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Abstract

Strategies for biodiversity conservation in agricultural landscapes involve
either natural reserves along with small scale intensive production areas
(land-sparing), or more wildlife-friendly farming over larger agricultural ar-
eas (land-sharing). Green et al. (2005) proposed a model to determine which
strategy to choose, depending on the relationship between the relative den-
sity of wildlife and the agricultural yield. Much work has followed to relate
Green et al. (2005)’s model to empirical data. There has been consider-
ably less emphasis on relaxing some key assumptions of the model. One
strong assumption was that of centralized decision making, i.e., agricultural
yield at the regional level can be fixed. No link was made to economic in-
struments such as taxes and subsidies, that influence private land owners
decision making. In this paper we introduce such economic elements with
a land-use share model including farmers as rational actors, and important
agronomic variables such as soil quality and inputs. Green et al. (2005)’s re-
sults are related to two key parameters in our model, the relative density of
wildlife in wildlife-friendly agriculture, and effectivess of inputs in modifying
agricultural yields. These new elements in the model generated new results:
land heterogeneity and efficiency of inputs in modifying the yield are shown
to favor the land-sparing solution. When land-sharing is an efficient option,
we show that it may be part of an optimal temporal sequence of policies,
following the Pareto frontier of the food and wildlife production possibility
set.
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1 Introduction

Over the next century, humanity will be faced with the challenge of feeding nine
billion people (Godfray et al., 2010). Notwithstanding the important issues of
poverty and access to food, a requirement to meet this challenge is to produce
more food. The increasing use of biomass for energy purposes also exacerbates the
demand for agricultural products (Tilman et al., 2009). Unfortunately, increasing
agricultural production generates conflicts with environmental preservation (Balm-
ford et al., 2005, 2012). This is especially true for the conservation of wildlife,
through increased areas allocated to farming (Vitousek et al., 1997; Balmford et
al., 2005, 2012; Ewers et al., 2009). As the number one cause of species extinction
is identified to be habitat loss (Vié et al., 2009), increasing yield by intensifica-
tion is advocated to be an alternative solution to the extension of production
areas. Species living in agricultural areas, however, also suffer from the ongoing
homogenization and degradation of the landscapes generated by intensive farming
(Siriwardena et al., 1998; Krebs et al., 1999; Donald et al., 2001; Benton et al.,
2002; Robinson and Sutherland, 2002). Intensification and extension of agriculture
are thus at the same time the two solutions to increase agricultural production and
the two major drivers of biodiversity erosion in agricultural landscapes. There is a
difficult balance to strike between these two options, to trade-off food production
and biological conservation.

In a landmark contribution, Green et al. (2005) proposed a framework to iden-
tify the best way to realize that balance. A traditional conservation strategy
consists in creating reserves to preserve wildlife (e.g., national parks). This could
be done in agricultural areas by maximizing yield in cultivated areas to “spare” the
largest quantity of land for nature (the land sparing solution, Green et al., 2005).
Another option consists in favoring more wildlife-friendly, less intensive farming,
producing on larger areas.1 This “land-sharing solution” is usually favored by
agro-ecologists (Vandermeer and Perfecto 2005, Perfecto and Vandermeer 2008,
Tscharntke et al 2012).2 Both solutions are rather different in terms of implemen-
tation and suggest different policies. To find in which context each solution is more
appropriate, Green et al. (2005) identify relationships between wildlife density and
agricultural yield that suggest either land-sparing (LS) or wildlife-friendly farming
(WLF) as desirable solutions for agricultural production. More precisely, if the
wildlife density – agricultural yield relationship is convex, one should favor the LS
solution and allocate land either to intensive agriculture or to natural reserves.
On the other hand, if the density-yield relationship is concave, it is optimal to
allocate land to WLF farming, producing both agricultural goods and wildlife.

1Some tropical wildlife friendly agricultural systems produce relatively high yields, however
(see Clough et al., 2011).

2The European Union has implemented such agro-environmental schemes to tackle the chal-
lenge of biological conservation in agricultural lands, with mixed results however (Kleijn et al.,
2001, 2006).

3



Following Green et al. (2005),3 the ecological literature has focused on the trade-
off between food production and biodiversity conservation. Agricultural yield is
used as a proxy for intensity, and adjusted along with cultivated areas to reach a
given production target. Biodiversity is measured through the density of a focal
species.4 The general question is to allocate land between uses (reserve on the one
hand, and wild-life friendly or intensive farming on the other) in order to reach
the maximal density of the focal species given a food production target.

While these analyses are useful to identify the trade-off between food and bio-
diversity production, some limits have been identified in the literature. First, these
studies use the yield and agricultural area as regulation parameters to fix produc-
tion. This amount to assume that a regulator is able to impose what is produced on
land, in a very centralized economy. In many countries, however, farmers choose to
produce more or less intensively depending on the associated profits. High quality
land are likely to be used for intensive cropping while low quality land are more
likely to be used extensively (forests or natural reserves). Production will thus be
heterogeneous over space, depending on soil quality. At a global level, agricultural
production is the sum of heterogeneous individual productions. Vandermeer and
Perfecto (2005) criticize Green et al. (2005) for not considering inputs, such as
fertilizers that can modify yields, in their model. To our knowledge this criticism
has not really been answered so far. This is an important limit of their analysis as
yield is the result of individual decisions, notably on fertilizer use. These results
are thus of interest in suggesting the general kind of management strategies to
adopt in agricultural landscapes (favoring wlf or reserves), but do not say much
about what policy to implement to reach optimality. Not only one needs to find
out what is the best strategy to conserve biodiversity in a world of increasing agri-
cultural production, but one also needs to determine how to achieve optimality.
This requires to consider farmers as rational agents responsible for land-use allo-
cation, influenced by public policies modifying the economic and social context.
These issues, that are standard in economics, have not been much been considered
in the ecological literature so far. Ecologists are often not very concerned with the
practical details of social choice or its policy implementation, which is more related
to economics. In economic terms, the density-yield function can be recasted as a
production possibility frontier for agricultural and biodiversity goods (Polasky et
al., 2005, 2008; Barraquand and Martinet, 2011). The question of the trade-off be-
tween these two productions is related to the social choice between two outcomes.
Similarly, the question of the optimal allocation of a scarce resource such as land
is also of economic interest, especially if the individual behavior of private agents

3Green et al. (2005) have been rather successful in propagating their framework (505 citations
in Google scholar so far), and recent evidences for land-sparing (e.g., Edwards et al. 2008; Phalan
et al. 2011) or against it (Clough at al. 2011, Fischer et al 2011) regularly reach the pages of
high-ranking journals.

4Considering number of species could be done as well, by using species-area relationships, but
it introduces some complications - and previous work considered mostly one species
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has to be accounted for. Interestingly enough, while the question of the trade-off
between food production and biodiversity conservation could easily be stated as
an economic one, economists have not participated yet in this debate.

In this paper, we develop a theoretical framework to stress the main economic
elements of the food versus biodiversity debate. We are interested in determining
if the results of Green et al. (2005) on the dominance of land-sparing and land-
sharing solutions hold in a decentralized decision context. We are also interested
in determining how to implement a particular Pareto optimal solution. To that
aim, we develop a land use model considering agriculture and natural reserves. In
our analysis, land is efficiently allocated to the most profitable use, emphasizing
that land use at a global scale is more the result of decentralized decisions than a
social planner problem. Farmers are considered to be rational agents who maxi-
mize the (Ricardian) rent from land, given the agronomic quality of their land and
the economic context (including incentives for habitat preservation and wild-life
friendly farming). We account for land quality heterogeneity, which impacts both
potential agricultural productions and ecological outcomes. We also consider the
individual decision of farmers to use an optimal quantity of fertilizers. As the main
question is the efficient sharing of land between different uses, a clear way to state
the debate in economic terms is to use a land-use share model, a tradition initiated
by Lichtenberg (1989) (see Segerson et al. (2006) for a survey), and used to address
issues of agricultural production and pollution control (Stavins and Jaffe, 1990; Wu
and Segerson, 1995). The land allocation problem (endogenously) results in the
definition of areas devoted to three alternative uses: natural reserves, which max-
imize biological preservation, intensive agricultural production, which maximizes
agricultural yield, and wild-life friendly farming, which produces both agricultural
and biological outcomes. Local density-yield relationships emerge from the model.
We build the associated production possibility frontiers and characterize the eco-
nomic and ecological conditions for land-sparing or land-sharing strategies to be
Pareto-optimal, and define the policy instruments to achieve any efficient solution.
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2 Material and Methods

2.1 A land use share model

We develop a land use model with three possible land uses: biological reserve,
wildlife friendly agricultural production, and intensive agricultural production.

2.1.1 Heterogeneous land Quality

We consider an agricultural region where land quality is heterogeneous and in-
fluences agricultural productivity. Following the literature on acreage models of
agricultural land (starting from Lichtenberg, 1989), we assume that soil quality can
be represented by a land quality index q, which defines the agricultural potential
yield. This index is normalized into the interval [0, 1], with the soil of worst agri-
cultural quality having a quality 0, and that of the best quality having a quality 1.
We consider that the acreage of land that is of quality q ∈ [0, 1] is given by a den-
sity function φ : [0, 1] 7→ R, and that the proportion of acreage of the considered

area that is of a quality lower than a threshold Q is given by Φ(Q) =
∫ Q

0
φ(q)dq.

The function Φ is continuous and increasing, with Φ(1) = 1, meaning that all fields
have a quality lower or equal to the highest quality. Even if one cannot define a
priori the form of the density function, since assumptions about its form amount to
assumptions about the region distribution of land quality soils (Hardie and Parks,
1997), it is possible in a theoretical approach to use flexible density functions, with
sufficient parameters to represent an important variety of distributions. For this
purpose, we consider the Beta distribution: the density function of q is given by

φ(q, α, β) =
qα−1(1− q)β−1

B(α, β)
, (1)

where the Beta function B(α, β) =
∫ 1

0
qα−1(1−q)β−1dq appears as a normalization

constant to ensure that the total distribution integrates to unity. By denoting
BQ(α, β) =

∫ Q
0
qα−1(1 − q)β−1dq the incomplete Beta function, the cumulative

distribution of soil quality is

Φ(Q,α, β) =

∫ Q

0

φ(q, α, β)dq =
BQ(α, β)

B(α, β)
. (2)

The Beta function has the great advantage of making it possible to represent
a wide range of heterogeneity patterns with only two parameters.5 Fig. 1a) repre-
sents soil quality distributions for various values for parameters α and β, including

5Beta functions are particular cases of Dirichlet distributions, for two parameters. To estimate
the value of the parameters, an easy way is to compute the mean x̄ and variance v of a distribution,

which leads to α = x̄
(
x̄(1−x̄)

v

)
and β = (1− x̄)

(
x̄(1−x̄)

v

)
.
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uniform, U-shaped, asymmetric (concave or convex), unimodal, and linear distri-
butions. Fig. 1b) represents the associated cumulative distributions. The Beta
function has been advocate to provide a powerful theoretical tool for application
(Eugene et al., 2002; Hennessy, 2009), but we shall see that its functional form
also allows explicit computation of analytical results.
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Figure 1: Beta function for various parameters (α, β)

2.1.2 Land use rent

The basic idea underlying land use share models is to allocate land to the use
generating the largest rent. In this analysis, we distinguish three potential land
uses: natural reserve, wild-life friendly agricultural production, and intensive agri-
cultural production. The rent of agricultural uses depends on land quality.

Agricultural profit We assume that there is a unique agricultural product,
with a given price p.6 The yield y(q, f) of agricultural production on a field is an
increasing function of soil quality and intensity level (e.g., fertilizer use) f . We
thus have q1 > q2 ⇒ y(q1, f) ≥ y(q2, f) and f1 > f2 ⇒ y(q, f1) ≥ y(q, f2).

For our theoretical analysis, the yield function is assumed to be linear with

6We here consider that the agricultural price is fixed. An extended version of this work
considers endogenous price, and the market response to supply change. Even if such an extension
provides relevant informations on the effect of policy instruments to preserve biodiversity, it does
not modify the results on the trade-off between food and biodiversity production presented in
this paper.
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respect to the soil quality and fertilizer use:7{
y(q, f) =

(
y + q(ȳ − y)

) (
a+ (1− a) f

fmax

)
for 0 ≤ f ≤ fmax

y(q, f) =
(
y + q(ȳ − y)

)
for f > fmax

(3)

where a is constant parameter satisfying 0 < a < 1 which represents yield when
no fertilizer is used and fmax is the upper limit of fertilizer use.8 The soil quality
parameter q is proportional to the potential yield, i.e., the maximal yield when
no input is limiting. In our case, the soil quality parameter characterizes the soil
with respect to all its endogenous characteristics except nitrogen, which is used as
a proxy for intensity.

We define the individual agricultural profit (per area unit) of agricultural pro-
duction as a function of the soil quality q, the input quantity f and input tax τ ;
the other parameters, including the price p, the variable cost cf of fertilizer, other
costs c (assumed to be fixed), and all the agronomic parameters being constant.

π(q, f, τ) = p
(
y + q(ȳ − y)

)(
a+ (1− a)

f

fmax

)
− (cf + τ)f − c. (4)

This profit function is linear with respect to the fertilizer level on the range
[0, fmax], implying that the optimal fertilizer use is a corner solution on this range.
If the marginal profit of fertilizer use is positive, one has f ?(q, τ) = fmax. If the
marginal profit of fertilizer use is negative, one has f ?(q, τ) = 0. Basic computation
shows that the sign of this marginal profit depends on the soil quality considered.
Define the threshold

Q̄(τ) =
1

(ȳ − y)

(
(cf + τ)

p

fmax
(1− a)

− y
)
, (5)

for which ∂π(q,f,τ)
∂f |q=Q̄(τ)

= 0. All fields whose quality is greater than the threshold

Q̄(τ) will be used as intensively as possible, applying a quantity fmax of fertilizer.
Below this threshold, no fertilizers are used (low production cropland). This de-
fines two different agricultural land uses, corresponding to environmental friendly
production and intensive production. From now on, we can treat these two pro-
ductions separately as two alternative land uses, with associated profit depending
on the soil quality.

7This corresponds to a “Linear-Plateau” yield response to Nitrogen. More complex functional
forms, such as the Spillman-Mitscherlich yield function (Llewelyn and Featherstone, 1997; Kas-
tens et al., 2003; Frank et al., 1990) could be used, without modifying qualitatively the results.
It would just limit the analytical resolution of the problem. Moreover, even if Mitscherlich form
is preferred by economist (Bond and Farzin, 2008), partly because it is continuous and concave,
from an agronomic point of view, Linear-Plateau functions perform well (Makowski et al., 2001).

8This upper limit corresponds to the “plateau” of a linear-plateau yield response function to
nitrogen.
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The optimal yield of intensive agricultural land use on any field of quality q is
given by

yint(q) = y(q, fmax) = y + q(ȳ − y) . (6)

The associated profit is

πint(q, τ) = π(q, fmax, τ) = p
(
y + q(ȳ − y)

)
− (cf + τ)fmax − c . (7)

The optimal yield of wildlife friendly agricultural land use on any field of quality
q is given by

ywlf (q) = y(q, 0) = a
(
y + q(ȳ − y)

)
. (8)

The associated profit is

πwlf (q) = π(q, 0, τ) = pa
(
y + q(ȳ − y)

)
− c . (9)

Note that these profit functions are increasing with the soil quality, and that,
by construction of Q̄(τ), we have πint(q, τ) ≥ πwlf (q) for all q ≥ Q̄(τ).

Note that agricultural profit is positive only if the soil quality is sufficiently
high:

πwlf (q) ≥ 0 ⇔ q ≥
(
c

pa
− y
)

1

ȳ − y
(10)

Natural reserve Agricultural use will take place on all land on which the agri-
cultural land rent is larger than that of alternative uses. We thus consider a third
alternative land use: the ecological reserve. We assume that it has a constant
revenue per hectare equal to a subsidy s.9

2.2 Optimal land use

We assume that decentralized decisions of land use are driven by the maximization
of profit, or land rent. In particular, this means that both the choice of the type of
agriculture and the choice to keep land as a reserve depend on the relative profits
of the different uses. These relative profits depend on the economic context.

The solution of the profit-maximization problem will divide the regional acreage
into several compact sets, representing contiguous intervals of soil quality (Lichten-
berg, 1989). The optimization problem defines both optimal land use and optimal
input use (fertilizers), maximizing the quasi-rents of the economic model. This
provides a usual theoretical foundation for the area base model, accounting for
Ricardian land rent margins.

9It is easier to assume that all reserve lands get the subsidy. It would, however, be possible to
restrict the subsidy to land plots that would have been in agricultural use without subsidies. It is

useless to subsidies unprofitable land, i.e., land of quality lower than
(
c
pa − y

)
1

ȳ−y (see eq. 10),

as they would be reserves without subsidies.
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Note that the economic context can be influenced by economic incentives.
We define the optimal land-use using the Ricardian approach of optimal land

rent, comparing the agricultural profits to the reserve subsidy. For clarity in the
presentation, we start from a given policy mix (s, τ) compatible with the three
land uses (interior solution). We shall derive the corner solutions (with less than
three land uses), along with the associated conditions on the policy mix, from this
benchmark case.

2.2.1 Interior solution

Assume an interior solution with three land uses. As the agricultural profit func-
tions are increasing with the soil quality, natural reserves will occupy land of lower
quality. To define natural land use share, one should define Q such that for all

q ≤ Q, s ≥ πwlf (q). This threshold is given by

Q(s) =

(
s+ c

pa
− y
)

1

ȳ − y
. (11)

We can illustrate the reason behind the analysis with Fig. 2.
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Figure 2: Profit functions and land-use: Interior solution

This interior solution is possible only if , i.e., if Q(s) ≤ Q̄(τ). This conditions
is satisfied if the subsidy level is sufficiently low with respect to the tax level, i.e.,
if

s ≤ ŝ(τ) ≡ a

1− a
fmax(cf + τ)− c . (12)

When this condition is not satisfied, the incentive provided by the subsidy to
keep land as a natural habitat is larger that the rent from wildlife friendly farm-
ing on the whole land quality range on which wildlife friendly farming would be
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preferred to intensive agriculture. In this case, the quality threshold separating
natural habitat from agricultural use corresponds to a switch from natural habi-
tat to intensive agriculture. There are only two land uses: natural reserves and
intensive agricultural fields, and no land used wildlife friendly. This corresponds
to the land sparing situation.

2.2.2 Land sparing solution

By considering the condition πint(q, τ) ≥ s, one can determine the soil quality
threshold separating intensive agriculture from natural reserve. This threshold
depends on both instruments, and is denoted by Q(s, τ). One has

Q(s, τ) =

(
s+ c+ (cf + τ)fmax

p
− y
)

1

ȳ − y
(13)

We can illustrate the reason behind the analysis with Fig. 3. Within the soil
quality interval [0, Q(s, τ)], the reserve generates the highest profit. On [Q(s, τ), 1],
intensive agricultural production takes place.
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Figure 3: Profit functions and land-use: Land sparing case

2.3 Policy mix and map of potential solutions

From a general point of view, given the three potential land uses, there are seven
possible configurations of land use.

1. Full reserve,

2. Full wild-life friendly agriculture land use,

3. Full intensive agriculture land use,
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4. Two uses: Wild-life friendly plus intensive agriculture,

5. Two uses: Reserve plus wild-life friendly agriculture,

6. Two uses: Reserve plus intensive agriculture,

7. Three land uses (interior solution).

Case 7 corresponds to the previously described interior solution. Case 6 corre-
sponds to the previously described corner case solution of land sparing. Each of
these cases can be easily deduced from the two previous cases, given the combina-
tion of extreme values for the thresholds. It is possible to describe the ranges of
policy instruments for which each case to happen, as represented in Fig. 4.

-Tax level (τ)

6

Subsidy level (s)

(τ , s)•
Full int. ag.

-�

Int ag.+ WLF ag.

#
#
#
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#
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#
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ŝ(τ)

Interior solution
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(Int ag.+ Reserve)

s̄ •
Full reserve

• τ̄

Full WLF ag.

?

6
WLF ag.+ Reserve

Figure 4: Policy mix map and associated land use configurations

The point (τ , s) of the line corresponds to Q̄(τ) = Q(s)=0 while the top end

point of the line matches with Q̄(τ) = Q(s)=1. Below the line, we have Q(s)

< Q̄(τ), which represents the wildlife-friendly case. Above the line, we would
have Q̄(τ) < Q(s), which is impossible. We are in the land sparing case with the
threshold Q(s, τ). 10

The bounds of policies are:

Q(s) ≤ 0⇒ s ≤ s ≡ ypa− c
10It can be easily checked that along the line, one has Q(s, τ) = Q̄(τ) = Q(s).
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This means that the subsidy is lower than the smallest potential profit from WLF
agriculture (i.e., for q = 0).

Q(s) ≥ 1⇒ s ≥ s̄ ≡ ȳpa− c

This means that the subsidy is higher than the largest potential profit from WLF
agriculture (i.e., for q = 1).

Q̄(τ) ≤ 0⇒ τ ≤ τ ≡
yp(1− a)

fmax
− cf

This means that the net gain from the use of fertilizers on the land of worst
quality (i.e., for q = 0) is larger than the tax, and that intensive agriculture is
more profitable than wildlife farming agriculture for all land qualities.

Q̄(τ) ≥ 1⇒ τ ≥ τ̄ ≡ ȳp(1− a)

fmax
− cf

This means that the net gain from the use of fertilizers on the land of best quality
(i.e., for q = 1) is smaller than the tax, and that intensive agriculture is less
profitable than wildlife farming agriculture for all land qualities.

2.4 A remark on subsidies to wildlife friendly farming

Another potential analysis would have been to consider a subsidy to wildlife
friendly farming. The effect of such a subsidy would be to favor this land-use with
respect to both intensive agriculture Note that, however, this would not change
the range of outcomes that can be achieved, as it is possible to compensate this
effect at the extensive margin by an adequate level for another instrument (either
the tax on fertilizers or the reserve subsidy).

3 Ecological economic analysis

A first, descriptive analysis consists in defining the economic and ecological out-
comes of the landscape. For the clarity of exposition, here again, we distinguish
the two cases of an interior solution with three land uses, and a corner case solution
of land sparing. The others corner case solutions are not described, but the reader
should easily compute the associated outcomes.

3.1 The ecological economic analysis of wildlife friendly
farming

The considered landscape produces agricultural and biological outputs. As the
debate opposing wildlife friendly farming and land sparing is often set in terms of
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food production objectives, we shall consider both the agricultural production in
quantity terms, and its economic value.

3.1.1 Agricultural production

Given the distribution of soil quality, one gets the production areas. In particular,
the share of cropland produced on soils of quality belonging to [Q, 1] will be 1 −
Φ(Q), that depends on the density of soil which quality is higher than the spin
quality. These limits emerge from the area base model derived from the Ricardian
rent hypothesis, in which land margins depend on differences in land quality.

Knowing threshold qualities Q(s) and Q̄(τ), total agricultural production is
defined by

Y (s, τ) =

∫ Q̄(τ)

Q(s)

φ(q, α, β)ywlf (q)dq +

∫ 1

Q̄(τ)

φ(q, α, β)yint(q)dq (14)

This expression can be transformed as follows

Y (s, τ) =

∫ Q̄(τ)

Q(s)

φ(q, α, β)a
(
q(ȳ − y) + y

)
dq +

∫ 1

Q̄(τ)

φ(q, α, β)
(
q(ȳ − y) + y

)
dq

= a

∫ 1

Q(s)

φ(q, α, β)
(
q(ȳ − y) + y

)
dq + (1− a)

∫ 1

Q̄(τ)

φ(q, α, β)
(
q(ȳ − y) + y

)
dq

14



which can be integrated:11

Y (s, τ) = a

(
y(1− Φ(Q(s), α, β)) + (ȳ − y)

α

α + β
(1− Φ(Q(s), α + 1, β))

)
+ (1− a)

(
y(1− Φ(Q̄(τ), α, β)) + (ȳ − y)

α

α + β
(1− Φ(Q̄(τ), α + 1, β))

)
The simplification of this expression leads to

Y (s, τ) =

(
y(1− Φ(Q̄(τ), α, β)) + (ȳ − y)

α

α + β
(1− Φ(Q̄(τ), α + 1, β))

)
+ a

[
y
(
Φ(Q̄(τ), α, β)− Φ(Q(s), α, β)

)
+(ȳ − y)

α

α + β

(
Φ(Q̄(τ), α + 1, β)− Φ(Q(s), α + 1, β)

) ]
This is the agricultural production in quantity, as a function of the input tax

τ and biological reserve subsidy s.

3.1.2 Economic profit

The agricultural profit (gross return) is given by the different between the agricul-
tural revenue (price times production) and the production costs. Fixed costs are
supported for all agricultural production, while variable costs (the fertilizer costs
in our simple model) are relevant only for intensive production.

11We recall here that the density function φ(q, α, β) is supposed to be a beta function satisfying

φ(q, α, β) = qα−1(1−q)β−1

B(α,β) . We use the following computation steps:∫ 1

X

φ(q, α, β)
(
q(ȳ − y) + y

)
dq = y

∫ 1

X

φ(q, α, β)dq + (ȳ − y)

∫ 1

X

φ(q, α, β)qdq

= y(1− Φ(X,α, β)) + (ȳ − y)

∫ 1

X

qα−1(1− q)β−1

B(α, β)
qdq

= y(1− Φ(X,α, β)) + (ȳ − y)
B(α+ 1, β)

B(α, β)

∫ 1

X

q(α+1)−1(1− q)β−1

B(α+ 1, β)
dq

= y(1− Φ(X,α, β)) + (ȳ − y)
B(α+ 1, β)

B(α, β)
(1− Φ(X,α+ 1, β))

Knowing the general property of the complete Beta function: B(α + 1, β) = α
α+βB(α, β), we

obtain the expression∫ 1

X

φ(q, α, β)
(
q(ȳ − y) + y

)
dq = y(1− Φ(X,α, β)) + (ȳ − y)

α

α+ β
(1− Φ(X,α+ 1, β))
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The mathematical expression of the profit is the following:

Π(s, τ) = pY (s, τ)−
∫ 1

Q(s)

cφ(q, α, β)dq −
∫ 1

Q̄(τ)

cffmaxφ(q, α, β)dq

= pY (s, τ)− c
(
1− Φ(Q(s), α, β)

)
− cffmax

(
1− Φ(Q̄(τ), α, β)

)
.(15)

3.1.3 Biological output

The proportions of the three habitats are denoted by hR, hW , hI , respectively for
Reserve, Wild-life friendly farming and Intensive farming. These habitats holds
respectively densities of a focal species KR, KW , KI . We assume that the dynamics
of biological population are quite stable and that the populations arrive to their
carrying capacity in each habitat. We thus consider a static land use and biological
population model.

To simplify the notations, we assume that KI = 0, i.e., that the species does
not survive in areas used for intensive agricultural production. We also can ex-
press the carrying capacity of an area unit used for wildlife friendly farming as a
fraction of the natural carrying capacity of reserves KR, i.e., KW = γKR, with
0 < γ < 1. Parameter γ represent the effectiveness of environmental in supporting
biodiversity.

Using this simple framework, we can define the biological output of the land-
scape POP as the ratio of the actual population over the maximal potential pop-
ulation, i.e., the population of the species if all land was kept as a natural habitat.
This biological output can be expressed as a function of the land use shares:

POP (s, τ) =
KRhR +KWhW

KR

= hR + γhW

= (1− γ)Φ(Q(s), α, β) + γΦ(Q̄(τ), α, β) (16)

3.2 The ecological economic analysis of land sparing

Here again, the landscape produces agricultural and biological outputs, and we
consider both the agricultural production in quantity terms its economic value.

3.2.1 Agricultural production

Given the distribution of soil quality, one gets the production areas. In particular,
the share of cropland produced on soils of quality belonging to [Q, 1] will be 1 −
Φ(Q), that depends on the density of soil which quality is higher than the spin
quality. These limits emerge from the area base model derived from the Ricardian
rent hypothesis, in which land margins depend on differences in land quality.
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Knowing threshold quality Q(s, τ), total agricultural production is defined by

Y (s, τ) =

∫ 1

Q(s,τ)

φ(q, α, β)yint(q)dq (17)

This expression can be transformed as follows

Y (s, τ) =

∫ 1

Q(s,τ)

φ(q, α, β)
(
q(ȳ − y) + y

)
dq

which can be integrated:

Y (s, τ) = y(1− Φ(Q(s, τ), α, β)) + (ȳ − y)
α

α + β
(1− Φ(Q(s, τ), α + 1, β))

This is the agricultural in quantity, as a function of the input tax τ and bio-
logical reserve subsidy s.

3.2.2 Economic profit

In the land sparing case, the mathematical expression of the profit is the following:

Π(s, τ) = pY (s, τ)−
∫ 1

Q(s,τ)

(c+ cffmax)φ(q, α, β)dq

= pY (s, τ)− (c+ cffmax)
(
1− Φ(Q(s, τ), α, β)

)
. (18)

3.2.3 Biological output

This biological output only depends on the share of reserves in the land sparing
scenario:

POP (s, τ) = hR = Φ(Q(s, τ), α, β) (19)

4 Trade-offs between agricultural and ecological

outcomes

Knowing the economic, agricultural and ecological outcomes of the possible config-
urations of land use, we now turn toward the description of the resulting trade-offs
between outcomes. In a given economic context (output price and fertilizer cost),
it is possible to modify the production of both food and wildlife by the means of
the two incentive instruments, within the ranges described in subsection 2.3. We
start with the description of the set of all possible productions of food and wildlife.
We then characterize the Pareto efficiency possibility frontier.
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4.1 Food versus wildlife

By varying the level of the two instruments within the space [τ , τ̄ ] × [s, s̄] one
can achieve all the possible land uses and the associated economic, agricultural
and ecological outcomes. Mapping the agricultural (food) and ecological (wildlife)
outcomes, one get the social production possibility set of food and wildlife. Of
interest is the upper frontier of that set, which represents the Pareto efficient
outcomes of land-uses.

Examples of production possibility sets are represented in Fig. 5. The left-hand
side panel represents the set of possible productions for parameters a = 0.4 and
γ = 0.4. The points on the Pareto frontier are achieved with land-sparing (i.e.,
reserve plus intensive agriculture). The right-hand side panel represents the set of
possible productions for parameters a = 0.6 and γ = 0.6. The points on the Pareto
frontier are achieved either with wild-life friendly farming (plus natural reserves)
or with a mix of the three land uses (interior solution).
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(a) a = 0.4 and γ = 0.4

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 1 2 3 4 5 6 7 8
Food

B
io

d
iv

e
rs

it
y

(b) a = 0.6 and γ = 0.6

Figure 5: Food and wildlife Production Possibility Sets.

The following two propositions show that if wildlife friendly farming is not
efficient enough in producing food and wildlife, in a sense to be specified below,
land-sparing is a better solution to achieve Pareto efficiency.

Proposition 1 (Optimal land sparing) If a + γ ≤ 1 any Pareto efficient out-
come is achieved with land sparing (intensive agriculture plus natural reserves),
and the set of Pareto efficient outcomes is defined by the outcomes of all possible
land sparing configurations.
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A formal proof of the proposition is given in the appendix.
The intuition behind the proposition is that, for a given area, if a convex

combination of intensive agriculture and reserve produces more than the allocation
of the area to wlf farming, then land-sharing is optimal.12 For example, consider
a plot of land of given quality. This plot would produce 1 unit of wildlife if used
as a natural reserve, or some y unit of food if used as an intensive field. This plot
produces γ units of wildlife and ay units of food when used as a wlf field. Now,
consider the sharing of the plot between reserve and intensive use, with proportions
γ and 1− γ. This mixed land-use would produce γ units of wildlife, and (1− γ)y
units of food. The ecological outcome would be the same as in the wlf case, but
the agricultural outcome would differ. If (1 − γ)y ≥ ay, i.e., if 1 − γ ≥ a, then
the intensive production on the remaining area 1 − γ is more efficient than wlf
production on the whole plot. WLF production is less efficient than land-sparing
production.

In this case, it is never socially optimal to allocate land to wild-life friendly
farming, and public policies should be such that individual decisions favor inten-
sive agriculture and natural reserves. We shall describe the associated policy in
the next section.

We conclude that wild-life friendly farming is an efficient solution only if a+γ ≥
1 (necessary condition). We shall now detail when wlf farming is an efficient
solution.

From the reverse of Proposition 1, we deduce that, when a+γ > 1, it is Pareto
efficient to start agricultural production with WLF farming. This means that
there are two (and only two) land uses, namely natural reserve and wlf farming,
on some range of the production possibility frontier, including the corner outcome
(Food,Wildlife)= (0, 1). The following proposition defines to which extent wlf
farming is an efficient option.

Proposition 2 (Optimal wild-life friendly farming) If a+ γ > 1, expansion
of WLF agriculture increases Pareto-efficiently food production as long as

Q(s) ≥ (1− a)(1− γ)

aγ
Q̄(τ)− (a+ γ + 1)

y

ȳ − y
. (20)

According to Proposition 2, as long as the quality thresholds representing land-
use change from reserve to wildlife friendly farming (Q(s)) and the change from

wildlife friendly farming to intensive agriculture (Q̄(τ)) are not too different, it
is Pareto-efficient to increase agricultural production by bringing into production
marginal land of lower quality and use that land as wlf farming. There is an
agricultural extension. Once the quality thresholds are too different, it is Pareto

12The formal proof is more subtle, as land quality is heterogeneous, and land of a given quality
is allocated optimally to a single use. The intuition presented here is a limiting case.
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efficient to convert better quality land from wlf agriculture to intensive agriculture.
This corresponds to an agricultural intensification.

Note that initially, Q̄(τ) = 1. This means that there will be only wlf agriculture

(i.e., no intensive agriculture) as long as Q(s) ≥ (1−a)(1−γ)
aγ

− (a + γ + 1)
y

ȳ−y . The

extreme case of full wlf agricultural use (no reserve and no intensive agriculture)

is an efficient solution if 0 ≥ (1−a)(1−γ)
aγ

− (a+ γ + 1)
y

ȳ−y .

Sensitivity analysis with respect to the wildlife friendly farming parame-
ters In this section, we present a sensitivity analysis to the two main parameters
of the model, the productivity of WLF farming a and the ecological benefit of
WLF farming γ.
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(a) γ = 0.8, a = 0.2
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(b) γ = 0.8, a = 0.4
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(c) γ = 0.8, a = 0.6
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(d) γ = 0.8, a = 0.8
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(e) γ = 0.6, a = 0.2
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(f) γ = 0.6, a = 0.4
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(g) γ = 0.6, a = 0.6
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(h) γ = 0.6, a = 0.8
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(i) γ = 0.4, a = 0.2

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 1 2 3 4 5 6 7 8
Food

B
io

d
iv

e
rs

it
y

(j) γ = 0.4, a = 0.4
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(k) γ = 0.4, a = 0.6
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(l) γ = 0.4, a = 0.8
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(m) γ = 0.2, a =
0.2
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(n) γ = 0.2, a = 0.4
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(o) γ = 0.2, a = 0.6
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(p) γ = 0.2, a = 0.8

Figure 6: Sensitivity analysis to parameters a and γ
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Sensitivity analysis with respect to soil heterogeneity The previous anal-
ysis corresponds to a very heterogeneous soil quality (homogeneous Beta distribu-
tion, with parameters α = 1 and β = 1, which corresponds to a equal representa-
tion of all possible land qualities). The opposite extreme case (homogeneous land
quality) is the case treated in Green et al. (2005). This would correspond to a
limiting case α = β = +∞ in our framework.

If land is homogeneous, the Food-Biodiversity relationship in the land-sparing
scenario is linear, as in Green et al. (2005). Heterogeneous land implies a convex
production possibility frontier in the land sparing case.13

4.2 Land Sparing versus Land Sharing

Given the production possibility frontier described in the previous section, it is
possible to draw some conclusions for policy making.

First of all, wildlife-friendly farming is an efficient solution to preserve wildlife
only if this production system is “productive enough” for both wildlife and food
production in the sense that a+ γ > 1. If this is not the case, land-sparing should
be favored. In Fig. 7, we show this condition is extremely similar to the concave
/ convex density-yield relationship of Green et al. (2005). Here, however, this
relation is considered at the local scale of farmer decision making (as considered
in Phalan et al. (2011), while Green et al. considered large scale density-yield
relationship.

In the case in which WLF farming is sufficiently productive, it is an option to
produce food and wildlife only up to some extent depending on soil heterogeneity.
If the difference in quality of the best and worst land already used for agricul-
tural production is large, then it is optimal to mix WLF farming and intensive
agriculture to achieve efficient outcomes. Agricultural production has to increase
both at the extensive and intensive margins. The best quality land are to be used
intensively first.

We can thus say that the strategy to achieve a given production target depends
on the initial configuration of land-uses, and may evolve over time. In particular,
when the economy starts from a low agricultural production and aims at reaching a
long run equilibrium at a higher level, a sequence of policy instruments is required,
and that sequence may vary with the case (soil heterogeneity, relative efficiency of
wlf farming both for production and resource preservation). Fig. 8 illustrates this
statement for parameters a = 0.5 and γ = 0.6. Let us consider the extreme initial
state in which the considered area is initially unexploited (full natural reserve).
Increasing production along the Pareto efficiency frontier requires first to extend
agricultural area, with wlf farming. This can be done by reducing reserve revenue

13A straightforward way to exhibit this convex relationship is to think about an area with land
of two disctinct qualities. The relationship between food production and biodiversity would be
piecewise linear, with a downward kink once all land of the best quality is already in intensive
agricultural use.
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Figure 7: Local density yield relationships. Relative density of wildlife on the
y-axis (w.r.t the maximum possible if all is in reserve), and local agricultural yield
on a field (assuming therefore constant quality q). The three points represent
the three land-uses in the model; respectively reserve, wildlife-friendly farming,
and intensive agriculture. Smooth curves are reproduced to show how our model
relates to that of Green et al. (2005).

(the equivalent of the subsidy in our simple model) or by reducing the opportunity
cost of extensive agriculture. At some point, increasing extensive production be-
comes less efficient than increasing productivity on the best land already in use. It
is then efficient to reduce input taxation, to give an incentive to intensive produc-
tion on the best land. Extension at the margin (reduction of subsidy to reserve)
and intensification on the best land take place simultaneously.14 Fig. 9 represents
the dynamic path of the policy instruments in the tax-subsidy map. Of course, in
many cases, from an environmental viewpoint, it would be preferable to avoid the
increase in agricultural production in the first place, unless it is badly needed for
local economies.

14Usual computations from eq. (20) show that both instruments vary linearly, in order to keep
the difference between thresholds Q(s) and Q̄(τ) constant, satisfying condition (20).
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(decreasing reserve subsidy)

Int. ag. + WLF 
(policy mix)

Figure 8: Dynamic policy path

5 Conclusion

In this paper, we develop a very simple model to introduce some key economic
dimensions in the land-sparing versus land-sharing debate started by Green et al.
(2005). The model contains essentially three agricultural and economic elements
not present in Green et al. (2005)’s initial model

• Decentralized decision-making of farmers

• Variation in soil quality within the region

• Use of inputs to modify yields

We recover the results of Green et al. (2005) in a decentralized decision con-
text, expressing with two key parameters the wildlife density- agricultural yield
function. Thus the model of Green et al. (2005) was mostly robust to the inclu-
sion of more detailed economic processes. However, the convexity of density-yield
relationships required for land-sparing is found to apply to local density and yield
rather than province-scale density and yield, and this is especially important for
empirical assessments of optimal solutions. By local, we mean the scale of agricul-
tural decision-making, such as either the agricultural field or the farm. This was
obviously recognized by Phalan et al. (2011) who chose to measure density-yield
relationships at the scale of 1km2, but the converse is suggested by Green et al.
(2005). Thus we think this point should be made explicit.15

15Green et al. (2005) claim: “Our model relates the population size of individual species within
a large area (“province”) to the yield per unit area of farmed land and the target agricultural
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Figure 9: Sequence of policy mix for Pareto efficient configurations

We also show that the region/province/landscape scale relationship between
population density and yield is generally concave (i.e., corresponds to the Pareto
frontier of a convex production possibility sets), once local differences in soil quality
are accounted for. Despite this general concavity of the landscape-scale relation-
ship, it is possible to find Pareto-efficient land sparing configuration (related to
the local density-yield relationship, or a+ γ < 1 criterion).

We also connected the local density-yield relationship to the use of fertilizers -
and it is shown that high fertilizer effectiveness in increasing the yield (1−a) tends
to produce more convex local density-yield relationships. Hence the effectiveness of
inputs should be taken into account in the debate, as suggested by Vandermeer and
Perfecto (2005). Interestingly, land-sparing is usually suggested as a conservation
strategy in the tropics - while inputs are usually better at modifying yields in the
soils of temperate regions, which would conflict with results of the present model
if we consider that γ (local relative density of wildlife) is relatively large. However,
there is no conflict if we assume γ is generally small in the tropics (poor capacity
of wildlife-friendly farming to sustain large wildlife densities). It seems the views
of ecologists diverge in the matter (Phalan et al., 2011; Fischer et al., 2011) ,
probably in relation to the specific systems they study. It should indeed make
more sense to propose land-sparing in the face of intensive oil palm plantations
but wildlife-friendly farming in some ecofriendly coffee plantations.

In temperate ecosystems choices are even less clear, and our model opens new
modelling perspectives in that respect. A common criticism to land-sparing solu-
tion is that intensive agriculture is unsustainable in the long run. We could have
soil quality impacted by input levels to account for that. As our model makes

production required.”
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explicit that inputs are used to generate high yields, it demonstrates both its
shortcomings in terms of long-term sustainability, as well as those of Green et al.
(2005) which rests on similar assumptions.

On the biological side, an important limitation of our model concerns the spa-
tial extent of populations - 3 small bird subpopulations are not equal to 1 large
population with three times as many individuals, and this has important conse-
quences for the relationship between number of species and area. More detailed
models are therefore needed before we can extend our results from one wild species
to real biodiversity (i.e., number of species).

The present findings, however, do make clear more attention should be given
to economic and agronomic concepts when considering food versus biodiversity
trade-offs.

A Proofs

Proof of Proposition 1 We shall prove the proposition by recurrence over the
Pareto efficiency frontier.

Step 1) Starting point: The higher ecological outcome is achieved for the
land-sparing corner solution in which all land is allocated to natural reserve, i.e.,
Q(s, τ) = 1. The associated outcome in the (Food,Biodiversity) map is (0, 1).

Step 2) Iteration: Consider a given soil quality q ∈]0, 1] and the associated
land-sparing situation defined by quality threshold Q(s, τ) = q. Assume that the
associated outcome is on the food-biodiversity production possibility frontier.

Let us consider a marginal increase of food production and the associated
marginal decrease of biodiversity. For that purpose, one need to bring into culti-
vation the land of marginal quality. The marginal rate of transformation between
food and biodiversity is given by the ration MRT = −dPOP

dY
. (Note that the density

of land of marginal quality φ(Q(s, τ)) will not affect the result, as it would appear
at both the numerator and denominator of the ratio.)

If the marginal land quality brought into production is use intensively, the
marginal rate of transformation is MRTLS = −1/

(
q(ȳ − y) + y

)
.

If the marginal land quality brought into production is use for wlf farming, the
marginal rate of transformation is MRTWLF = − (1− γ) /

[
a
(
q(ȳ − y) + y

)]
.

The option with the highest MRT defines the boundary of the Pareto efficiency
frontier. We have

MRTLS ≥MRTWLF ⇔ −1/
(
q(ȳ − y) + y

)
≥ − (1− γ) /

[
a
(
q(ȳ − y) + y

)]
⇔ 1 ≥ a+ γ .

Step 3) Recurrence: Given the full reserve starting point Q(s, τ) = 1 described
at step 1, and the iteration process described at step 2, one obtains the proof of
Proposition 1 by recurrence.
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Proof of Proposition 2 The proof follows the same steps as that of Proposition
1.
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