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Abstract

This article analyzes the trade-off between yield and farmed area
when a valuable species is affected by agricultural practices. It revisits,
from an economic perspective, the “land-sparing versus land-sharing”
debate elaborated in conservation biology. It uses the methodology of
the density-yield curve: The density of the species over farmland is a
decreasing function of the yield. It is shown that the optimal yield is
either increasing or decreasing with respect to the value of the species
depending on the shape of the density-yield curve. Land sparing and
land-sharing are not necessarily antagonistic: for sufficiently elastic de-
mand function, both the optimal yield and the farmed area decreases
with the value of the species. A general assessment of a second best
policy is performed and several particular policies are considered: a
subsidy on biodiversity in farms, a tax or subsidy on farmland, a tax
or subsidy on a dirty input. In several cases, the first-best strategy
and the second-best one induce contrasting effects on the yield.

JEL Classification: H23; Q15; Q57
Keywords: Biodiversity; Agriculture; Second-best policy.
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1 Introduction
The increase of world population rises concerns about the capacity of the food
production sector to feed 9 billions people at an acceptable environmental
cost. The development of a wildlife friendly agriculture in the farm may
come at cost: the associated reduction of yield can induce an increase of the
total area needed for agriculture. The optimal strategy is global and must
consider the total environmental cost over both farmed and unfarmed land.
Opposite to a strategy of “land-sharing”, with wildlife friendly agriculture
over a wide area of land, there is a strategy of ‘’land-sparing” consisting in
intensive farming over a small area of land.

Green et al. (2005) have analyzed the trade-off between yield and farmed
area from a biological point of view. They showed that the optimal strategy
for the species conservation between land-sparing and land-sharing depends
on the shape of the density-yield curve (e.g. Figure 1). The objective of the
present article is to analyze this trade-off, between yield and farmed area, in
an economic framework, and to determine how the optimal strategy depends
upon institutional factors. If a policy option is optimal in a first-best setting
it might not be so in a second-best one.

The model used is a partial equilibrium model of the market for an agri-
cultural good produced over the habitat of a valuable species. The total size
of the habitat is split between farmed and unfarmed land. The density of the
species over an hectare is a function of the yield. The optimal, welfare maxi-
mizing, yield and production are described. The optimal yield is between the
laissez-faire yield and the conservation optimal yield; it is either higher or
lower than the laissez-faire yield, and it is either increasing or decreasing with
respect to the value of the species, approaching the conservation optimum.

The introduction of the demand for food allows to consider its adjustment.
There is, indeed, a cost associated to the conservation of the species and
food consumption decreases when the value of the species is internalized.
Therefore, the demand price-elasticity determines whether the total farmed
area actually increases when the yield decreases. If demand for food is elastic
both lower yield and larger unfarmed area are optimal when the density-yield
curve is concave. A scenario consistent with the European situation.

Some second-best policies are analyzed in order to clarify the advantages
and drawbacks of real-world policies. Indeed, real-world policies are of the
second-best type given the difficulty to implement a subsidy on specimen
per hectare. A general assessment of a second-best policy is first performed.
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Whether a policy is welfare enhancing will depends on the shape of the
density-yield curve and the elasticity of the demand function. For instance,
even if land-sharing is the optimal first-best strategy, it can be welfare en-
hancing to implement natural reserves if the demand is elastic. In such a
case, the quantity of food consumed should decrease sufficiently to ensure
that the biodiversity on unfarmed land compensates for the loss on farmed
land. The analysis of second best policy highlights the fact that whether a
particular agricultural practice should be promoted depends on the policy
used.

The rest of the article is organized as follow. The related literature is
reviewed in the next section (Section 2). The model is introduced (Section
3). The optimal (first-best) policy is described in Section 4, and second-best
policies in section 5. The main limitations of the model are discussed in
Section 6. Section 7 concludes.

1.1 Literature review
The motivation for the present work originates from the work of Green et al.
(2005). They analyze the biological consequences of different mode of farm-
ing at a global scale. They maximize a species population subject to a food
production constraint. They show that if the density yield curve is concave
land-sharing is the optimal strategy, a relatively large population can be
maintained in low-yield farms covering all the area. However, if the popula-
tion is more sensitive to the initial increases in yield (for instance because of
deforestation) it is optimal to spare land for nature and implement intensive
farming on the smallest possible area.

Phalan et al. (2011) construct density-yield curves for bird and tree
species in southwest Ghana and northern India. Figure 1 illustrate their
results. They conclude that land-sparing is the optimal strategy. However,
land-sparing has been criticized for the possible difficulty to implement it.
Once, some land has been irreversibly converted to intensive farming, it might
be difficult to enforce the actual sparing of the rest of the land (Godfray; 2011;
Ewers et al.; 2009). The present analysis of second best policy partly answers
this concern, even though irreversibility is not introduced. The analysis show
under which condition a dirty input should be subsidized or taxed. That the
optimal yield is higher than the laissez-faire yield does not imply that in-
tensive farming should be subsidized. If land-sparing cannot be effectively
enforced, to subsidize intensive farming induces an over-expansion of farm-
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ners”—their densities always increased as 

land was converted to agriculture.

In each case, the density-yield curves 

could be concave-up or concave-down. A 

concave-up curve suggests that converting 

a small amount of land from forest to agri-

culture would have a large effect on the pop-

ulation density of the losers; if these spe-

cies are in the majority, then a land-sparing 

strategy is likely to maximize biodiversity. 

A concave-down curve suggests that both 

winners and losers will fare relatively well 

in mixed landscapes, and that land shar-

ing would most benefi t biodiversity. Some 

species, however, were not simply win-

ners or losers, and had population densities 

that were highest under intermediate farm-

ing intensity. Whether these species bene-

fi t from land sharing or sparing depends on 

how much food the land is expected to pro-

duce (the crop-yield target).

Using density-yield relationships, Pha-

lan et al. calculated which land-use strat-

egy preserved the most biodiversity under 

an array of yield targets. Overall, they found 

that land sparing would benefi t many more 

species than land sharing, especially when 

production targets were higher than present 

yields. The advantages of land sparing were 

even greater when they focused on species 

with restricted geographical ranges, which 

are often of the greatest conservation inter-

est because they are more vulnerable to 

threats. In contrast, many of the species that 

did well in altered landscapes under a land-

sharing strategy have very broad geographi-

cal ranges and are of relatively low conserva-

tion interest. Phalan et al.’s analysis suggests 

that in forested tropical landscapes, the best 

strategy for conserving biodiversity appears 

to be setting aside protected forest reserves, 

while simultaneously investing in high-yield 

intensive agriculture to meet food demand 

and support rural livelihoods. Their analysis 

also suggests that strategic landscape modifi -

cations—replanting and consolidating forest 

areas, for example—could increase biodiver-

sity while enabling yields to rise.

This study comes with some caveats. For 

instance, Phalan et al. sampled a limited num-

ber of taxa and sites, and they relied on cor-

relational data rather than data from experi-

ments. Population densities in some sites may 

have been over- or underestimated because of 

the proximity to other habitats in the mosaic. 

Much land conversion in the tropics is rela-

tively recent, so it is possible that population 

densities have not yet reached an equilibrium. 

Nevertheless, the very clear results provide 

confi dence in the conclusions.

As the authors stress, however, the simple 

contrast between sharing and sparing land 

ignores many of the complexities of conser-

vation biology and sustainable agriculture. It 

may be possible to increase population den-

sities without sacrifi cing yields, for example, 

by adopting specifi c wildlife-friendly farm-

ing practices, thus favoring land-sharing solu-

tions. Alternatively, land-sparing strategies 

that carefully attend to the spatial distribution 

of protected areas—the domain of applied 

metapopulation biology—may increase their 

conservation value ( 6).

Although geographically distant, the two 

areas studied by Phalan et al. are in broadly 

similar tropical environments where even 

a casual observer notices much higher and 

more distinct biodiversity in forests than in 

farmlands. We urgently need studies in other 

habitats, such as tropical grasslands and 

savannahs, where some types of agricultural 

landscapes are more similar to the original 

vegetation. In the Mediterranean region, for 

example, rich biodiversity has existed for mil-

lennia in an agricultural setting ( 7) and more 

varied and complex density-yield curves may 

be the norm.

A criticism of land sparing is that, 

although fi ne in theory, it is open to abuse in 

practice ( 8). One concern is that after biodi-

versity on intensifi ed lands is lost, there could 

be irresistible pressure to change the rules 

and allow the remaining protected areas to 

be converted to agriculture, perhaps using 

the accrued capital from higher yields to fund 

the conversion. Good and transparent gover-

nance is required for these landscape-scale 

trade-offs to achieve their goals.

Conservation biology theory has often 

sought to identify strategies that maximize 

biodiversity outcomes in isolation from 

other goals of society. In contrast, Phalan 

et al.’s study is part of a trend of looking 

more holistically at strategies that address 

multiple objectives—in this case, food pro-

duction and biodiversity. Ideally, the anal-

ysis would also account for other factors 

such as the ecosystem services provided 

by different habitats ( 9), including carbon 

sequestration ( 10) and provision of water 

supplies ( 11). Real decisions in conserva-

tion are dominated by politics and econom-

ics, and governments will have the luxury of 

acting on biodiversity only if their popula-

tions enjoy food security. Protecting biodi-

versity and ensuring food security are part 

of a single agenda. 
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Spare or share? Density-yield curves for four spe-
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converted to agriculture; densities of the two “los-
ers” decrease. The curves can identify which con-
servation strategy—land sparing or land sharing—
would most benefi t the species.
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(a) Some winners from in-
creasing yield
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ners”—their densities always increased as 

land was converted to agriculture.

In each case, the density-yield curves 

could be concave-up or concave-down. A 

concave-up curve suggests that converting 

a small amount of land from forest to agri-

culture would have a large effect on the pop-

ulation density of the losers; if these spe-

cies are in the majority, then a land-sparing 

strategy is likely to maximize biodiversity. 

A concave-down curve suggests that both 

winners and losers will fare relatively well 

in mixed landscapes, and that land shar-

ing would most benefi t biodiversity. Some 

species, however, were not simply win-

ners or losers, and had population densities 

that were highest under intermediate farm-

ing intensity. Whether these species bene-

fi t from land sharing or sparing depends on 

how much food the land is expected to pro-

duce (the crop-yield target).

Using density-yield relationships, Pha-

lan et al. calculated which land-use strat-

egy preserved the most biodiversity under 

an array of yield targets. Overall, they found 

that land sparing would benefi t many more 

species than land sharing, especially when 

production targets were higher than present 

yields. The advantages of land sparing were 

even greater when they focused on species 

with restricted geographical ranges, which 

are often of the greatest conservation inter-

est because they are more vulnerable to 

threats. In contrast, many of the species that 

did well in altered landscapes under a land-

sharing strategy have very broad geographi-

cal ranges and are of relatively low conserva-

tion interest. Phalan et al.’s analysis suggests 

that in forested tropical landscapes, the best 

strategy for conserving biodiversity appears 

to be setting aside protected forest reserves, 

while simultaneously investing in high-yield 

intensive agriculture to meet food demand 

and support rural livelihoods. Their analysis 

also suggests that strategic landscape modifi -

cations—replanting and consolidating forest 

areas, for example—could increase biodiver-

sity while enabling yields to rise.

This study comes with some caveats. For 

instance, Phalan et al. sampled a limited num-

ber of taxa and sites, and they relied on cor-

relational data rather than data from experi-

ments. Population densities in some sites may 

have been over- or underestimated because of 

the proximity to other habitats in the mosaic. 

Much land conversion in the tropics is rela-

tively recent, so it is possible that population 

densities have not yet reached an equilibrium. 

Nevertheless, the very clear results provide 

confi dence in the conclusions.

As the authors stress, however, the simple 

contrast between sharing and sparing land 

ignores many of the complexities of conser-

vation biology and sustainable agriculture. It 

may be possible to increase population den-

sities without sacrifi cing yields, for example, 

by adopting specifi c wildlife-friendly farm-

ing practices, thus favoring land-sharing solu-

tions. Alternatively, land-sparing strategies 

that carefully attend to the spatial distribution 

of protected areas—the domain of applied 

metapopulation biology—may increase their 

conservation value ( 6).

Although geographically distant, the two 

areas studied by Phalan et al. are in broadly 

similar tropical environments where even 

a casual observer notices much higher and 

more distinct biodiversity in forests than in 

farmlands. We urgently need studies in other 

habitats, such as tropical grasslands and 

savannahs, where some types of agricultural 

landscapes are more similar to the original 

vegetation. In the Mediterranean region, for 

example, rich biodiversity has existed for mil-

lennia in an agricultural setting ( 7) and more 

varied and complex density-yield curves may 

be the norm.

A criticism of land sparing is that, 

although fi ne in theory, it is open to abuse in 

practice ( 8). One concern is that after biodi-

versity on intensifi ed lands is lost, there could 

be irresistible pressure to change the rules 

and allow the remaining protected areas to 

be converted to agriculture, perhaps using 

the accrued capital from higher yields to fund 

the conversion. Good and transparent gover-

nance is required for these landscape-scale 

trade-offs to achieve their goals.

Conservation biology theory has often 

sought to identify strategies that maximize 

biodiversity outcomes in isolation from 

other goals of society. In contrast, Phalan 

et al.’s study is part of a trend of looking 

more holistically at strategies that address 

multiple objectives—in this case, food pro-

duction and biodiversity. Ideally, the anal-

ysis would also account for other factors 

such as the ecosystem services provided 

by different habitats ( 9), including carbon 

sequestration ( 10) and provision of water 

supplies ( 11). Real decisions in conserva-

tion are dominated by politics and econom-

ics, and governments will have the luxury of 

acting on biodiversity only if their popula-

tions enjoy food security. Protecting biodi-

versity and ensuring food security are part 

of a single agenda. 
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(b) Some losers

Figure 1: Density-yield curves for four species of birds in northern India
(Phalan et al.; 2011). The curves are then used to determine the optimal
strategy between land-sparing and land-sharing for conservation. (source:
Godfray (2011))

ing (compared to the first-best policy) which can compensate for the benefits
from an increased yield. This negative result arises if the demand for food is
sufficiently price-elastic. If the demand for food is inelastic, as it might be
in a developing a country, then subsidizing farming enhances welfare.

The relationship between agricultural practices and some species densities
have been investigated (Fuller et al.; 2005; Chamberlain et al.; 2010; Firbank
et al.; 2008). In particular, the comparison of organic and conventional agri-
culture has received an important attention. Many studies conclude that
organic farming enhances biodiversity in the farm, even though some species
might be adversely affected (see the meta-analysis by Bengtsson et al.; 2005).
Most studies also conclude that the yield of organic farming is lower than
the yield of conventional farming, but results are highly variable (de Ponti
et al.; 2012; Seufert et al.; 2012).

Some authors have studied whether an increase of the yield (as an ex-
ogenous shock) actually spare land for nature (e.g. Rudel et al.; 2009; Ewers
et al.; 2009). The causes of deforestation has also been analyzed both theo-
retically and empirically (see Angelsen and Kaimowitz; 1999, for a review).
Whether an increase of agricultural productivity leads to a decrease of farmed
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area depends upon the price-elasticity of demand, which also plays a key role
in the analysis of second-best policy in the present work. Whether, histori-
cally, increased yields have been associated with reduced farmed area might
be a good environmental news that should not prevent the implementation
of conservation policy. Indeed, the optimal policy should be concerned both
by agricultural practices and farmed area and not focused on the former.

In the economic literature, in addition to the literature on deforesta-
tion already mentioned, several theoretical articles consider the relationship
between land-use and biodiversity. A recent literature developed from the
general biological equilibrium developed by Tschirhart (2000). In particular,
Eichner and Pethig (2006) links a general equilibrium of the economy to a
general equilibrium of an ecosystem. In their model a land is either used for
human activity or for wildlife, there is no intermediate levels (see also Chris-
tiaans et al.; 2007; Pethig; 2004, on pesticide uses). They do not analyze the
trade-off between the area used and the density of human activity. However,
a natural extension of the present work would be to develop the biological
side of the model in the spirit of these works.

Another strand of the literature is concerned by the influence of the spatial
distribution of agricultural activity on biodiversity. Several authors have
analyzed the incentive for farmers to reduce habitat fragmentation and the
effectiveness of various policies (Lewis and Plantinga; 2007; Lewis et al.;
2009; Parkhurst et al.; 2002; Parkhurst and Shogren; 2007; Bamière et al.;
2013). In these articles too the land is either farmed or not and the trade-off
highlighted in the present article is not considered.

The two recent working papers by Martinet and Barraquand (2012) and
Couvet et al. (2013) are closer to the present work. They both consider the
land-sparing versus land-sharing debate and consider three potential land
uses: wildlife friendly farming (or organic), intensive farming and natural
reserve. While Martinet and Barraquand (2012) analyze the influence of
a subsidy on natural reserve and a tax on fertilizer on the allocation of
land, Couvet et al. (2013) consider the effects of a shift from intensive to
extensive farming. Couvet et al. (2013) highlight that, with a sufficiently
elastic demand for food, the higher cost of extensive farming can imply that
the total land farmed is reduced despite the reduced yield. These two articles
do not analyze optimal and second-best policies.

Finally, the analysis of second-best policy performed here could be related
to the literature on the indirect regulation of non point source pollution.
When individual pollution cannot be easily measured Griffin and Bromley
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(1982) shows that a system of tax on inputs can replicate the first-best scheme
(Shortle et al.; 1998, see also). Here, situations in which only one of two
polluting inputs (land or agricultural intensity) can be taxed are considered.
Substitution with the second input explain that the second-best policy can
consist in an opposite effect on the regulated pollutant than the first-best
one.

2 Model
We consider the market for one food product, the total quantity produced
is F (in t.). It creates the gross consumer surplus S(F ) (in $), a positive
increasing and concave function. The corresponding price function P (F ),
equal to S ′, is positive and decreasing. The price-elasticity of the demand
for food is denoted ε,

ε(F ) = P

P ′(F )F . (1)

On the supply side, the yield is denoted y (in t/ha) and the quantity of
land farmed L (in ha) so that F = yL. The cost of farming is c(y) ($/ha), it
is the cost to produce y tons of food on a hectare of land. The total cost to
produce F is then c(y)F/y. The cost c(y) is positive, increasing and convex.
It is assumed that there is a fixed cost associated to land conversion, that is
c(0) > 0, so that average costs are first decreasing and then increasing. The
cost-minimizing yield is denoted y0 it is the solution of

c′(y) = c(y)/y. (2)

The marginal and the average cost are equalized at y0, which is the minimum
efficient scale.

The market is assumed perfectly competitive. If no regulation is imple-
mented the total profit from land-use is

π = pyL− c(y)L = pF − c(y)
y
F. (3)

If land is abundant (the constraint on land is not binding), farmers choose
the yield y0 per hectare farmed and the quantity of land farmed L0 is such
that the price of food is equal to the cost c(y0)/y0. The yield y0 will be
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called the laissez-faire yield to stress that it is the yield chosen without any
regulation.1

There is one valuable species and the size of its population over a particu-
lar piece of land is a function of the yield.2 The total size of the habitat is L̄.
The density on a hectare of farmland is b(y) (specimen/ha), a positive and
decreasing function of the yield.3 The total population on the habitat under
consideration is the sum of the population on unfarmed land b(0)(L̄−L) and
on farmed land b(y)L. The marginal value of biodiversity is β ($/specimen).

Total welfare is then

W = S(yL) − c(y)L+ β[b(0)(L̄− L) + b(y)L]

which could be written as a function of yield and food production:

W (y, F ) = S(F ) −
[
c(y)
y

+ β
b(0) − b(y)

y

]
F + βb(0)L̄. (4)

To ensure that there is a unique interior optimum, the value of the species
is assumed sufficiently small so that c′′(y) > βb′′(y) for all y. This condition is
always satisfied if the density-yield curve is concave and the species valuable.
If the density yield curve is convex and β is large it does not hold, in that
case Welfare is not concave with respect to the yield and there can be several
local optima. We rule out this possibility.

Figure 1(b) provides examples of a convex and a concave density-yield
curve (source Godfray; 2011). Indeed, more complex curves (e.g. first convex
then concave) are possible and would be more realistic. There is a maximum
yield ȳ at which b is null and production cost is sufficiently large at this yield
that it is never optimal to adopt it.

1 It is possible to consider an equivalent decentralized process, in which each owner of a
piece of land decide whether to farm or not (entry stage) and then chooses its production y
(production stage). With this decentralized process, y is such that p = c′(y) (price equals
marginal cost) and the entry process ensures that profits are null: py = c(y).

2We do not consider the issues of habitat fragmentation and the spatial distribution of
farming activities.

3Phalan et al. (2011) establish empirically these relationships for several bird species.
They found that some species might benefit from an increased yield, a possibility not
considered here.
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3 The optimal policy
The optimal policy consists in a couple of yield and quantity of food (y∗(β),
F ∗(β)) that maximizes welfare subject to the constraint L ≤ L̄. If the
constraint is not binding the optimal policy is characterized by the two first
order conditions:4

P (F ) = c(y)
y

+ β
b(0) − b(y)

y
(5)

c(y) − c′(y)y = β [−b′(y)y − (b(0) − b(y))] . (6)

The first equation states that the price of food should be equalized with
its marginal cost, which includes the environmental cost of agriculture. The
second equation represents the arbitrage made when choosing the optimal
yield between the economic benefits and the environmental damages. The
left-hand-side of equation (6) is the gain due to the influence of the yield
on the cost, it is decreasing and null at the minimum efficient scale y0. The
right hand side is the environmental cost from an increase of the yield. This
environmental cost is the difference between the direct costs associated with
the increase of the yield and the indirect gain obtained from the reduction
of the farmland area (b(0) − b(y) per ha). Since both sides of the equation
(6) can be positive or negative, the arbitrage is not easy to appreciate.

Proposition 1 The quantity of food produced decreases with respect to the
value of the species β.

If land is abundant, i.e. F ∗ < y∗L̄, the optimal yield decreases (resp.
increases) with respect to β if b(y) is concave (resp. convex).

If land is scarce, i.e. F ∗ = y∗L̄, the optimal yield is decreasing with
respect to β.

Proof.
1. The optimal quantity of food satisfies:

P (F ∗) = c(y∗)
y∗

+ β
b(0) − b(y∗)

y∗

4The assumption on β: c′′ < βb′′ ensures that welfare is quasi-concave: Let us show
that if y and F satisfies the couple of conditions 5 and 6, then the second order conditions
are satisfied. It is so because i) ∂W/∂y is linear in F, so ∂W 2/∂y∂F = [∂W/∂y]/F is
null if y satisfies the equation (6), and ii) the second order derivative w.r.t. to the yield is
∂W 2/∂y2 = F/y2(c′′ − βb′′) − 2F/y∂W/∂y = F/y2(c′′ − βb′′) < 0 if y satisfies 6).
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the derivative of the right hand side with respect to β is, by the envelop
theorem, [b(0) − b(y∗)]/y∗ which is positive. The price function being a
decreasing function, the optimal quantity of food is decreasing w.r.t. β.

2. The derivative of the right hand side of equation (6) is −b′′(y) and the
right hand side is null at y = 0.

• If b(.) is concave:
The marginal environmental damage is increasing (−b′′ > 0), since it
is null at y = 0, it is positive. At the optimum, a marginal change of β
would increase the marginal environmental damage and subsequently
decrease the optimal yield. (at the interior optimum the second order
condition is satisfied and the effect of a change of β on the optimal
yield is the opposite of its effect on the right hand side of 6).

• If b(.) is convex:
The right hand side of 6 is decreasing and null at zero, therefore it is
negative. The optimal yield is increasing with respect to β.

The Proposition is illustrated by Figure 2. With a concave density yield
curve (Figure 2(a)), the situation looks familiar: there is an increasing envi-
ronmental damage associated to an increase of the yield and the optimal yield
should be lower than the laissez-faire yield. The case of onvex density-yield
curve is different, as illustrated Figure 2(b). With a convex density-yield
curve, the species is very sensitive to the first increase of the yield. The
marginal environmental damage is decreasing with respect to the yield, and
the environmental cost is actually a gain thanks to the sparing of land. It is
optimal to spare land in which the species is abundant and increase yield on
farmland.5

5If the density-yield curve is convex, the environmental damage is concave, and the
right hand side of 6 is decreasing with respect to the yield. The environmental cost is
actually a gain which is increasing with respect to the yield and multiple local optima
may exist for sufficiently large value of β. All these interior optima are on the right of the
minimum efficient scale. When the value of the species β increases one may jump from
one interior equilibrium to another, Proposition 1 is still true because the new equilibrium
is situated to the right of the old one.
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(a) With a concave density-yield
curve, the optimal yield is lower
than the efficient minimum scale
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(b) With a convex density-yield
curve, the optimal yield is higher
than the efficient minimum scale

Figure 2: The determination of the optimal yield with a concave (resp. con-
vex) density yield curve. The dotted line represents the effect of an increase
of the value of the species.

In Figure 2 it is assumed that land is abundant so that any change of
the yield for a given food production is associated with an adjustment of the
farmed area. If land is scarce and already fully exploited, a marginal increase
of the yield does not trigger a reduction of the area farmed. In such a case
a marginal increase of the value of the species β induces a reduction of the
yield whatever the shape of the density-yield curve.

Proposition 1 illustrates that the optimal farming technique depends on
what is being held fixed. If one considers a fixed amount land, it is always
optimal to reduce the yield and adopt wildlife-friendly technique. However,
if the adjustment of the farmed area is considered, the optimal yield is either
increasing or decreasing with respect to the value of the species, depending
on the shape of the density-yield curve. For the rest of the article the amount
of land will be considered abundant so that in all cases considered L̄ is
sufficiently large to ensure that the constraint is never binding.

In their article, Green et al. (2005) compute the optimal strategy from
a conservationist perspective subject to a constraint on the quantity of food
produced and the quantity of land available. Absent any cost consideration,
it could be seen from Figure 2 that the optimal strategy is in a corner: it is
optimal to set the lowest (resp. highest) possible yield with a concave (resp.
convex) density-yield curve. Furthermore, their implicit demand for food is
totally inelastic (ε = 0); with an elastic demand for food, the quantity of
food produced is reduced by the internalization of biodiversity and the total
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farmed area depends upon demand elasticity.

Proposition 2 If the density-yield curve is convex, the optimal farmed area
is decreasing with respect to the value of the species.

If the density-yield curve is concave, the optimal farmed area is decreasing
(resp. increasing) with respect to the value of the species if the elasticity of
the demand function is lower (resp. higher) than:

c(y∗) + β(b(0) − b(y∗))
β(b(0) − b(y∗)) × β(b′y∗ + b(0) − b(y∗))

(c′′ − βb′′)y∗2 (< 0) (7)

Proof. The optimal farmed area is L∗(β) = F ∗(β)/y∗(β).
If the density yield curve is convex, L∗ is decreasing w.r.t. β because F ∗

is decreasing and y∗ is increasing w.r.t. β.
If the density yield curve is concave, let us write the β-elasticity of the

farmed area
βL∗′

L∗
= βF ∗′

F ∗
− βy∗′

y∗
(8)

and using equation (5) and (6) gives

βF ∗′

F ∗
= β(b(0) − b(y))
c(y) + β(b(0) − b(y))

1
ε
and βy∗′

y∗
= β

y∗
b′y∗ + (b(0) − b(y∗)

(c′′ − βb′′)y∗2

injecting these two equations into the expression (8) gives the result.
Even if the optimal yield decreases with respect to the value of biodiver-

sity, the optimal quantity of farmland can decrease if demand is sufficiently
price elastic. The threshold price elasticity (7) is the product of two factors:
The first is positive, it is the inverse of the β-elasticity of the total production
cost or, equivalently, the relative weight of the environmental component in
the farming cost. The second factor is the β-elasticity of the optimal yield
(negative). An increase of the value of the species decreases the yield and
increases the cost. The total farmed area decreases despite the reduction of
the yield if the increase of the cost is sufficiently large (a small first factor in
7) to trigger a large reduction of the quantity consumed.

Green et al. (2005) argue that a concave density yield curve is more likely
in Europe in which farming has been extensively used for a long a time. By
contrast land-sparing is optimal in developing countries with large area of
old-growth forests. Demand for food is also more elastic (i.e. lower ε) in
Europe than in developing countries. Therefore, it seems well possible that
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both wildlife-friendly practices and the implementation of natural reserves is
the optimal strategy in Europe. A result that might reconcile the apparent
opposition between wildlife friendly practices and the protection of natural
land.

The result only concerns a small change of β. Larger changes might
generate non monotonic patterns. The threshold elasticity depends upon β
both directly and indirectly via the yield. It is possible that the sensitivity
of the yield associated to β, the second factor in (7), progressively increase
toward zero, while the share in the cost of the environmental component
increases toward unityas β increases. The two evolutions imply that the
threshold elasticity is increasing toward zero, and that the farmed area has a
bell-shaped evolution w.r.t. to the value of the species. For initial increments,
there is a strong reduction of the yield and a relatively small increase of the
production cost so that the demand for food is not strongly affected and
farmed area increases. For larger value of the species, the yield is less reduced
and most environmental protection occurs via a reduction of the consumption
of food and the associated farmed area.

4 Second-best policy.
The optimal allocation has been described by a yield, a farming technique,
and the farmed area. This allocation can be implemented by setting directly
these two quantities via technical standards and natural reserves. Indeed, it
can also been implemented by a Pigouvian subsidy on each species specimen
equals to β.

In this section several situations are considered in which the regulator
cannot implement the optimal policy. Several reasons could be advanced to
explain that it is not feasible to implement the subsidy on the species spec-
imen or directly set the optimal yield and optimal farmed area. In addition
to the difficulty to estimate the density of a species, if property rights are not
well defined over unfarmed land it is not possible to remunerate an owner to
create the incentive for land conservation.

4.1 A general assessment
The regulation is represented by a variable r. The regulation influences
the incentive to farm and the choice of the yield, it does not have other
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effects. For instance, public funds are costless and if the regulation is a tax
or a subsidy the associated monetary transfers are welfare neutral. With a
regulation r the perceived marginal cost of food production is C(y, r). The
profit of the representative land-owner is:

π(y, F, P ) = PF − C(y, r)F (9)
The equilibrium yield minimizes the production cost and the quantity of

food produced is such that the price is equal to the marginal cost C(y, r).
Let us denote yR(r) and FR(r) the two equilibrium quantities. They satisfy:

P (FR) = C(yR, r) and ∂C

∂y
(yR, r) = 0. (10)

The situation r = 0 corresponds to a no-regulation situation with C(y, 0) =
c(y)/y so that yR(0) = y0 and P (FR(0)) = c(y0)/y0. The quantity of food
produced and the yield can be either increasing or decreasing with respect to
the regulatory variable. Before considering some particular regulations, we
can first provide an analysis without further specifying the regulation. This
degree of generality allows to show the underlying mechanisms at stake.

Any change of the regulation has the following effect on welfare, given by
equation (4):

dW

dr
= ∂W

∂F
FR′ + ∂W

∂y
yR′

=
[
P (F ) − c(y)

y
− β

b(0) − b(y)
y

]
FR′

+ F

y2 [c(y) − c′(y)y + β (b′(y)y + b(0) − b(y))] yR′ (11)

At r = 0, the price is equal to the cost c(y)/y, and the yield is y0 so that
the derivative of welfare is:

dW

dr
= −β b(0) − b(y)

y
FR′ + [β (b′(y)y + b(0) − b(y))] F

y2y
R′. (12)

Whether a small increase of r will be beneficial or not will depend of the
sign of this expression. There is an unambiguous benefit from any reduction
of the quantity of food produced (first term of 12). Indeed, whether an
increase or a decrease of the yield is welfare enhancing depends of the density-
yield curve.
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If the monotonicity of the yield and the food production are aligned with
the welfare enhancing ones a small increase of the regulation will be beneficial.
If this is not the case the comparison of the two terms will be needed and
the demand elasticity will play a crucial role.

A general expression of a threshold elasticity is:

ε̃ =
(

1 + b′(y0)y0

b(0) − b(y0)

)
yR′

y0

c(y0)/y0

∂C/∂r
(13)

The first factor represents the gain from an increase of the yield relative to
the gain from a reduction of the food consumption. The second factor is the
rate of change of the yield with respect to the regulation, and the last factor
the inverse of the rate of change of the marginal cost C(yR(r), r). In case of
ambiguity about the merit of a small positive regulation, the demand elas-
ticity should be compared with this ratio. The following Table summarizes
the possible cases.

Proposition 3 The sign of the welfare effect of a small increase of the reg-
ulatory variable depends of the shape of the density-yield curve as follow:

b concave b convex

(y∗ < y0) (y∗ > y0)

FR′ < 0 yR′ < 0 + + if ε ≤ ε̃, - otherwise

FR′ < 0 yR′ > 0 + if ε ≤ ε̃, - otherwise +

FR′ > 0 yR′ > 0 - + if ε ≥ ε̃, - otherwise

FR′ > 0 yR′ < 0 + if ε ≥ ε̃, - otherwise -

Proof.
The price of food is equal to the marginal cost. Taking the derivative of

the first equation in (10) gives (by the envelop theorem) P ′FR′ = ∂C/∂r, so

FR′ = εF
∂C/∂r

C(y, r)
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Then, injecting the above equation into equation (15), the derivative of wel-
fare is

dW

dr
= β

F

y
(b(0) − b(y))

[
−ε ∂C/∂r
C(y, r) +

(
1 + b′(y)y

b(0) − b(y)

)
yR′

y

]

= β
F

y
(b(0) − b(y)) ∂C/∂r

C(y, r) (ε̃− ε) using (13). (14)

Let us consider that ∂C/∂r is positive, so FR′ is negative.

• If b(.) is concave: The effect of the yield b(0)− b(y)+ b′(y)y is negative.
If yR′ is negative, then the two terms in the expression (15) of the
derivative of welfare are positive and a small increase of r has a positive
effect.
If yR′ is positive, the threshold ε̃ is negative and from (14), the deriva-
tive of welfare is positive if ε < ε̃ and negative otherwise.

• If b(.) is convex: The effect of the yield b(0) − b(y) + b′(y)y is positive.
And a simialr reasoning gives the results for the second row of the
Table.

If ∂C/∂r is negative FR′ is positive, a symmetrical reasoning could be
applied to obtain the last two lines of the table.

Another way to look at the trade-off would be to write the derivative
of welfare at r = 0 grouping terms so that the effect of the regulation on
farmland appears. Noting that L′ = (F ′y − y′F )/y2, from equation (12), we
get

dW

dr
= βb′(y0)LyR′ − β

(
b(0) − b(y)

y

)
L′ (15)

This expression emphasized the trade-off between yield and farmed area but
it masked the role played by the demand price-elasticity. This expression
still allows to get the following intuitive and reassuring result.

Corollary 1 A sufficient condition for a small regulation to improve welfare
is that both the yield and the farmed area decrease.

Armed with these results we can now consider several particular regula-
tions.
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4.2 Subsidizing wildlife friendly farming
We begin by considering the consequences of a subsidy that would only hold
over farmed land. Let us denote by s a subsidy on species specimen over
farmland. This subsidy is constrained to be positive, that is a tax on speci-
men is not feasible. The profit of the representative land-owner is:

π = PF − c(y)L+ sb(y)L = PF − c(y)F/y + sb(y)F/y (16)

When choosing the yield over farmland the land-owner does not consider
the effect of land-substitution between farmed and unfarmed land. He sets
y(s) and produces F (s) so that

P (F ) = [c(y) − sb(y)] /y and c(y) − c′(y)y = s [b(y) − b′(y)y] (17)

When the subsidy increases, the farmer reduces the yield and increases
its production of food. The consequence is indeed an increase of the total
farmed area. Land-sparing is therefore not an option, and

Corollary 2 With a subsidy per specimen on farmland (and not on un-
farmed area),

• If the density-yield curve is convex, the optimal subsidy is null.

• If the density-yield curve is concave, the optimal subsidy is null if ε < ε̃
and positive otherwise. The expression of the threshold is:

ε̃ =
(

1 + b′(y0)y0

b(0) − b(y0)

)(
1 − b′(y0)y0

b(y0)

)
c(y0)
y2

0c
′′ (< 0) (18)

Proof. From the two equations (17), FR is increasing and yR is decreasing
with respect to s. The situation corresponds to the third line of the table in
proposition 3.

The expression of the threshold is obtained by injecting into the general
expression (13) the relation: ∂C/∂s = −b(y)/y and the derivative of the
yield at s = 0 (obtained from eq. (17)):

yR′(0) = b− b′(y0)y0

−c′′y0
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To subsidize biodiversity over farmland has the adverse consequences of
increasing the incentive to farm. If the species under consideration is very
sensitive to the first increase of the yield (b convex) it is then clearly detrimen-
tal to subsidize in-farm biodiversity. The gains in the farm cannot compen-
sate the loss due to increased farmland. However, if the species is resistant
to the implementation of farming (b concave), the gains from the reduction
of the yield in farms are not fully compensated by farms expansion if the
demand for food is sufficiently inelastic. In that case, the food consumed
does not increased much following the reduction of food price.

4.3 Implementation of natural reserves
Let us now consider the implementation of a natural reserve. This regulation
would consist in setting L = F/y the total farmed area. Equivalently, to bet-
ter suit our general approach, the regulator can tax farmland, the regulatory
variable is then the tax t. The profit of the representative land-owner is then

π = PF − (c(y) + t)L =
[
P − c(y) + t

y

]
F (19)

The quantity of food produced decreases and the yield increases with respect
to the tax. Indeed, the increase of the yield does not fully compensate the
reduction of farmland.

Corollary 3 When the regulator envisions taxing or subsidizing farmland,

• If the density-yield curve is convex, farming should be taxed.

• If the density-yield curve is concave, farming should be taxed if ε < ε̃
and subsidized otherwise. The expression of the threshold is:

ε̃ =
(

1 + b′(y0)y0

b(0) − b(y0)

)
c(y0)
y2c′′

(20)

Proof.
With a tax on farmland, the marginal production cost of food is : C(y, t) =

(c(y) + t)/y, the two quantities yR(t) and FR(t) satisfy:

c′(yR)yR − c(yR) = t and P (FR) = (c(yR) + t)/yR.
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The quantity of food is decreasing and the yield is increasing with the
regulatory variable and this case corresponds to the second line of the table
in Proposition 3.

The particular expression of the threshold is obtained from equation (13)
and the two following derivatives, at t = 0:

∂C/∂t = 1/y0 and yR′ = 1/c′′

If the density-yield curve is convex, taxing farmland, or implementing
natural reserve, is unambiguously good because it both reduces food con-
sumption and increase the yield. Land is effectively spared and the species
gains from this more than it looses from the increased yield in farms.

If the density yield curve is concave, in a first-best setting it would be
optimal to reduce the yield which suggests that farmland should be subsi-
dized. With an inelastic demand function farming should indeed be subsi-
dized. However, if the demand function is sufficiently elastic, farming should
be taxed because the loss of biodiversity within farms is compensates by the
overall reduction of food consumption. The expression of the threshold elas-
ticity is a product of two factors, the first being the negative relative loss of
biodiversity from the increased yield, the second is the convexity of the cost
function, which determines the sensitivity of the yield to an increase of the
tax.

4.4 taxing a dirty inputs
A last possibility considered would be to tax the input responsible for the
loss of biodiversity. Here, we will not consider substitution among inputs and
only that the yield is determined by a quantity q of pollutant inputs. The
function q(y) is the quantity of inputs required to get a yield y, it is null at
zero, positive, increasing and convex. The function b(y) is then an observed
indirect relationship between the yield and the density that occurs via the
quantity q.

If the regulator envisions taxing the input, the regulatory variable r is
the tax, and the profit of farmers:

π =
[
P − c(y) + rq(y)

y

]
F
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The yield decreases with the tax on the input, and the food produced is
reduced. Farmed area unambiguously decreases with the input tax.

Corollary 4 If the regulator can only tax or subsidize a pollutant input,

• If the density-yield curve is concave, the dirty input should be taxed,

• If the density-yield curve is convex, the dirty input should be taxed if
ε < ε̃ and subsidized otherwise.

The expression of the threshold elasticity is

ε̃ =
(

1 + b′(y0)y0

b(0) − b(y0)

)(
1 − q′(y0)y0

q(y0)

)
c(y0)
y2

0c
′′ (21)

Proof. The two first order conditions are:

c(yR) + rq(yR) − (c′ + rq′)yR = 0 and P (FR) = (c+ rq)/yR (22)

The derivative of the yield with respect to r at r = 0 is: yR′ = 1
y0

q−q′y0
c′′ which

is negative. The derivative of the cost is ∂C/∂r = q(y0)/y0. Therefore, the
situation corresponds to the first (resp. third) line of the table in Proposition
3 for a tax (resp. a subsidy). Injecting these two derivatives into the general
expression of the thresholds (13), gives the particular threshold (22).

If the density yield curve is concave, both the reduction of the food con-
sumed and the reduction of the yield go in the right direction, from a welfare
perspective.

If the density yield curve is convex, it would be optimal in a first-best
setting to increase the yield and reduce the area farmed. However, if the
demand for food is sufficiently elastic it is optimal in a second-best setting
to tax the dirty input. Such a tax induces a reduction of the food consumed
that ensures that the area farmed does not increase too much, if not decrease.

5 Discussions
Several important features that were not introduced in the model are likely
to modify the results or their policy interpretation. Indeed, this theoretical
analysis does not aim at providing definite answer about the optimal policy to
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protect a species, but mainly to consider how the optimal farming technique
and conservation policy depend upon the type of policy used. Three issues
are briefly discussed: the role of input substitution, technical progress and
irreversibility.

The density-yield curve observed is the result of a complex interaction
between farming practices and eco-system. Various farming practices can
induce similar yields at different environmental cost. Indeed, organic farming
can have high yield but it might require more work and knowledge than
intensive farming. From a micro-economic perspective it would mean that it
is possible to substitute dirty inputs (e.g. pesticides and fertilizer) with clean
ones (e.g. labour and knowledge). And the meaningful economic evaluation
of a technique is to determine the productivity of the various inputs.

The model should then be extended by writing the yield and the density
of the species as functions of a vector of input quantities. The optimal inputs
combination would depends on the value of the species. The environmental
effect of an input would be its direct effect on in-farm density plus its in-
direct effect via land-use. The latter being related to the productivity of
the input, it would likely exhibit decreasing return to scale. Clean inputs
have a clear environmental benefits since they increase yield while preserv-
ing in-farm biodiversity. Whether dirty inputs should be more intensively
used would depend on whether their influence on the yield is sufficient to
compensate their in-farm environmental cost.

Substitution can also be difficult to handle and give rise to surprising
consequences. For instance, if increasing the quantity of clean inputs in-
creases the productivity of dirty ones it can reinforce the case for their use.
The analysis of policy would be interestingly affected by such substitution
patterns, since policies usually target some inputs and not others.

It is often argued that technical progress is a necessary ingredient to
decouple economic growth from its environmental footprints, and, in partic-
ular, increase food production while reducing the environmental externalities
of farming. An interesting question, related to the issue of input substitution,
is the direction of technical change and the orientation of agronomic research
toward the productivity of certain inputs.

Finally, the ecological dynamic of the model should be developed. The
long history of farming in Europe is partly responsible to the current environ-
mental situation, and the currently observed density-yield curve is actually
the result of past choices. It would be nice to get dynamic trajectories of
farming practices associated to the evolution of the species density. It would
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also help understand the impact of the irreversibility of some habitats de-
struction on the trade-off between land-sparing and land-sharing. Whether
the quasi-option value associated to such irreversibility (Henry; 1974; Arrow
and Fisher; 1974) reinforce or reduce the case for land-sparing is an important
research question.

6 Conclusion
This article have analyzed the difficult tension between food production and
nature conservation. The growth of human population rises a concern over a
double difficulty ensuring food security and protecting eco-system. It seems
that highly productive techniques (e.g. intensive farming) can ensure the
former but sacrifice the latter. It is not necessarily so if these techniques
allows to spare land for nature.

It has been shown that the optimal yield can be increasing with respect
to the value of the threatened species. If this species is highly sensitive to
the first increase of the yield, it is optimal in order to protect it to increase
yield and spare land. However, wildlife-friendly farming even if at low-yield
is not necessarily associated with an expanded farmland if the demand for
food is sufficiently elastic.

Second best policies that cannot directly act upon both the yield and the
farmed area will be welfare enhancing in certain conditions on the density-
yield curve and the demand elasticity. For instance, if the density of the
species is decreasing with respect to a dirty input it is optimal to tax this
input and reduce the yield even in cases in which it would be optimal in a
first-best setting to increase yield. This is so because the decrease of the yield
is compensated by a decrease of the food consumed that ensures that farmed
area does not much increase. However, if the demand function is inelastic
then it can be optimal to subsidize a dirty input in order to spare land.

The analysis of the second-best setting, even if highly stylized, shows that
policy recommendation a priori true in first-best setting are not necessarily
true in second-best ones. One inspired by conservation purposes should not
jump to the conclusion that a certain type of agriculture should be promoted
because this type of agriculture is part of a first-best strategy. If the regu-
lation is incomplete it could be welfare enhancing to promote a priori bad
agricultural practices.
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