index for soybean produced in Parana
state, Brazil. The prices are quoted in US$ per 60 kg bag. We assume an average yield of
105 bushels per hectare soybean. With average production costs of US$ 775 per hectare
and transportation costs of US$ 0.5 per bushel, the return process A(t) corresponds to net
profit of soybean production per hectare. The remaining parameters used are in Table 4.
The starting values of the REDD payment indices are made equivalent to the landowner’s
alternative returns. Equating these initial values also allows us to focus more on the dependency structure between returns and the volatility of returns.

3.2

Discussion

With the return processes calibrated, we solve the optimal switching problem numerically
and determine the pairs (c, α) that satisfy a permanence criterion of 90 percent over 30
years. We compare the cost-effectiveness of payments made to landowners in the Brazilian
state of Parana whether indexed to the carbon market price (EUA futures) in the European
Union ETS, or indexed to the CBOT soybean index .
The results are shown in Table 5. The volatility of soy returns is similar to that of
the landowner’s alternative returns while the volatility of carbon returns has a higher level
than the volatility of the alternative returns. At all levels of α, REDD payments linked to
the soy index have lower overall policy costs than payments linked to the carbon index and
are hence, more cost-effective. Moreover, for both payment indices, the most cost-effective
policy is one with a relatively higher fixed and a lower variable payment component. When
per year. This does not significantly alter our results.
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Description

Value

Avg. yield (soybean)
Cost of production
Cost of production
Transportation costs
Mean soybean price

105 bushels/ha
US$ 5-5.50 per bushel
US$ 775 per ha
US$ 0.50 per bushel
US$ 11 per bushel

Management costs per ha, CM
Above and below ground biomass carbon
Soil carbon
Total Carbon
Total CO2 (factor 3.67)

US$ 4.20
106 tons C/ha
96.67 tons C/ha
116 tons C/ha
426 tons CO2 /ha

CCF A
Profits from lumber/timber harvesting

370-620 US$/ha
30% of conversion costs

Table 4: Parameters used for the construction of the return forest processes I(t), the agriculture
return process A(t), and for the simulation of the returns processes. Data on soy prices are
from Escola Superior de Agricultura Luiz de Queiroz (ESALQ) and the remaining data are from
Conservation International and from Soybean and Corn Advisor.

payments are strongly indexed to carbon prices (i.e. high α), scheme costs go up to towards
US$ 2,625/ha falling to US$2,423/ha when payments are weakly indexed. For payments
tied to the soybean index, scheme costs are US$ 2,421-2,483/ha depending on the level of
α.
Index

α = 0.5
c

Carbon
Soy

Cost

α = 0.6
c

Cost

α = 0.7
c

Cost

α = 0.8
c

Cost

α = 0.9
c

Cost

0.53 2, 423 0.41 2, 466 0.30 2, 471 0.18 2, 505 0.07 2, 625
0.52 2, 421 0.40 2, 446 0.29 2, 461 0.17 2, 467 0.05 2, 483

Table 5: Combinations of (c, α) that satisfy the permanence criterion for a carbon and a soy
index. The unit of costs is in $/ha over a 30-year period.

In summary, indexed payments to the landowner are lower when tied to the soybean
index compared to the carbon index. In light of indexing REDD contracts to the carbon
market price this result has important policy implications. It indicates that scheme costs
could be reduced by around 5-10 percent while maintaining the same level of permanence
if payments are instead linked to a relevant agricultural commodity price index. This
cost saving assumes a carbon service buyer would choose to target REDD in areas of high
17

deforestation risk that also have high agricultural value. He may, of course, decide to target
areas of high deforestation risk but where agriculture brings much lower returns. In this
case, payments indexed to agricultural commodities of lower value will be even cheaper
than ones indexed to soybean, relative to payments indexed to carbon prices.

4

Conclusions and implications for REDD policy design

This paper investigates the implications of landowners’ option values in decisions over how
to allocate land use with a focus on land-use change between forest and agriculture. Irreversible sunk costs along with uncertainties over the returns from future land use are
modeled in order to provide insights into the design of payment schemes for Reducing
Emissions from Deforestation and Degradation (REDD). Given that REDD will not represent a permanent change in the cumulative flux of carbon dioxide to the atmosphere,
scheme design is motivated by a need to secure forest carbon sinks over time while remaining relatively cost-effective. Since perfect permanence is clearly impossible to attain, the
aim is to minimise the cost of the policy with a given level of risk of deforestation as a
result of landowners’ changing opportunity costs.
We develop a model of optimal land-use change under stochastic returns in which a
variable payment component based on an observable price index is introduced alongside
a constant, fixed component. The latter are the usual vehicle for many PES schemes in
operation around the world. Variable payments based on carbon prices could feature if
REDD is integrated into a carbon offset market. A variable payment component based on
an agricultural commodity index is an innovation that has been proposed in the literature
but has not been implemented in actual payment schemes nor has it been thoroughly
explored in previous research. An innovation of our framework is to establish a probabilistic
permanence criterion in all of our simulations. Thus, for a given hectare of forestland we
derive the payment scheme that ensures the land remains in forest over a given time horizon
with a probability not lower than a specified level. We set the criterion at a probability of
90 percent with a time horizon of 30 years.
The relative cost-effectiveness of different payment schemes is examined in Sections 2
and 3. Two different scenarios for the dependency structure between the two competing
land returns are considered: uncorrelated and positively correlated. Our results suggest
18

that the higher the correlation between the returns from the indexed component of the
payment and the returns from the alternative land use, the lower the cost of the policy
overall. Therefore, in choosing between indexing REDD payments to prices in a carbon
market or prices in a relevant agricultural index, the policy regulator should opt for the
latter if aiming for cost-effectiveness when the alternative land use is agriculture. Yet, in
reality, REDD buyers might prefer to tie payments to the EUA index since carbon market
risks are ones they better understand and can manage rather than to an agricultural commodity index that they may understand less well. Furthermore, the greater the volatility
of the returns, the higher the upside potential profits. These results are consistent with the
standard literature on optimal land-use change: when conversion costs from forest to agriculture are sunk and the returns from alternative land uses are potentially less profitable,
the land owner delays land-use change. This is what we observe when REDD payments are
indexed to a relatively volatile carbon price. It should be noted, however, that when the
competing returns are strongly correlated it is not unreasonable to expect their volatility
levels to be of a similar magnitude.
In our framework, we compare the costs of different payment schemes that combine
fixed and variable components. Two remarks are in order. First, it is not yet clear
that landowner-scale incentive payment schemes will be a significant feature of a future,
international-level REDD scheme. While payments may play a role in project-scale pilot
activities, perhaps in national-level schemes, other policy instruments such as protected
areas will come into play at least in the short-term. Second, when the variable component is reduced, with the REDD payment moving towards an exclusively fixed transfer, we
are approximating the certainty equivalent. In this setup, the certainty equivalent is the
amount of payment that a landowner would have to receive to be indifferent between that
payment and the alternative (risky), agricultural returns.
While these results are unsurprising in a model of optimal land-use change with riskneutral agents, we note that they may create some confusion among practitioners working
with PES schemes and other policies for REDD. Previous research that examined informational differences between policies appeared to show that indexed payments might be
more cost-effective than fixed ones. For example, using a principal-agent framework with
asymmetric information on the agent’s opportunity cost, MacKenzie et al. (2011) show
that when the landowner’s opportunity cost is observable the principal’s rent and the level
of carbon sequestration from the contract are always larger under indexing, i.e. compared
to the case where it is unobservable and indexing is not possible. Our modeling frame19

work operates in a similar information setting to that of first-best contracts and hence,
does not explicitly consider informational rents. Namely, we show that information about
a landowner’s opportunity cost is valuable only if alternative returns are correlated to a
relevant index. If they are uncorrelated a policy weighted towards indexed payments is
relatively more expensive than one with more weight on a fixed transfer, i.e. there is an
informational difference between the two payment schemes.
Finally, we note two further issues and ideas for future research. First, landowners’
opportunity costs and, more generally, their land-use decisions are unlikely to be driven by
a single factor such as the returns from alternative land uses. Second, where these schemes
are used a variable payment component may be more costly to implement than a fixed
component alone. This could be subject to future, empirical research.
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