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DRAFT IN PROGRESS

1 Introduction

Over the last couple of decades there has been an increase in the application of stochastic
control models in the forest management literature with an emphasis on incentives that
drive land-use change under uncertainty. Of particular interest are those that focus on the
switch 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)). This research
is relevant for the study of incentives and policies for Reducing Emissions from Deforesta-
tion and Degradation (hereafter REDD+), which may be included in a post-2012 global
climate regime (UNFCCC, 2010).1 Potential policy options which could be implemented to
operationalise REDD+ span the range of (mostly well-established) interventions in forest
and land use, although payments for environmental services (PES) are often emphasised
(Angelsen, 2010; Palmer, 2011). Previous studies in the forest management literature that
focus on incentives to switch between alternative land uses have important policy implica-
tions for payment design in REDD+ policy. Yet they do not consider the effects of different
payment schemes on managing uncertainties nor do they focus explicitly on REDD+.

This paper investigates alternative REDD+ payment programs that a policy regula-
tor (or more broadly, any REDD+ service buyer) may implement in order to dissuade a
landowner from converting the land to alternative use. Since carbon sequestered in the ter-
restrial biosphere is not permanently removed from the atmosphere, it is at constant risk of
being returned through deforestation, whether intentional or not. Reductions in emissions
from REDD thus will not represent a permanent change in the cumulative flux of carbon
dioxide to the atmosphere.2 There are several types of risks that jeopardize so-called ’per-
manence’ in forest carbon sinks.3 In this paper, we focus on demand-side risk. This is the
risk that an increase in the alternative use profits raises landowner’s opportunity costs of
keeping land under the original use above the REDD+ payment set in the program. In this
case, it might become profitable for landowners to convert land use and permanence would
not be warranted. Understanding how these risks affect landowner’s decisions can provide
valuable insights for the design of payment programs and how to ensure permanence. With

1‘REDD+’ encompasses policies and activities to prevent or slow deforestation and degradation, and in-
crease forest carbon stocks. The latter denote the ’+’ in REDD+ and include activities such as agroforestry
and forest restoration.

2While this also applies to industrial emissions sources, we adopt the viewpoint of Watson et al. (2000)
that reductions in fossil fuel emissions can be regarded as leading to more permanent reductions in cumu-
lative flows to the atmosphere in contrast to reductions in deforestation.

3Dutschke and Wong (2003) discusses the practicality and potential difficulties of addressing permanence
in the presence of different types and levels of risks. 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
greenhouse gas 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).
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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

We first develop and implement a general optimal switching model where a risk–neutral
land owner can decide to convert her land use between two general alternatives, forest and
agriculture. The REDD+ payment program constitutes one of the two alternatives. As
is common in this literature, we assume conversion is instantaneous (e.g., see Guthrie and
Kumareswaran (2009)). Conversion costs are sunk and future returns are uncertain. The
objective of the landowner is to maximize his future expected returns. Although the model
allows for a general investigation of continuous-time optimal switching strategies, we con-
centrate on maintaining forest permanence under uncertainty in the return to agriculture
and REDD+ payments. In particular, the land owner is deciding between the continued use
in forest conservation with REDD+ payments or the conversion to agriculture. Building
on standard concepts of financial risk management, we propose a probabilistic permanence
criterion. For a given unit of land, probability and time horizon, we identify sufficient
conditions for the parameters of the payment program that guarantee the land to remain
in forest over the given time horizon with a probability not lower than this level.

This performance criterion is operationalized by considering a REDD+ payment pro-
gram that accommodates both a constant per–hectare payment and a per–hectare indexed
payment component. In particular, such a component could be any observable price–index
whose returns process are dependent or independent from the returns of the alternative
land use. Moreover, we introduce a leverage effect multiplying this variable lag by a given
weighting coefficient. In practice, two indices appear relevant in the REDD+ context. In
the voluntary carbon markets, payments for carbon offsets are often linked in some way to
carbon market prices, an approach that may be extended to REDD+ in the event of inte-
gration into carbon offset markets (see Gregersen et al. (2010)). An alternative approach
that has been proposed in the literature, but to our knowledge has yet to be applied in
actual payments schemes, is to index payments to an agricultural commodity index that
correlates with landowners’ opportunity costs (Beńıtez et al. (2006) Dutschke and Angelsen
(2008)). The innovation of our framework is to incorporate indexed and hence, variable
payments alongside the kinds of payments that are commonly observed in PES schemes
around the world, i.e fixed ones (Engel et al., 2008).

Beginning with the Stern Review (2006), the decision problem of land conversion be-
tween forestry and an alternative use in the REDD literature has generally been tackled
employing standard discount cash flows techniques (e.g. Nepstad et al. (2007); Boerner

4Along with possible REDD+ contract breach by landowners (see MacKenzie at al., 2010). 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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and Wunder (2008) ; Butler et al. (2009) ). However, such a decision problem 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 switching
when conversion costs are sunk and 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 the uncertainty that characterizes the prob-
lem, these option values to delay are potentially large and failure to explicitly model them
may considerably affect payments design. Incorporating this option value in the payments
for forest conservation may lower payment values. This implies that current estimates of
the cost of REDD+ may be overestimated, an important point that is further investigated
in this paper.

Choosing a desired probability level and a time horizon, we numerically evaluate the
minimum REDD+ payment that satisfies the permanence criterion of conserving forest
over time. In a stylized model, presented in Section 2, the landowner collects either un-
certain REDD+ payments or uncertain agriculture profits. We find that the higher the
uncertainty about the returns of the index–based component of the REDD payment, the
higher the likelihood of land conversion. This result is in line with real options theory. For a
given weighting coefficient, the fixed transfer needs to be enlarged to meet the permanence
criterion. On the other hand, the higher the uncertainty about the agriculture returns, the
lower the likelihood of land conversion. The constant transfer that meets the permanence
criterion can be lowered as well. However, it is also important to understand the depen-
dency structure between the two alternative land uses. The more correlated the returns
of the index component of the REDD+ payment and the agriculture returns, the lower
the cost of the policy. Identifying the most cost-effective combination of fixed and variable
transfers is, however, only possible when the volatility of the price index is lower than that
for the landowner’s opportunity cost. In this case, cost-effectiveness can be achieved with
a payment scheme with more weight given to the variable component.

The model is applied to real case scenarios in Section 3. In particular, we evaluate the
minimum REDD+ payment that achieves a given permanence criterion while minimizing
the program’s transfer costs. We do this by calibrating the model to two observable price
indices: the soy bean index of Parana State, Brazil, and the European Union’s Emissions
Trading System permit price. The costs of three scenarios are compared: (i) a fixed payment
per hectare (no indexed payment), (ii) a payment that is linked to the soy index, and (iii)
a payment that is linked to the carbon market price. We find that where the landowner’s
opportunity cost is highly correlated with the soy bean index then the most cost-effective
policy is to implement a variable payment linked to this index rather than to carbon prices.
This policy is also more cost-effective than using fixed payments alone. These results, along
with their policy implications and limitations, are discussed in Section 4.

5We 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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2 The Model

In this paper we value a representative single-hectare of land that can generate profits
from one of two alternative uses: forest or agriculture. Whenever the land-use is switched,
conversion costs are incurred. Costs for switching from forest to agriculture, (CCFA) and,
vice versa, from agriculture to forest, (CCAF ) are sunk. Once the switch from forest
to agriculture has occurred payments preclude a switch back from agriculture to forest
again. A switch, however, from agriculture to forest could be applied, for example, to
assess payments for afforestation or reforestation as in the Clean Development Mechanism
(CDM) of the Kyoto Protocol. Profits to the landowner from forest are generated by a
REDD+ incentive payment program while profits from agriculture are generated by crop
sales. Future expected returns both from forest (hereafter F ) and agriculture (hereafter
A) are uncertain. Moreover, conversion from forest to agriculture yields a one-time timber
profit. This profit is a special case in our model. It can occur, for example, if deforestation
takes the form of slash and burn. For simplicity, we assume a single grade of timber.
When the forest is t years old, the volume of timber (per hectare) equals V (t), for some
deterministic function V .

2.1 Avoided deforestation payment program

We consider a payment program that accommodates both (i) a constant per-hectare pay-
ment (c) and (ii) a per-hectare indexed payment component (I) weighted by some coeffi-
cient (α). The second component I, corresponds to some observable price index the return
process of which may be dependent or independent with respect to agricultural returns.
Therefore, 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. We then quantify the cost of different payment
programs given the probability of keeping land in forest. We assume the index returns
process I evolves according to the following stochastic process:

dI = µIIdt + σIIdWI , (1)

where µI is the constant drift term, σI is a positive constant, and WI is assumed to be
normally distributed with mean 0 and variance 1. Similarly, we assume the agricultural
return process A evolves according to a second stochastic process:

dA = µAAdt + σAAdWA, (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 be normally distributed with mean 0 and variance 1, and such that WA = ρIA · WI +
√

1 − ρ2

IA · Wa, and ρIA represents the unconditional correlation.
We consider different payment schedules for keeping land in forest in every period

t ∈ [0, T ]. In particular, a policy regulator can choose from three different payment
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structures: (i) a fixed constant payment c; (ii) a payment P (t, cCI , ICI , αCI) indexed to
a commodity index (i.e. to some return value of the alternative land use); (iii) a pay-
ment P (t, cEI , IEI , αEI) indexed to an emissions index, i.e. the price of marketable permits
traded on some market for permits. All these payments are specified per hectare of land.
All cash-flow streams are valued by discounting their expected values at the constant, con-
tinuously compounded, risk-free interest rate r. Note that we model the returns directly
instead of modelling the price and yield uncertainties separately. This simplifies our analy-
sis considerably and allows us to utilize existing numerical techniques to solve the optimal
land–conversion problem. In Section 3, we derive the return processes from underlying and
observable price indices, yield processes, conversion costs, and payment programs.

2.2 Landowner’s decision

Over each increment of time dt, a landowner receives Fdt 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 switch land use or not. The first action corresponds to
conversion from forest to agriculture. This decision generates instantaneous profits net of
conversion costs, and may also generate a one-time timber profit. Conversely, the landowner
can delay the decision to harvest the forest and continue to receive payments. Thus, the
value of a single hectare of forest is

f(F, A, t) = max{πF , πA − CCFA}. (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 Fdt and the discounted future expected returns from the
land. Therefore, πF represents the landowner’s return in the absence of forest conversion
during the interval of length dt. In particular,

πF = Fdt + e−rdt
E[f(F + dF, A + dA, t + dt)], (4)

where E is the expectation operator. 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 CCFA.6

For generality we account also for the possibility of converting from agriculture to forest.
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

6A one-off timber profit may be accounted for by letting the second term become (τ(t)−h)·V (t)−CCFA.

Here, h represents harvest costs per unit of timber, V (t) is the volume of timber extracted from the t-years
old forest, and τ(t) is the timber price at time t for some deterministic function τ . In Section 3 we account
for the possibility of a one-off timber profit. For model tractability, however, we model the sum of the
conversion costs, CCFA, and the profit from the one-off timber harvest, (τ(t)−h) ·V (t), as a single variable
labeled total conversion costs, TCCFA.
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to forest, or delay this decision and continue with agricultural production. Therefore, the
value of a single hectare of agriculture is

g(F, A, t) = max{πA, πF − 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:

πA = Adt + e−rdtE[g(F + dF, A + dA, t + dt)]. (6)

If the landowner decides to switch from agriculture to forest she faces conversion costs
equal to CCAF .

For πF and using Ito’s Lemma, we obtain

πF = f(F, A, t) (7)

+
(∂f

∂t
+

1

2
σ2

F F 2
∂2f

∂F 2
+ µFF

∂f

∂F
+

1

2
σ2

AA2
∂2f

∂A2
+ µAA

∂f

∂A
− ρFAσF σA

∂f

∂F∂A
− rf

)

dt

+ Fdt

Similarly, for πA we obtain

πA = g(F, A, t) (8)

+
(∂g

∂t
+

1

2
σ2

AA2
∂2g

∂A2
+ µAA

∂g

∂A
+

1

2
σ2

F F 2
∂2g

∂F 2
+ µF F

∂g

∂F
− ρFAσF σA

∂g

∂F∂A
− rg

)

dt

+ Adt

We know from Equation (3) that f(F, A, t) must be at least as large as πF and πA −
CCFA. That is, f(F, A, t) must satisfy

0 ≥
∂f

∂t
+

1

2
σ2

F F
∂2f

∂F 2
+ µFF

∂f

∂F
+

1

2
σ2

AA
∂2f

∂A2
+ µAA

∂f

∂A
− ρFAσF σA

∂f

∂F∂A
− rf + F (9)

f(F, A, t) ≥ πA − CCFA (10)

We also know from Equation (5) that g(F, A, t) must be at least as large as πA and
πF − CCAF . Therefore, g(F, A, t) must satisfy

0 ≥
∂g

∂t
+

1

2
σ2

AA
∂2g

∂A2
+ µAA

∂g

∂A
+

1

2
σ2

F F
∂2g

∂F 2
+ µF F

∂g

∂F
− ρFAσF σA

∂g

∂F∂A
− rg + A (11)

g(F, A, t) ≥ πF − CCAF (12)
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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 switch to agri-
culture. 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 switch to forest. In all other cases, the landowner is indifferent between converting
and not converting. Therefore, 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 sys-
tem of the Equations (9), (10), (11) and (12). Therefore, we solve the optimal switching
problem numerically using the collocation method.7

2.3 Probabilistic permanence criterion

Although the model accounts for bi-directional conversion, recall that our aim is to in-
vestigate the incentives that might ensure the landowner continues keeping the land in
forest thus postponing the conversion to agriculture. Therefore, in what follows we mainly
concentrate on the switch from forest to agriculture.8

Once the underlying, observable index market I is chosen, a specific criteria is required
to identify the (c, α) pair 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 (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 level. As we discuss later, this minimum payment,
i.e. any pair (c, α) that ensures land stays in forest with probability p, is not necessarily
unique.

To compute the minimum payment we first evaluate the optimal conversion boundaries
given the parameters of the forest F and the agriculture returns A, respectively; the con-
version costs CCFA and CCAF ; the correlation factor between the two alternative land
uses, forest and agriculture, ρI,A; and the discount factor r. Such conversion boundaries
are represented in Figure 1. The dashed line (CFA) corresponds to the switching boundary
for the conversion from forest to agriculture; the solid line (CAF ) corresponds the switch-
ing boundary for the conversion from agriculture to forest. Since avoided deforestation
is the relevant question here we simulate S sample paths of the forest returns F for T

years according to the parameters previously specified. Every s months each sample path

7This approach approximates the unknown value functions f(F, A, t) and g(F, A, t) using linear combi-
nation of n known basis functions. We refer to Miranda and Fackler (2002) and Dangl and Wirl (2004)
for a comprehensive explanation. Often, the finite 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 a fast and more robust alternative.

8For generality we account also for the possibility of converting from agriculture to forest, as may be
the case, for example, when considering payments for afforestation under the CDM. As noted, some πF

under REDD+ is not possible once the forest has been converted to agriculture.
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Figure 1: Switching and waiting regions. The dashed line represents the switching boundary
for the conversion from forest to agriculture, CFA. The solid line represents the switching
boundary for the conversion from agriculture to forest, CAF . Bullets represent a simulated
forest return; squares represent a simulated agriculture return.

of the F returns is compared with the corresponding conversion boundary. Thus, every s

months we determine whether the land is kept in its current use, forest, or converted to
its alternative use, agriculture. In general, supposing the land is in forest from day one,
when a simulated forest return (bullet in Figure 1) turns out to be below the conversion
boundary from forest to agriculture, the landowner switches. Conversely (square in Figure
1), she keeps the land in forest. Supposing the land is in agriculture, when a simulated
agriculture return turns out to be above the conversion boundary from agriculture to forest,
the landowner switches. Conversely, she keeps the land in agriculture. The area between
the two switching boundaries is the waiting region.

Assuming the land is in forest, every s months we count the number of sample paths on
which the land has not been converted. Dividing this value by the number of simulations
S, we obtain the frequency of land in forest for each period. We label this frequency p. We
impose that once the land use is switched it stays in agriculture for the rest of the T years.9

By imposing this condition, the probability of remaining in forest, p, is monotonically non-
increasing through time. Thus, considering the permanence criterion described above, what
matters is the level of p at the final period T. It is worth noticing that p reads also as the
probability of avoiding deforestation and, therefore, (1− p) corresponds to the probability
of deforestation. In what follows we search for the pairs (c, α) that guarantee the land to

9Given our interest is keeping land in forest, we purposely neglect those situations where, once in
agriculture, it may be viable to switch back to forest at a later point.
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remain in forest for T years with a probability p not lower than 90 percent.

2.4 Numerical model simulations

In this sub-section, we simulate the model numerically in order to explore the most cost-
effective payment structures for ensuring that forest stays in forest with a probability of 90
percent (hereafter termed the permanence criterion). Thus, 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 cheapest overall payment from the perspective
of the policy regulator. In particular, the objective of the policy regulator 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 effec-
tiveness 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 regulator’s pay-
ments. A number of policy insights follow, particularly with respect to indexing payments
to the landowner’s opportunity cost.

To understand the policy implications of indexing payments to agricultural returns, we
initially assume that the parameters of the model are set at plausible values. The initial
value of the agriculture commodity, for instance, is set equal to unconditional mean of the
log return of returns from Brazilian soybean, the agriculture commodity that is used in
Section 3 to illustrate an alternative land use. We also assume that the timber revenues
partially offset the costs of conversion and harvesting, CCFA. Therefore, total conversion
costs, given as CCFA, are assumed smaller than CCAF . Model simulations are run over a
hypothetical 30 year period.10 All parameters are reported in Table 1.

Once the underlying observable index has been identified, the pair (c, α) is derived
such that the corresponding payment scheme satisfies the permanence criterion. In the
presence of a non–zero indexed component, the cost of the policy is uncertain and equal to

E

[

∫ T

0
F (t)dt

]

. We numerically determine, therefore, the policy cost using the parameters

in Table 1. Two different scenarios are considered for the dependency structure between
the two alternative land uses: uncorrelated and positively correlated. When the returns of
the two alternative land uses are independent and hence, uncorrelated, the identification of
the cost-effective policy is quite straightforward. Figure 2(a) shows the average cost of the
payment scheme for different combinations of (c, α) that satisfy the permanence criterion.
When there is little or no correlation between the index and landowner’s opportunity cost,
it would be more cost-effective to increase the fixed payment and reduce as much as possible
the variable payment. As discussed in the next section, this result would be relevant when
considering aligning payments with the carbon market price since the correlation with the
landowner’s opportunity cost is likely to be close to zero.

When the returns of the two alternative land uses are positively correlated, it is not

10CDM guidelines propose that Land Use, Land Use Change and Forestry projects have a duration of
between 20 and 60 years.
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Parameter Value

µI (drift of the index returns) 0
µA (drift of the agriculture returns) 0
σI (volatility of the index returns) 0.15
σA (volatility of the agriculture returns) 0.15
ρI,A 0.9
I0 (initial value of the index returns) 3
A0 (initial value of agriculture returns) 3

CCFA 5
CCAF 10
r (discount factor) 0.05
T years and s periods per year 30 and 2
S (number of simulations) 10,000
p ≥ 0.90

Table 1: Benchmark parameters employed for the model simulations.

possible to uniquely identify the cost-effective policy. Figure 2(b) shows the average cost
of the payment scheme for different combinations of (c, α) that satisfy the permanence
criterion. The cost of the policy is lower for combinations of c low (high) and α high (low),
respectively. When the landowner’s opportunity cost is positively correlated with a partic-
ular index, then ceteris paribus (comparable probability level), the higher the correlation
the lower the cost of the policy. As shown in Table 2, a lower correlation value requires an
higher constant component c or an higher variable, indexed component α.

ρI,A = 0.5 ρI,A = 0.9

c α c α

0.945 0.52 0.846 0.52
0.715 0.60 0.62 0.60
0.31 0.75 0.09 0.75

Table 2: Pairs (c, α) for different level of correlation. The remaining parameters are the
one specified in Table 1.

Consistent with conventional findings in the real option literature, we observe that an
increase in the uncertainty level of the alternative returns lower the likelihood of land
conversion. Table 3 reports the costs for the benchmark and alternative scenarios. In this
last the volatility of the index is lower and the volatility of the landowner’s opportunity cost
is higher than the benchmark scenario. In this case we can say that the cost-effective policy
would be one with a higher variable payment at the expense of a lower fixed payment.
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Figure 2: Average cost of the payment scheme for different combinations of (c, α) that
satisfy the permanence criterion p ≥ 0.9 when the returns of the two alternative land uses
are uncorrelated (left) or are positively correlated with ρI,A = 0.9. (right). Costs on the
z-axis are in 100 $ per ha.

Benchmark Alternative

c α c α

0.846 0.52 0.9 0.52
0.62 0.60 0.65 0.60
0.09 0.75 0.15 0.75

Table 3: Pairs (c, α) considering different scenarios of the volatility levels. In both scenarios
ρI,A = 0.9; σI = 0.15 and σA = 0.15 in the benchmark case; σI = 0.1 and σA = 0.2 in the
other scenario. The remaining parameters are the one specified in Table 1.

12



All previous results hold (with reverse sign) when the two alternative land uses are
negatively correlated. Testing a policy where the variable component is indexed to an
underlying that is negative correlated, however, has no economic meaning.
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3 Model Simulations

This section applies the model presented in Section 2 to real-world data. We first calibrate
the model to these data and search for the optimal minimum payment that satisfies a
given probability level p. In particular, we apply two different observable price indices and
construct the returns process I. The results are then discussed at the end of the section.

3.1 Calibration of Model Parameters

The parameters of the first index, i.e. those of the agriculture index returns process of
Equation (1), are calibrated based on the time series of the Dow Jones UBS Soybean
Index from March 31, 2006 to 2011. These are estimated via maximum likelihood and are
reported in Table 4.

Log returns

µ (ha) 0
σ2 (ha) 0.018

Table 4: Estimated parameters for the agricultural index (Dow Jones USB Soybean Index).

The second index is based on the carbon dioxide (hereafter CO2) emission permits
price. While not applied to the CDM, linking payments to the secondary market price of
permits was originally considered in previous meetings of the United Nations Framework
Convention on Climate Change (see Mehta and Capoor (2003); Streck (2005)). Linking
payments to compliance carbon markets is hence a possibility. In the voluntary markets, on
the other hand, carbon prices and the amount of carbon sequestered are used to calculate
payment levels, e.g. see Palmer and Silber (2010).

We consider the amount of CO2 that would be emitted in case of deforestation on a
single hectare of forest land multiplied by the permit price. This index is quantified as:

I = COHa
2

· PC · PERM − CM (13)

where COHa
2

is the amount (in tons) of carbon dioxide per hectare, PC is the price
of carbon credits and CM are management and transaction costs. PERM is a factor
that accounts for the fact that land-based carbon sequestration may not be permanent,
thereby making emission reduction credits from REDD+ less valuable than emission per-
mits generated under the emission trading scheme. Kim et al. (2008) report that so-called
’permanence discounts’ in the range of 50 percent are not uncommon. This means that an
impermanent sequestration offset may only receive payments amounting to 50 percent of
the market carbon price.11 Since α has a corresponding function in our model we set the

11Note that this figure is based on soil-carbon sequestration and afforestation only and is sensitive to a
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value of the PERM parameter to 100 percent and, as before, set the permanence criterion,
p, at 90 percent. The values of COHa

2
and CM are reported in Table 7, while those for PC

are in table 5.
We base the parameters of PC on the price of the emission permits traded in the Euro-

pean Union Emission Trading Scheme (ETS), since it represent the most liquid emissions
market. We consider quoted futures with maturity 2010 from March 31, 2006 to June 2010.
Prices are converted into US$.

The parameters of the returns process of Equation 1 are calibrated using the time series
of the CO2 permits index constructed using Equation 13.

Log returns

µ 0
σ2 0.029

Table 5: Estimated GBM parameters for the log returns of the European Union Allowance
(EUA) carbon price.

For the amount of carbon per ha (the parameter COHa
2

), we rely on the values and
methodology cited in Busch et al. (2009). The default value in Busch et al. (2009) of US$
4.20 per hectare per year (2008 figures) is used for management and transaction costs.
These parameters are reported in Table 7.

Land conversion costs include profits (from timber harvesting) and costs (i.e. timber
extraction costs, taxes, farm land costs and clearing and farm establishment costs). For
the profit from timber harvesting, we assume that average timber rent in Brazil is US$ 261
per hectare (Busch et al., 2009).12 See table 7 for the conversion costs used.

The agricultural return process of Equation (2) is the net profit of soybean per hectare.
We use the CEPEA/ESALQ index for soybean produced in Parana state, a major soybean
producing region in Brazil (see figure 3). The prices are quoted in US$ per 60 kg bag. We
assume an average yield of 3,000 kg of soybean per hectare13, and normalize the price series
by dividing all prices by 100. We subtract average production costs of US$ 400 per hectare
of land utilising data from Dohlman et al. (2001).

Finally, Table 7 reports parameters related to the agricultural and permits indices, and
the conversion costs used in the model. Note that simulations are run for five years only,
equivalent to the period of the time series data utilised. The calibrated parameters of
Equation (2) are reported in Table 6.

number of assumptions about the model parameters. Kim et al. (2008) calculate the permanence discount
as a function of the future needs to replace offsets and the magnitude of any necessary maintenance costs.

12Other 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.

13Estimativa do Custo de Producao de Soja, 2009. http://www.cpao.embrapa.br/publicacoes/

ficha.php?tipo=COT&num=155&ano=2009
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Figure 3: The CEPEA/ESALQ index, 2006-2010.

Log returns

µ 0
σ2 0.0192
ρa,· 0.93

Table 6: Estimated parameters for the Cepea Brazilian soybean log returns, March 2006-
August 2010. ρ is the constant correlation coefficient between prices of Brazilian soybean
(CEPEA) and the Dow Jones index.
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Value

Avg. kg/ha harvest (soybean) 3000 kg (=50 bags of 60kg)
Cost of production per ha 400 $

CM (management costs per ha) 4.22 $
Above and below ground biomass carbon (tons C/ha) 106
Soil carbon (tons C/ha) 96.67
Total Carbon (tons C/ha) 116 (106 + 0.1*96.67)
Total CO2 (tons CO2/ha) (factor 3.67) 426

TCCFA per ha -200/500
CCAF pe ha 1000
ICI,0 (mean of log of Index payment (commodity index)) 3
IEI,0 (mean of log of Index payment (C02 emissions index)) 4.25
A0 (mean of log of agriculture profits) 3

r (discount factor) 0.05
S (number of Monte Carlo simulations) 10,000
T years and s periods per year 5 and 2
Number of days per year 250

Table 7: Parameters related to agriculture, REDD+ payments and conversion costs.
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3.2 Discussion

TO BE COMPLETED, FIGURES TO BE REDONE.

Using the calibration of model parameters, we determine the pair (c, α) under the
constraint of minimal cost and a permanence criterion of at least 90 percent. Our aim is
to compare the relative cost-effectiveness of three scenarios: fixed payments per hectare
(scenario 1; α = 0); a REDD+ payment that is indexed to the CEPEA/ESALQ index
for soybean produced in Parana state (scenario 2; ρ > 0); and, a REDD+ payment that
is indexed to the carbon market price in the European Union ETS (scenario 3; ρ = 0).
The first scenario corresponds to the kind of payment scheme as commonly used in PES
schemes around the world. The corner solution where α = 0 approximates scenario 1.
In all scenarios, we assume that REDD+ payments are being made to landowners in the
Brazilian state of Parana.

First, we examine cases under scenario 2 in which payments are indexed to soy prices.
Thus, there is an assumed high, positive correlation (0.9) between the landowner’s oppor-
tunity cost of forest conversion and movements in soy prices. Figure 4(b) shows the case
where conversion costs are negative, which implies that deforestation yields profits from
timber harvesting. Figure 2(b) shows the identical case, except that conversion costs are
positive thus implying zero or low timber profits. Examination of figure 4(b) appears to
indicate that it might be optimal to choose a relatively high level of α, i.e. strongly tying
payments to the soy index. An α of around 0.8 lowers the total scheme cost to under US$
2500 per ha. Yet, as discussed in Section 2, there is relatively little difference in cost when
comparing a scheme with high α-low c and one with low α-high c. This difference is even
smaller when excluding timber profits, as in Figure 2(b). But since total scheme costs are
around US$ 2200 per ha, targeting REDD+ in areas of low timber profitability could be
more cost-effective than targeting areas of high timber profitability.

Second, figures 5(a) and 5(b) represent typical cases of scenario 3 in which payments
are indexed to the carbon market. The only difference between the two figures is again the
level of conversion costs. Figure 5(a) shows that costs are considerably higher for scenario
3. Thus payments are lower in 4(a) in contrast to those in 5(a). Regardless of whether
considering conversion costs or not, the most cost-effective payment scheme is one with a
relatively high level of c. Figures 5(a) and 5(b) indicate that scheme costs in scenario 3
decline as α decreases. This implies that a fixed payment (scenario 1) is preferable to one
indexed to the carbon market price. If payments are strongly indexed to carbon prices
(high α), scheme costs go up to nearly US$ 3800 per ha. In light of indexing REDD+
contracts to the carbon market price this result has important policy implications. Our
results indicate that scheme costs could be reduced drastically (by more than US$ 1300
per ha) while maintaining the same level of permanence if payments are instead linked to
an agricultural commodity price index. Also note that fixed payments (scenario 1) are less
cost-effective than those linked to the soy index.

In order to demonstrate robustness of results, we investigate an intermediate case where
the correlation parameter is set to zero (as in scenario 3) but the variance of payments is
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Figure 4: Average cost of the payment scheme for different combinations of (c, α) that
satisfy the permanence criterion p ≥ 0.9 when the conversion cost CFA is -2. The returns
of the two alternative land uses are uncorrelated (left) or are positively correlated with
ρI,A = 0.9. (right). Costs on the z-axis are in 100 $ per ha.

still equal to that of soy profits (as in scenario 2). The difference between the cases is
again due to the level of conversion costs. Irrespective of whether or not timber profits
are included, a scheme that emphasised fixed payments would be the more cost-effective
policy option. Overall, for all scenarios, a higher conversion cost CFA leads to lower total
scheme costs. Both the values for α and care lower. Further results indicate that increasing
the volatility also has an effect. A more volatile soy price will lead to significantly lower
scheme costs. The higher volatility increases the opportunity costs to change land use and
consequently increases the frequency level in forest.

4 Conclusions

This paper investigates the implications of landowners’ option values in land-use deci-
sion making with a focus on switching between forest and agriculture. Irreversible sunk
costs along with uncertainties over the returns from future land use are modelled in or-
der to provide insights into the design of payments schemes for Reducing Emissions from
Deforestation and Degradation (REDD+). In particular, scheme design is motivated by
concerns regarding how policy might secure forest carbon sinks over time while remaining
cost-effective. Since ’perfect permanence’ is clearly impossible to attain given the range
of uncertainties involved in forest policy, the aim is to minimise the risk of deforestation
as a result of landowners’ changing opportunity costs via the application of a probabilistic
approach to payment design.

In applying real options theory, we develop a model in which a variable payment based
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Figure 5: Average cost of the payment scheme for different combinations of (c, α) that
satisfy the permanence criterion p ≥ 0.9 when the conversion cost CFA is -2 (left) or is
5 (right). These two figures represent scenario 3 in which payments are indexed to the
carbon market. Thus the returns are uncorrelated. Costs on the z-axis are in 100 $ per ha.

on an observable price index is introduced alongside a constant, fixed payment. The latter
are the usual vehicle for many PES schemes in operation around the world (scenario 1).
Variable payments based on an agricultural commodity index (scenario 2) are an innovation
that has been proposed in the literature but has not been implemented in actual carbon
payments nor has it been thoroughly explored in previous research. Variable payments
based on carbon prices (scenario 3) are often observed in the voluntary carbon market and
could feature if REDD+ is integrated into a carbon offset market. In all our simulations
we set the probabilistic or permanence criterion at 90 percent.

Consistent with the real option literature, we find that increasing uncertainties increase
land conversion thresholds in Section 2. This has the following implications. First, the
presence of higher uncertainties requires less payments when attempting to avoid a switch
from forest to agriculture. Second, higher uncertainties would require more payments in
order to induce a switch from agriculture to forest, i.e. via afforestation. Thus, higher
uncertainties imply that the conventional net present value approach overestimates the
costs of REDD and underestimates the costs of afforestation schemes.

Towards the end of Sections 2 and in 3 we investigate the cost-effectiveness of different
pairs of the fixed and variable components of the REDD payment. First, where there
is little or no correlation between a proposed payment index and landowner’s opportunity
cost then in order to meet the permanence criterion, cost-effectiveness would require a fixed
rather than a variable payment. This result is relevant when considering aligning payments
with the carbon market price and where it may be impossible to rigorously determine a
correlation between existing indices and the alternative land use. In these cases, the policy
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regulator should design a payment scheme with a fixed component only.
But where the landowner’s opportunity cost can be shown to be relatively highly cor-

related with a particular index, such as for soy bean, the higher the correlation the lower
the cost of the policy overall. Our simulations suggest that cost savings from the latter ap-
proach can be up to a third compared with alternative payment approaches whether fixed
payments or indexing to a carbon market. For policy, however, there will always be some
degree of information asymmetry in the form of knowing the true opportunity cost and
hence, the level of correlation. But even where it could be estimated with a crude degree of
precision, e.g. using auctions, there is still the problem of discerning the balance between
the variable and fixed components of the payment. One way around this is to measure the
volatility of alternative returns from land use. Where the volatility of the index is relatively
lower than the volatility of the landowner’s opportunity cost the cost-effective policy would
be one with a higher variable payment in return for a lower fixed payment. In a context of
volatile commodities’ markets such as for beef, cattle and oil palm, this kind of payment
approach might even help mitigate some of the risk associated with uncertain incomes and
returns from agriculture, particularly for poorer landowners.

Finally, we note a number of limitations and ideas for future research. First, landowners’
opportunity costs are unlikely driven by a single factor such as prices of alternative land
uses. Second, we focus on landowner-scale PES schemes but it is not yet clear that these
be a significant feature of a future, international-level REDD+ scheme. While PES may
play a role in project-scale pilot activities, perhaps in national-level schemes, other policy
instruments are also likely to come into play in the short-term. Third, where these schemes
are used a variable payment may be more costly to implement than a fixed payment alone.
This could be subject to future, empirical research.
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