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Abstract

Semi-perennial crops as for instance sugarcane, once planted, can be harvested for several

periods. This multi-yield character results in an opportunity cost of abandonment that

affects optimal land conversion decisions in a way that is similar to conventional conversion

costs. In the presence of uncertainty, a new source of option value associated with the

production of such crops thus arises, even when conversion costs are negligible. The value

of the option to convert to semi-perennial crops increases with the length of the harvesting

cycle. When the semi-perennial crop is being produced, this option value decreases over the

harvesting cycle.

As a consequence, the choice between annual and semi-perennial crops entails some hysteresis

in favor of the latter. The analysis provides an explanation for recent evidence that sugarcane

used for ethanol production in Brazil has a low elasticity to price changes. Implications for

the design of agricultural and environmental policies are also discussed.

JEL classification: Q12, Q15, Q24
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1 Introduction

This paper addresses the choice of planting either semi-perennial crops – i.e. crops exhibit-

ing a multi-yield character – or conventional annual crops, in a real-options perspective.1

Specifically, it focuses on the effect of differences in investment timing (at each period for

annual crops; every given period for semi-perennials) on farmers’ land-use decisions when

returns are uncertain. Hence, this paper explores an alternative source of option value which

emerges even in the absence of conversion costs.

As a matter of fact, semi-perennials are such that conversion to annual crops entails an

opportunity cost of abandonment, that plays a role similar to the irreversible consequences

of cutting trees. Since the same plant may be harvested (without uprooting) for several

seasons,2 these crops can provide a valuable stream of income (harvests) for several dates,

before reaching a zero value. Although such continuous streams of profits are absent in the

case of forests,3 the similarity with trees lays in the fact that if conversion away from the

semi-perennial intervenes in the middle of the harvest cycle, the agent is accepting to forgo

future free harvests. Hence, there is an opportunity cost that entails a value of remaining in

semi-perennial production, even absent any conversion costs. Annual crops, on the contrary,

have to be replanted each season, implying no opportunity costs of the kind just described.

Examples of semi-perennial crops include sugarcane, pigeon pea and some varieties of

sorghum, among others. Such crops are generally suitable alternatives to other annual food

crops such as wheat, rice or beans, for instance. Sugarcane production in Brazil is an ideal

1Option-value models are suitable to study problems where uncertainty and irreversibility affect agents’
decisions. In this context, the literature has shown how the possibility to delay decisions provokes inertia
(Dixit and Pindyck, 1994). Real-option models have since then been used to study a variety of problems
ranging from investment decisions in financial markets to the assessment of biodiversity value (e.g. Kassar
and Lasserre, 2004).

2The harvesting cycle of a semi-perennial may go from 3 to more than 7 harvesting seasons. For instance,
sugarcane can he harvested for 7 seasons.

3We are referring here to the case of forestry. In this context, forests only provide revenues when cut.
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example. It is a semi-perennial crop whose harvesting cycle can last for up to seven years.

While traditionally used for sugar production, it experienced a significant expansion since

the beginning of its utilization as an energy crop for ethanol production in the mid-1970s.

This expansion happened at the expense of other, mostly annual, crops (see Barona et

al., 2010). However, recent evidence pointing to Brazilian sugarcane acreage having a low

response to price changes suggest some hysteresis (Hausman, 2012). The real-option model

developed here, by explicitly considering the periodicity of investment in the semi-perennial

crop, accounts for this observed inertia.

This paper contributes to the understanding of farmers’ decision-making when facing

land-use choices. The model developed here extends the real options studies by allowing for

differences in the periodicity of investments. Furthermore, it stresses the need for agricul-

tural policies targeting semi-perennial crops to take into account their attractiveness when

compared to annual crops or maybe even forests.

Prior studies applying the option-value theory to optimal rural land-use decisions under

uncertainty have mainly focused on decisions involving forests. In these studies, the perennial

nature of trees gives rise to two different kinds of option values, linked to different types

of irreversibilities. As mentioned earlier, by exercising his option to cut trees, the agent

accepts to forgo potential future higher income from timber harvest (e.g. Willasen, 1998;

Ben Abdallah and Lasserre, 2012). However, this opens a new option to plant trees – possibly

of other species – or to convert land to an alternative use such as traditional agriculture (as

in Schatzki, 2003).

The sources of option values described above do not, however, generally apply to conver-

sion decisions between non-perennial agricultural crops. In fact, a farmer can in principle

switch between different types of crops albeit a sunk conversion cost. Nevertheless, even
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when conversion is not irreversible, the existence of positive costs of conversion is a sufficient

condition to create an option value of sticking to the current land use (Song et al., 2011).

This option value will tend to delay conversion decisions, provoking a similar kind of inertia,

although of lower magnitude, as when decisions are irreversible. In this paper, I highlight

an additional source of inertia, independent of conversion costs and directly streaming from

the semi-perennial nature of some crops.

In the following, I develop a simple model to investigate conversion decisions between an

annual and a semi-perennial crop. In particular, I focus on the role played by the differences

in investment timing between the two crops. This will be the object of Section 2. The

optimal conversion decisions between the two crops are derived in Section 3. Although closed-

form analytical solutions for the conversion boundaries cannot be derived, their qualitative

properties are established. In particular, the role played by the length of the semi-perennial

crop harvesting cycle is investigated. It turns out that, ceteris paribus, the longer this period,

the stronger the incentives to convert to the semi-perennial crop production. However, once

this conversion occurs, the closer the end of the free harvest period, the lower expected

returns in the annual crop have to be to trigger conversion back to annual crop production.

Finally, Section 4 concludes.

2 General setting and assumptions

Assume that a farmer owns one unit of land and faces the choice between two alternative land

uses. He can decide to produce either an annual crop a or a semi-perennial crop s. Returns

in each alternative land use at date t, πi(t), i ∈ {s, a}, are assumed to evolve according to

discrete-time discrete-state random walk:

dπi(t) = πi(t+ 1) + εi. (1)
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Given the discrete-time approach, each date t can be understood as an agricultural season

in which the farmer plants and/or harvests a given crop.

However, crops can generally be harvested only after prior investment (e.g. seeds pur-

chase, land preparation). Thus, assume that at each date, the farmer incurs an investment

cost Ii. Since s is a multi-yield crop, the corresponding initial investment Is will be paid only

at the beginning of a series of harvests (harvesting cycle). Let τ be the maximum length of

the semi-perennial crop harvesting cycle and τ(t) ∈ [0, τ ] its stand age at any date t, when

this crop is produced; then Is is paid only when τ(t) = 0. Note that dτ/dt = 1 as long as

τ < τ . On the contrary, for the annual, single-yield crop a, Ia has to be paid at each date

before harvest. Thus, the investment sequence is discrete for s but continuous for a.

Following Ben Abdallah and Lasserre (2012), conversion from activity i to j is possible

at any date at no cost. Further simplifying assumptions include no constraints on credit or

liquidation of the land asset and no linkages between the farmer’s human capital and the

land asset, as in Schatzki (2003).

Finally, let V i (πi(t), πj(t)) be the farmer’s expected present-value payoff starting with

land use i and following privately optimal conversion rules.4 Following Dixit and Pindyck

(1994) it is assumed that farmers are risk-neutral and maximize, at each date t, their expected

net present-value returns, by deciding whether to continue production in the current land

use i or to switch to the alternative use j.

In what follows, I derive the optimal conversion decisions. These are traditionally rep-

resented in the form of two conversion boundaries – one for each current land use – that

divide the returns space into three regions. The area delimited by the two boundaries is the

continuation region. Indeed, if returns from both activities are within this area at a given

4Since the decision-making problem has a recursive structure, the present-value payoff functions are time
independent (see Dixit and Pindyck (1994, p. 101)).
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date, it is optimal for the agent to continue in the current land use, whatever it is, for at

least one additional period. Above and below these boundaries one of the uses is preferred.

If the preferred use is not the one currently produced, conversion is the optimal decision.

The boundaries themselves consist of pairs of observed, current returns from both activities,

such that the agent is indifferent between remaining in its current activity or switching to

the alternative one.

3 Optimal conversion rules

Since conversion from one activity to the other is always possible, the value functions asso-

ciated to each possible land use are interdependent. For this reason, closed-form analytical

solutions for the optimal conversion boundaries cannot be obtained. Nonetheless, it is pos-

sible to characterize the optimal decision rules from which those boundaries are implicitly

defined. In particular, we will see that the multi-yield characteristic of crop s requires a dis-

cretization of the investment sequence in s, which affects the optimal conversion boundary

when i = s.

In the following, optimal conversion rules for each possible current land use at date t

are derived. We start by investigating the case where the current land-use is the annual

crop, before proceeding to the one where land is under semi-perennial crop production. We

shall see that in this latter case it is necessary to further distinguish the farmer’s problem

depending on whether the crop s is in the middle or at the end of its harvesting cycle.

3.1 Optimal conversion when land is under annual crop

When the current land use is annual crop a, the farmer maximizes returns to land by choosing

the maximum of (ı) the expected one-period returns from producing the annual crop plus

the expected value of land under the annual crop, or (ıı) the expected value of land after
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conversion to the semi-perennial crop. This type of binary decision problem can be treated

as an optimal stopping problem with the following associated Bellman equation:

V a(πs(t), πa(t)) = max

{
πa(t)− Ia + δE[V a(πs(t+ 1), πa(t + 1))]

πs(t)− Is + δE[V s
τ=0(πs(t+ 1), πa(t + 1))]

, (2)

where δ is the farmer’s private discount rate.

Equation (2) implies

V a(πs(t), πa(t)) ≥ πa(t)− Ia + δE[V a(πs(t+ 1), πa(t + 1))] (3)

and

V a(πs(t), πa(t)) ≥ πs(t)− Is + δE[V s
τ=0(πs(t+ 1), πa(t+ 1))], (4)

with at least one of the relations holding with a strict equality.

These equations can be interpreted in the following fashion. If (3) holds with equality,

such that the expected returns of keeping land under crop a are higher than the expected

value of land under the semi-perennial crop, the farmer will choose to continue producing

the annual crop a. Conversely, it is optimal to switch to semi-perennial crop production if

instead (4) holds with equality.

Equation (3) implies a relation between the value function V a at two successive points

in time (t and t + 1). Nevertheless, the expected value of land E[V a] in period t + 1 can

be expressed in terms of V a(πs(t), πa(t)) and the current observed values of πa(t) and πs(t)

since, as per (1), returns follow a random walk satisfying the Markov property.

Hence, setting the right-hand side of equations (3) and (4) equal yields an equation whose

solutions are given by couples (πa, πs) such that the farmer is indifferent between remaining
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in the current land use (a) or switching to the alternative activity (s):

πa − Ia + δE[V a(πs(t+ 1); πa(t + 1))] = πs − Is + δE[V s
τ=0(πs(t+ 1); πa(t + 1))]. (5)

These couples define an optimal conversion boundary which can be expressed as a func-

tion πs = ba→s(πa) in the positive orthant {πa, πs}πa,πs≥0. Above this boundary, in situations

where πs > ba→s(πa), the farmer is better-off by converting to the semi-perennial crop pro-

duction. Below, when πs < ba→s(πa), the optimal decision consists in keeping land under

annual crop a.

3.2 Optimal conversion when land is under semi-perennial crop

Remembering that when producing s, the farmer incurs investment cost Is when τ(t) = 0

but not in subsequent dates until τ , we will distinguish cases where τ = τ , i.e. the semi-

perennial crop is at the end of its harvesting cycle, and where τ < τ , i.e. where the farmer

can still benefit from τ − τ periods of free harvest.

3.2.1 Optimal conversion at the end of the semi-perennial crop harvesting pe-

riod

At date t, if the current land use is i = s and τ(t) = τ the farmer has the choice between

remaining in s or converting land to a. Since τ(t) = τ , if the farmer decides to remain in s,

he will have to replant and thus pay Is. His optimal decision can be expressed as

V s
τ=τ (πs(t), πa(t)) = max

{
πs(t)− Is + δE[V s

τ=0(πs(t+ 1), πa(t + 1))]

πa(t)− Ia + δE[V a(πs(t), πa(t))]
. (6)
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As above, (6) implies

V s
τ=τ (πs(t), πa(t)) ≥ πs(t)− Is + δE[V s

τ=0(πs(t+ 1), πa(t + 1))] (7)

and

V s
τ=τ (πs(t), πa(t)) ≥ πa(t)− Ia + δE[V a(πs(t), πa(t))], (8)

with at least one of the relations holding with a strict equality.

As before, by equating the RHS of equations (7) and (8), one can again obtain an equation

whose solutions are given by couples (πa, πs) such that the farmer is indifferent between re-

maining in the current land use (s) or switching to the alternative activity (a). In particular,

it is straightforward to see that the couples satisfying this condition are the same satisfying

the indifference condition (5). Indeed, when land is currently under the semi-perennial crop

s, but the harvesting cycle is at the end, i.e. τ = τ , the farmers optimal decision problem is

analogous as when land is under the annual crop a.

Hence, the conversion frontier in this case, bs→a
τ=τ , is the same as ba→s.

3.2.2 Optimal conversion in the middle of the semi-perennial crop harvesting

period

When the current land use is i = s and τ < τ , the farmer can choose between remaining

in s for one additional period (until t + 1) or converting to a. His optimal choice can be

expressed as

V s
τ<τ (πs(t), πa(t)) = max

{
πs(t) + δE[V s

τ+1(πs(t+ 1), πa(t + 1))]

πa − Ia + δE[V a(πs(t+ 1), πa(t+ 1))]
, (9)

8



where, unlike when τ = τ , continuation in s does not require paying Is. As previously, this

implies that

V s
τ<τ (πs(t), πa(t)) ≥ πs(t) + δE[V s

τ+1(πs(t+ 1), πa(t + 1))] (10)

and

V s
τ<τ (πs(t), πa(t)) ≥ πa − Ia + δE[V a(πs(t+ 1), πa(t+ 1))], (11)

with at least one of the relations holding with a strict equality.

Once again, taking the two relations with equality, so that their right-hand sides are

equalized, yields an equation whose solutions are couples (πa, πS) such that the farmer is

indifferent between remaining in s and converting to a. This equation is given by:

πs + δE[V s
τ+1(πs(t + 1), πa(t+ 1))] = πa − Ia + δE[V a(πs(t + 1), πa(t+ 1))]. (12)

The couples (πa, πs) satisfying this indifference equation define the optimal conversion

boundary when the land is under the semi-perennial crop and the latter is in the middle of

its harvesting cycle. Note, however, that this boundary will vary with every possible value

of τ , with τ ∈ (0, τ). This is because the value of having land under production of the

semi-perennial crop decreases as τ increases.

This can be seen by comparing the expressions giving the optimal conversion boundaries

for τ = τ and τ < τ , i.e. equations (5) and (12) respectively. The two indeed result in two

different boundaries. After rearraging, the two expressions can be re-rewritten as:

πa = πs − Is + Ia + δE[V s
τ=0(πs(t + 1), πa(t+ 1))− V a(πs(t+ 1), πa(t+ 1))] (13)
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and

πa = πs + Ia + δE[V s
τ+1(πs(t+ 1), πa(t+ 1))− V a(πs(t+ 1), πa(t + 1))]. (14)

Hence, bs→a
τ=τ will correspond to a flatter curve than bs→a

τ<τ if and only if:

δE[V s
τ=0(πs(t + 1), πa(t+ 1))]− Is < δE[V s

τ+1(πs(t+ 1), πa(t+ 1))]. (15)

Since Is is positive by definition, this condition is always satisfied.

The intuition beyond this result is as follows. The opportunity cost of converting land to

a decreases in τ . Indeed, should it be optimal for the farmer to remain in s until τ = τ and

then replant s – as it would be the case if πs happened to remain sufficiently higher than πa

for a period longer than τ − τ –, a lower τ means that investment cost Is must be paid at a

later date. Since farmers have a positive discount rate, they are always better-off paying Is

at a later date. Of course, given that conversion to a is always possible at no cost, if future

realizations of πa and πs are such that it becomes optimal to convert land to a for any τ < τ ,

farmers’ profits are irrespective of the stand age τ of their production.

Therefore, the optimal conversion boundary from s to a must, in principle, be defined

as a function of τ – in addition to πa and πs – and is represented in a tridimensional space

{πa, πs, τ(t)}πa,πs,τ(t)≥0. It is thus given by πs = bs→a(πa, τ), increasing in τ for any πa.

Figure 1 below illustrates the optimal conversion boundaries, for some values of τ as given,

with τ ′ < τ ′′.

4 Discussion and Conclusions

This paper investigates the implications of the multi-yield character of semi-perennial crops

when determining optimal land conversion rules between these and annual crops. Once semi-

perennials are being produced, the decision to convert to annual crops depends not only on
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Figure 1: Illustration of optimal conversion boundaries

the expected returns from both activities, but also on the stand age of the semi-perennial

crop, i.e. on the number of free harvests the farmer may expect to have. This entails an

opportunity cost of abandonment that provides farmers with incentives to remain under

semi-perennials up to the end of the harvesting cycle.

Of course, different farmers take conversion decisions at different times. Therefore, at

the aggregate level, the individual incentives to remain under semi-perennials may result

in hysteresis at the national level, at all dates. As suggested in the Introduction, these

results may account for the observed low acreage price elasticity of semi-perennial crops as
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sugarcane (Hausman, 2012).

By explicitly modeling the attractiveness of semi-perennial crops we hope to contribute to

a better understanding of farmers’ decision-making. From a policy perspective, this model

offers important insights. Indeed, policies targeting sugarcane with the aim of favoring

ethanol production need to consider the attractiveness of such a crop when compared to

annual food crops or to forests. Such policies were implemented in Brazil via the PROAL-

COOL program, and several similar programs are being considered by other Latin American

and African countries. Additionally, several studies have looked at the potential impacts of

biofuels policies in terms of land-use changes (e.g. Lapola et al., 2010), with a special focus

on Brazil. The insights presented here strengthen the prediction that direct and indirect

land-use changes might decrease the environmental benefits of biofuels.
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