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A B S T R A C T

The destruction of natural habitats for agricultural production results in local biodiversity loss. Biodiversity loss
in turn affects agricultural production indirectly through a range of biodiversity-dependent ecosystem services.
Land conversion thus results in a negative externality, mediated by changes in biodiversity. When the con-
sequences of this externality are delayed in time, lack of internalization results in overshoot-and-collapse dy-
namics, which are undesirable from a sustainability perspective. Here, we emphasize the importance of forward-
looking policies for the long-term sustainability of human–nature interactions. We show that the internalization
of this externality through a land tax can result in several win-win effects in the long run. First, more biodiversity
is preserved at equilibrium, which increases the carrying capacity and total well-being of the human population.
Second, a taxation path that maximizes the discounted sum of human utilities prevents or greatly alleviates
overshoot-and-collapse crises, thus increasing the sustainability of the system. In particular, this result holds in
the case of imperfect information regarding the precise temporal dynamics of biodiversity loss, suggesting that
the design of efficient land-use management policies is possible despite incomplete ecological data. This study
highlights the need to internalize biodiversity-dependent externalities through economic incentives, especially
under uncertainty regarding long-term ecological dynamics.

1. Introduction

Human use of land has transformed ecosystems across most of the
terrestrial biosphere for millennia (Ellis et al., 2013). The conversion of
natural lands to croplands, pastures and urban areas represents the
most visible form of human impact on the environment (Meyer and
Turner, 1992), with 40% of Earth's land surface being currently under
agriculture (Sanderson et al., 2002), and 75% experiencing measurable
human pressures (Venter et al., 2016). These pressures are rapidly in-
tensifying in biodiversity-rich places, since most land conversion occurs
in the tropics through forest conversion to agriculture (McGranahan
et al., 2005; Hansen et al., 2013). As a consequence, land use and land
cover changes are among major drivers of biodiversity loss, at both
local (Newbold et al., 2015) and global scales (Foley et al., 2005).

In turn, biodiversity loss affects the provisioning of essential eco-
system services, such as pollination, pest control, nutrient cycling and
erosion control (Cardinale et al., 2012), with consequences on many
human activities, and especially for agricultural production (Foley
et al., 2005). Biodiversity loss is thus a major and underestimated
feedback that may affect human population growth in the long run
(Motesharrei et al., 2016), and concerns about the potential of land-use
changes to push terrestrial biodiversity beyond major planetary

boundaries are rising (Newbold et al., 2016).
These impacts of land-use changes on biodiversity are poorly re-

flected in market prices, and hence have been mostly ignored by de-
cision-makers, despite their large cost for human economies. The esti-
mated value for global ecosystem services was $145 trillion in 2011,
which represents up to $20 trillion loss per year between 1997 and
2011 (Costanza et al., 2014b). Loss of biodiversity-dependent eco-
system services thus constitutes a negative externality, which threatens
intergenerational equity (Brundtland et al., 1987) along with the sus-
tainability of coupled human–nature systems (Lafuite and Loreau,
2017). As a result, taking this loss into account is crucially needed to
implement prudent and forward-looking policies that address biodi-
versity and natural habitat loss.

At the global scale, natural habitat loss is primarily driven by the
growth of the human population (Dietz et al., 2007), and arable lands
are rapidly shrinking (Lambin and Meyfroidt, 2011). Recent evidence
suggests that land use efficiency has been rising at the global scale
(Venter et al., 2016). However, such efficiency gains may not help save
natural habitats and biodiversity in the long run, due to economic re-
bound effects, i.e., if lower prices stimulate demand and if higher yields
raise profits, thus encouraging agricultural expansion (Lambin and
Meyfroidt, 2011). By increasing the opportunity cost of conservation,
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these effects undermine the efficiency of regulatory environmental
policies, such as government protected forests and natural habitats, in
protecting biodiversity (Phalan et al., 2016).

Land-sparing mechanisms that could help overcome these rebound
effects include land zoning, incentive-based economic instruments (e.g.,
land taxes, subsidies and payments), spatially strategic intensification
and voluntary standards (Phalan et al., 2016). Especially, incentive-
based mechanisms such as land taxes may allow internalizing the ex-
ternality of land conversion on biodiversity-dependent ecosystems
services and agricultural production (Cropper and Oates, 1992). Such
mechanisms are based on economic efficiency concepts, so as to achieve
the maximum amount of resource protection for a given production
level.

During the past decade, the European Union has widely used in-
centive-based mechanisms to reduce gas emissions from motor fuels
and vehicles, but also plastic bags, landfill waste, batteries, pesticides,
and fertilizers. Mounting evidence shows that taxes have helped redu-
cing pollution and the consumption of natural resources in many cases,
with a higher efficiency and at lower costs than conventional regulatory
approaches (Costanza et al., 2014a). However, use of such negative
price signals for environmentally damaging activities has been less
spread in the US, where tax credits and deductions are favored. More
generally, interest group pressures, extensive data requirements (e.g.,
regarding the external costs of human activities) and scientific un-
certainty tend to reduce the level of acceptance of taxes.

Indeed, the efficiency of conventional taxes is limited by available
scientific knowledge. This is especially true for the relationship between
biodiversity-dependent ecosystem service loss and land use changes, for
which there is still a high uncertainty regarding the long-term temporal
dynamics of ecosystems in the context of accumulating extinction and
functioning debts (Tilman et al., 1994; Isbell et al., 2015; Haddad et al.,
2015; Lafuite and Loreau, 2017; Lafuite et al., 2017), i.e., the time-
delayed loss of species and services following a change in land use.
Moreover, conventional taxes do not necessarily guarantee inter-
generational equity and sustainability, i.e., they do not prevent the
over-use of natural capital and reductions in human well-being over
time (Brundtland et al., 1987; Pezzey, 1992).

As a result, some authors have proposed to define a broad natural
capital depletion tax to ensure that resource inputs from the environ-
ment to the economy remain sustainable (Costanza, 1991; Costanza and
Daly, 1992; Perrings, 1991). Implementation of such a tax would raise
prices of natural resources, thus encouraging technological advances
while slowing down the rate of environmental depletion (Costanza
et al., 2014a). Other authors have proposed a corrected version of the
net national product in order to account for the effect of agricultural
land development on biodiversity, while ensuring a constant social
welfare (Hartwick, 1995; Endres and Radke, 1999).

However, these developments have poorly accounted for the tem-
poral dynamics of biodiversity-dependent ecosystem service loss, and
have ignored its consequences for human demography. Biodiversity-
dependent agricultural consumption affects human demography, re-
sulting in a dynamic feedback loop between biodiversity loss and
human population growth, mediated by land conversion (Lafuite and
Loreau, 2017; Lafuite et al., 2017). Time delays between land conver-
sion and biodiversity loss, i.e., extinction debts (Tilman et al., 1994),
result in a lagged feedback on agricultural production (Pingali, 2012;
Haddad et al., 2015; Isbell et al., 2015). Such lag effects can result in
overshoot-and-collapse population cycles that transiently reduce
human well-being, and undermine the sustainability of the system
(Lafuite and Loreau, 2017; Lafuite et al., 2017).

In this paper, we propose to assess the efficiency of a natural land
depletion tax in securing sustainability and preserving biodiversity,
despite uncertainty about the temporal dynamics of biodiversity loss.
The paper is organized as follows. In Section 1, we present a dynamical
system model that couples human demography and technological
change to biodiversity loss, through the effect of land conversion on the

flow of biodiversity-dependent ecosystem services to agricultural pro-
duction (Lafuite and Loreau, 2017; Lafuite et al., 2017). In Section 2,
the externality of land conversion on biodiversity is internalized
through a natural land depletion tax τ per unit of converted land. We
show how this tax affects the consumption levels, the ratio of the pro-
duction inputs, and the rate of land conversion. In Section 3, we analyze
the effects of this tax on the long-term equilibrium and sustainability of
the system, as captured by a criterion ensuring a non-decreasing human
well-being over time. We show that a land tax can increase both bio-
diversity and total agricultural production at equilibrium, when the
substitution of labor and ecosystem services for land has a net positive
effect on total agricultural production. The land tax also reduces the
vulnerability of the system to time delays, but its ability to prevent
crises depends on its level at equilibrium, and thus on the land con-
version policy. Section 4 derives the optimal land conversion policy
designed by a foresighted planner, who aims to internalize the ex-
ternality of land conversion on biodiversity under the assumption that
the temporal dynamics of biodiversity is unknown. We illustrate the
efficiency of such a policy in preserving biodiversity, increasing total
production, and preventing the unsustainable consequences of time-
delayed ecological feedbacks. Our paper thus emphasizes the im-
portance of forward-looking policies for the long-term sustainability of
human–nature interactions, especially under lagged biodiversity feed-
backs.

2. A Simple Land-Biodiversity-Demography Model

2.1. Substitution of Production Inputs for Natural Capital

We build upon the model of Lafuite and Loreau (2017), which
considers a population of consumers whose demand for agricultural
(i=1) and industrial (i=2) goods requires the conversion of their
common natural habitat. The two goods in the model are each produced
using labor Li and land Ai. We assume full-employment, i.e., total labor
is equal to the size of the human population. Only converted land is
capable of producing these goods, while land not converted for pro-
duction remains as natural habitat capable of supporting a diversity of
species, which provides a range of biodiversity-dependent ecosystem
services to agricultural production (Cardinale et al., 2012).

By using Cobb-Douglas production functions (Eq. (1)), we allow for
the partial substitution between production inputs (labor and land),
natural capital (biodiversity-dependent services) and technology.

 ⏟
= =− −Y L A Y L ATB T

TFP

α α

TFP

α α
1

Ω
1 1

1
2 2 2

11 1 2 2

(1)

Total factor productivity (TFP) increases with technological effi-
ciency in both sectors, as well as with biodiversity-dependent eco-
system services in the agricultural sector. The ecosystem services pro-
vided by this community of species are assumed to increase with
biodiversity and saturate at high levels of species richness, through a
power-law relationship BΩ, where Ω∈ [0,1] (O’Connor et al., 2017).
Technological efficiency is also assumed to follow a logistic growth
towards a maximum efficiency, Tm, in order to reproduce past agri-
cultural productivity rise and current stagnation (Zeigler and
Steensland, 2016) (Fig. 1).

2.2. Dynamical System

The long-term behavior of the population is captured by a feedback
loop between three dynamical variables: the human population H (Eq.
(2)), biodiversity B (Eq. (3)), and technological efficiency T (Eq. (4)).

= − − −μ y y b yḢ H(1 exp ( (B, T)))exp( (T))min
1 1 2 2 (2)

= − − SḂ ϵ(B (H)) (3)
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= −σ TṪ T(1 T/ )m (4)

Human demography can be related to the agricultural and industrial
consumptions (Galor and Weil, 2000; Kogel and Prskawetz, 2001;
Anderies, 2003; Peretto and Valente, 2015), y1(B,T) and y2(T) respec-
tively. These consumptions are derived at market equilibrium (Ap-
pendix):

= =y γ T y γ TB T/ T/m m1 1
Ω

2 2 (5)

where γ1 and γ2 are functions of the parameters of the system (Table 2).
A higher agricultural production allows the population to grow at a
maximum rate μ while the average per capita consumption is higher
than a minimum consumption, ymin

1 . Human population growth is
slowed down by a demographic transition factor, the strength of which
increases with industrial production, technological efficiency, and a
scaling parameter b2. The number of remaining species S is determined
by a species–area curve relationship, S(H)= (1 −H/ϕ)z, where z is a
constant parameter (Connor and McCoy, 1979; McGuiness, 1984;
Storch et al., 2012; Rybicki and Hanski, 2013), and ϕ is the density of
the human population on converted land at market equilibrium
(Table 2).

Human population growth results in land conversion that reduces
the number of species S(H) supported by natural habitat, thus leading to
species extinction. As a result of extinction debts, these extinctions are
delayed in time (Tilman et al., 1994; Hanski and Ovaskainen, 2002),
hence the long-term species richness may be reached only after decades
(Wearn et al., 2012). In order to account for this temporal dynamics, we
build upon theoretical and experimental evidence regarding the re-
laxation rate of natural communities following habitat loss (Diamond,
1972; Wearn et al., 2012). We thus assume that this rate is proportional
to the difference between current biodiversity B and its long-term
equilibrium value under current conditions, S(H), scaled by a relaxation
parameter ϵ.

2.3. Sustainability Conditions

In order to meet the basic requirements for sustainability

(Brundtland et al., 1987), sustainability conditions must ensure a non-
declining human well-being over time (Hartwick, 1995; Endres and
Radke, 1999). As a proxy for human well-being, we use consumption
utility = −U y yη η

1 2
1 , which is a function of the agricultural and industrial

consumptions, y1 and y2, and the preference for agricultural goods η.
Model analysis allows deriving two necessary conditions for its stability
and sustainability (Lafuite and Loreau, 2017), which involve (1) a
sufficiently high level of substitution of technology for natural capital
on the one hand (Eq. (6)), and (2) the resistance to transient overshoot-
and-collapse population crises on the other (Eq. (7)).

Condition (6) implies that rising technological efficiency only
compensates for the negative feedback of biodiversity-dependent eco-
system services on agriculture if it is higher than the loss of services in
terms of human well-being, i.e.,

>T /T(0) (B(0)/B*)m
ηΩ (6)

However, this condition is not sufficient to ensure sustainability,
since time delays in the feedback of biodiversity loss on human de-
mography can result in unsustainable overshoot-and-collapse popula-
tion cycles. In order to secure sustainability in the long run, the dif-
ference between the rates of biodiversity loss and human population
growth must not be too large, so that condition (7) can be met.

> σμϵ (7)

where σ is a function of the parameters of the system (Table 2). Let us
define Δ= ϵ− σμ, so that condition (7) can be rewritten as Δ>0.

In the following, we aim at assessing the efficiency of a land tax in
preserving the sustainability of this system under a time-delayed bio-
diversity feedback on human population growth. First, we show how
the tax affects the consumption levels, conversion rate and long-term
equilibria of the system.

3. A Natural Land Depletion Tax

3.1. Production

A tax τ per unit of converted area is added to the maintenance cost
of κ units of labor per unit of land. At each period, the production profit
in sector i={1,2} is

= − − +−p wL κw τ AΠ T B L A ( )i i
α α

i i
Ω

i i
1i i

with Li the human labor, Ai the exploited area in sector i, pi the price of
the output, w the consumer wage, and αi the elasticity of labor. Profit
maximization gives the production supply for each sector (Appendix),
and the relationship between input factors in each sector (Eq. (8))
shows that a tax τ increases the optimal ratio of labor to land, thus
generating an incentive to substitute land for labor.

= + −κ τ α αL /A ( ) /(1 )i ii i (8)

3.2. Consumption

The total revenue of the tax τA, where A=A1+A2 is total con-
verted land, is then redistributed among the consumers, who are as-
sumed to maximize their consumption utility U under their revenue
constraint p1y1+ p2y2 ≤ w+ τA/H. As a result of this redistribution,
the total demand for agricultural and industrial goods (Eq. (9)) in-
creases with the land tax.

= + = − +p Y η w τ p Y η w τ( A/H)H (1 )( A/H)HD D
1 1 2 2 (9)

At the equilibrium between supply and demand, the optimal allo-
cations of labor and land (Appendix) provide the equilibrium con-
sumptions in the agricultural and industrial sectors:

= + = +y ϕ ϕ τ κ y y ϕ ϕ τ κ y( / )(1 / ) ( / )(1 / )τ τ
α

τ τ
α

1 1 2 2
1 2 (10)

where y1 and y2 are the business-as-usual consumptions (Eq. (5)), and ϕ

Fig. 1. A simple land use, biodiversity and human demography model. τ: nat-
ural land depletion tax; y1: per capita agricultural consumption; y2: per capita
industrial consumption; L: labor; A: land; S: species-area relationship; fS: bio-
diversity-dependent ecosystem services.
Source: Modified from Lafuite and Loreau (2017).
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and ϕτ (Eq. (11)) are the densities of the human population on con-
verted land, in the business-as-usual and the regulated cases, respec-
tively.

3.3. Land Conversion

The density of the human population on converted land, ϕτ=H/A,
also derives from the labor market equilibrium L1+ L2+ κA=H,
where κA is the labor required for land conversion and maintenance.

= + −ϕ ϕ τ ϕ κ( / 1)τ (11)

where ϕ is the population density in the absence of regulation (Table 2).
Note that ϕ> κ since αi ∈ [0,1] and η ∈ [0,1], so that ϕτ> ϕ. A tax τ per
unit of converted land thus increases the human population density on
converted land, which affects the converted surface A=H/ϕτ, and the
long-term number of species that the remaining natural habitat can
support, S(H)= (1 −H/ϕτ)z.

Since ϕτ increases with τ, the effect of the tax on consumptions (Eq.
(10)) is not straightforward, and depends on the economic parameters
of the system. Moreover, a land taxation policy will only help preserve
more natural habitats and biodiversity compared with a business-as-
usual case, if the human population density on converted land ϕτ in-
creases faster than the size of the human population, H. The next sec-
tion explores the conditions under which this objective can be met, by
studying the effects of the tax on the equilibrium features of the model.

4. Dynamical System Analysis

Here, we analyze the effect of a land tax τ on the equilibria of the
regulated system:

⎧

⎨
⎪

⎩⎪

= − − −

= −
= − − −

μ y y b y

σ T
ϕ

Ḣ H (1 exp( (B, T)))exp( (T))

Ṫ T(1 T/ )
Ḃ ϵ [B (1 H/ ) ]

min
τ τ

m

τ
z

1 1 2 2

(12)

Parameters and functions are summarized in Tables 1 and 2.

4.1. Steady States and Sustainability Conditions

The equilibrium of the system is reached when technological effi-
ciency is at its maximum level Tm ( =Ṫ 0), human consumption is at its
equilibrium level ymin

1 so that human population cannot grow anymore
( =Ḣ 0), and the extinction debt of biodiversity has been entirely paid,
so that B= S(H) ( =Ḃ 0).

There are two possible equilibria: (1) a desirable equilibrium,
H T B( *, , *)τ m τ , and (2) an undesirable equilibrium, (0,Tm,1).

= = −B y γ H ϕ B* ( / ) * (1 * )τ
min

τ τ τ τ
z

1 1
1/Ω 1/

where γ1τ and ϕτ are explicitly defined in Table 2.
The sustainability conditions (6) and (7) of the system now depend

on the tax τ (Table 2):

> >T B/T(0) (B(0)/ *) Δ 0m τ
η

τ
Ω (13)

4.2. Effects of the Tax on Equilibrium Properties

The effect of the tax τ on the equilibrium properties of the model is
mediated by the relationships γ1τ(τ), i.e., the level of substitution of
land and labor for natural capital in the agricultural production, and
γ2τ(τ), i.e., the per capita level of industrial consumption at equilibrium.
Indeed, biodiversity at equilibrium B *τ directly depends on γ1τ, which in
turn determines the level of human population H*τ , while γ2τ determines
the level of industrial consumption, and thus human well-being at
equilibrium, = −u y γ* ( )min η

τ
η

1 2
1 .

The shapes of γ1τ(τ) and γ2τ(τ) depend on the economic parameters
of the system, and especially on the labor elasticities in the agricultural

and industrial sectors, α1 and α2. Labor elasticity captures the increase
in output resulting from a 1% increase in labor. Since the main effect of
the tax is to increase the ratio of labor to land, varying labor elasticities
between sectors result in differing effects of the taxation policy on the
equilibrium features of the system.

4.2.1. Effect on Biodiversity, Sustainability and Population Size
It can be shown that

∂ − ∂ > ≤B B τ for α α( * *)/ 0τ 1 2 (14)

so that the tax τ always has a positive effect on the long-term level of
biodiversity, when the labor elasticity of the industrial sector is higher
than or equal to that of the agricultural sector (α2 ≥ α1), which cor-
responds to the most common situation in real-world systems.

Under the assumption that α1 ≤ α2, we distinguish two situations:

Table 1
Definition and default values of the parameters and dynamical variables. H:
units of labor; t: units of time.

Parameters Default values

Economic parameters

η Agents' preference for agricultural goods 0.5
α1 Agricultural labor elasticity Varies
α2 Industrial labor elasticity Varies
δ Discount rate 0.04

Technological parameters

Tm Maximum technological efficiency 1
σ Rate of technological change 3
κ Land operating cost 0.2

Demographic parameters

μ Maximum growth rate 1

y min
1

Minimum per capita agricultural consumption 0.3

b2 Sensitivity to industrial goods' consumption 0.1

Ecological parameters

Ω Concavity of the BES relationship 0.4
z Concavity of the SAR 0.3
ϵ Ecological relaxation rate 1

Variables Initial values

H Human population size 0.1
B Biodiversity 1
T Technology 0.5

Table 2
Functions and aggregate parameters expression and definition. The expressions
in the unregulated case are obtained by taking τ=0, so that γ1= γ1(τ=0),
γ2= γ2(τ=0), Δ= Δ(τ=0).

Functions and aggregate parameters Definition

ϕ
− − −

κ
α η α η1 1 2 (1 )

Population density without
regulation

ϕτ + −( )ϕ τ ϕ κ
κ

Population density with regulation

γ2τ − − − +( ) ( )T η α(1 )m
α α

κ

α ϕ
ϕτ

κ τ
κ

α
2

2 1 2 1 2 2 Max. per capita industrial
consumption

γ1τ − − +( ) ( )T ηαm
α α

κ

α ϕ
ϕτ

κ τ
κ

α
1

1 1 1 1 1 1 Max. per capita agricultural
consumption

Δτ

⎜ ⎟−
⎛

⎝
⎜⎜

⎛
⎝

⎞
⎠

−
⎞

⎠
⎟⎟

−zy e μϵ 4Ω 1min γ τ
y min

z b γ τ1
1

1

1
Ω

2 2

Sustainability criterion
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(1) labor elasticity is higher in the industrial than in the agricultural
sector (α2> α1), so that γ1τ decreases with τ while γ2τ increases
(Fig. 2A/C/E/G) and (2) labor elasticity in the industrial and agri-
cultural sectors are similar (α2 ≈ α1), so that both γ1τ and γ2τ decrease
with τ (Fig. 2B/D/F/H).

In both cases, a tax τ thus increases biodiversity at equilibrium,
since γ1τ decreases with τ (Fig. 2C and D). By increasing the ratio of
labor to land, the tax reduces land conversion and allows preserving
more biodiversity. This higher biodiversity level at equilibrium ensures
a higher sustainability of the system, which becomes less vulnerable to
transient overshoot-and-collapse crises, as captured by our sustain-
ability criterion Δτ>0 (Fig. 2G and H).

This reduction of land conversion is not only compensated by a
higher natural capital, but also by a larger labor force, which increases
the size of the human population (Fig. 2A and B). However, the effect of
the tax on the size of the human population at equilibrium is non-linear,
since high tax levels reduce the incentive for land conversion to the
point where it becomes economically unviable to convert more land,
thus reducing the size of the human population at high tax levels
(Fig. 2A and B).

4.2.2. Effect on Industrial Consumption and Human Well-being
The difference between cases (1) and (2) lies in the effect of τ on the

consumption of industrial goods at equilibrium, γ2τ, and thus on human
well-being. When labor elasticity is higher in the industrial than in the
agricultural sector (α2> α1), land taxation increases industrial con-
sumption at equilibrium compared with the business-as-usual case
(Fig. 2E). However, if the industrial labor elasticity is lower (α2 ≈ α1),
land taxation reduces industrial consumption (Fig. 2F).

The tax level required to achieve a positive sustainability criterion
(Fig. 2G and H) or to maximize human well-being (Fig. 2A and B) is
much higher in case (2) than in case (1), so as to compensate for the
lower labor-to-land ratio of the industrial sector. Thus, the total labor
force is also higher than in case (1) (Fig. 2A and B). This increase in
population size reduces both per capita industrial consumption and
human-well-being (Fig. 2E and F). Despite its positive effects on bio-
diversity and sustainability, a land tax may thus reduce per capita well-
being if the initial labor elasticities are too low, through a large increase
in labor, i.e., population size.

Finally, in both cases, the higher the extinction debt, the higher the
tax on land conversion should be in order to avoid unsustainable tra-
jectories (Fig. 2G and H). As a result, a given tax level may not ne-
cessarily guarantee sustainability. For example, a tax τopt that max-
imizes human population size and total well-being at equilibrium
(Fig. 2A), only guarantees sustainability for low extinction debts, e.g.,
ϵ=1, since >=Δ 0τ τopt in this case, but not for larger debts, e.g.,
ϵ=0.01 (Fig. 2G). In the next section, the optimal land conversion
policy is derived in the case of a foresighted regulator, and its efficiency
in preventing crises is explored.

5. Optimal Land Conversion Policy

Here, we allow the tax to vary with the dynamical variables of the
system, so as to internalize the negative effects of biodiversity loss on
agricultural production at each time.

5.1. Analytical Derivations

At each time, and for a population size H, a technological efficiency
T, and a biodiversity level B= (1 −H/ϕτ), we assume that a benevolent
social planner aims at maximizing the total discounted utility of con-
sumers,

= ⋅ −y yU (B, T, H) H (B, T) (T)τ
η

τ
η

τ 1 2
1

using a land tax τ per unit of converted land as control. This land tax
limits the conversion of natural habitat so as to internalize the negative

externalities on biodiversity and agricultural production, and varies
with the dynamical variables of the system.

The objective of the social planner is to maximize the present value
of a continuous sum of discounted utilities, at an annual rate δ, subject
to the dynamics of the human population, Ḣ (Eq. (2)), technological
change Ṫ (Eq. (4)), the consumptions levels y1τ and y2τ, as well as to the
loss of biodiversity, B= (1 −H/ϕτ). Thus, we assume here that the
social planner does not know the temporal dynamics of biodiversity
loss, Ḃ (Eq. (3)). However, he accounts for the long term effects of land
conversion on biodiversity, through the use of a species-area relation-
ship, which is one of the best-known patterns in ecology (Rosenzweig,
1995).

∫ − ⋅
∞

δt U tmax exp( ) (B, T, H) d
t τ
0

subject to

⎧

⎨

⎪
⎪

⎩

⎪
⎪

= − − −

= −
= −

=
=

μ y y b y

σ T
ϕ

y γ T
y γ T

Ḣ H(1 exp ( (B, T))exp( (T))

Ṫ T(1 T/ )
B (1 H/ )

B T/
T/

min
τ τ

m

τ
z

τ τ m

τ τ m

1 1 2 2

1 1
Ω

2 2 (15)

The Hamiltonian function for this problem is

H = + +U λ λ(B, T, H) Ḣ Ṫτ H T (16)

where λH and λT are adjoint variables. First order conditions are

H H H∂ ∂ = ∂ ∂ = − ∂ ∂ = −τ δλ λ δλ λ/ 0, / H ̇ , / T ̇H H T T (17)

and transversality conditions are

⋅ = ⋅ =
→+∞ →+∞

t λ t t λ tlim H( ) ( ) 0 lim T( ) ( ) 0
t

H
t

T

Solving for the first order condition ∂ ℋ/∂τ=0 gives the optimal
tax τ as a solution of the following equation:

∂ ∂ + − −

= ∂ ∂ − − −

− −

−y τ η y y λ μ y y b y

y τ b λ μexp b y exp y y
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(1 )( / ) )

τ τ τ
η

H
min

τ τ

τ H τ
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τ

τ τ
η

1 2 1
1

1 1 2 2

2 2 2 2 1 1

1 2 (18)

Solving for the first order condition H∂ ∂ = −δλ λ/ H ̇H H gives the
dynamics of the adjoint variable λH as a function of the other dynamical
variables of the system (B,H,T) and the control τ:

= − − − −

+ − ∂ ∂ − − ∂ ∂

λ λ δ μ b y y y

y y y U U

̇ ( exp( )[(1 exp ( )))

H exp ( )( / H)]) H( / H)
H H τ τ

τ τ τ τ

2 2 1
min

1

1
min

1 1

We do not need the last condition, which gives the temporal dy-
namics λṪ , since technological efficiency varies exogenously, and thus
does not depend on the other variables of the system, nor on the control
τ.

We then simulate system (12) along with the dynamics of the ad-
joint variable λḢ , by solving at each time step for τ using Eq. (18)1.
Thus, though the social planner does not account for time-delayed
biodiversity loss, the numerical simulations do include the effect of
extinction debts on agricultural production, human consumption and
human demography, through the dynamics of biodiversity Ḃ (system
(12)). Simulations allow exploring the effects of the tax on the transient
dynamics of the regulated system.

5.2. Numerical Simulations

Parameters are chosen so as to meet the sustainability condition (6)
in the business-as-usual case. This guarantees that the substitution of

1MATLAB code and figures are available at https://figshare.com/s/
6e8e25a44071f3c544ff.
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technology for natural capital is high enough to ensure a non-declining
human well-being over time. Since the tax policy necessarily preserves
more biodiversity at equilibrium, the condition remains true in the
regulated case. Thus, we can focus on the consequences of ecological
time delays for sustainability, by comparing their effects on the regu-
lated and business-as-usual scenarios.

In the case of a negligible extinction debt (e.g., ϵ=1), both the
regulated and business-as-usual trajectories are sustainable, i.e., do not
experience transient overshoot-and-collapse population crises. Fig. 3
confirms the effect of land taxation presented in the previous section,
since the tax increases biodiversity (Fig. 3C) and human population size
(Fig. 3A) at equilibrium, compared with the business-as-usual case.

The optimal tax increases with the size of the human population,
before reaching its equilibrium level, previously denoted as τopt

(Fig. 3E). This regulatory policy increases the carrying capacity of the
human population, i.e., the maximum population size that the en-
vironment can support (Fig. 3A). Moreover, the distance between the
population equilibrium and the carrying capacity is larger in the
regulated than in the business-as-usual case, a feature that increases the
resistance of the system to time delays, i.e., its sustainability (Lafuite
and Loreau, 2017).

For a higher extinction debt (e.g., ϵ=0.005), the regulated system

appears much more resistant to transient population crises than is the
business-as-usual scenario (Fig. 3B). The transient dynamics of the
optimal taxation path also changes at high extinction debts, since the
tax reaches higher levels during the initial growth phase of the human
population (Fig. 3F) to counteract the faster population growth and
prevent it from overshooting its carrying capacity. The efficiency of the
optimal taxation policy thus holds for higher extinction debts, and
makes the system very resistant to time-delayed feedbacks, despite in-
complete knowledge regarding the precise temporal dynamics of bio-
diversity loss.

Fig. 4 shows the effect of this taxation policy when the system is
initially overshooting its carrying capacity ϕ, for various ecological
relaxation rates ϵ. Implementation of the optimal tax stops the un-
sustainable population growth, through a high tax value that fosters
land restoration (Fig. 4C). The resultant reduction in the size of the
human population (Fig. 4A) leads the tax value to decrease until the
sustainable equilibrium is reached, while biodiversity is slowly re-
covering (Fig. 4B). A larger time delay in biodiversity recovery results
in a longer degrowth phase of the human population, the size of which
falls below its equilibrium value before increasing again.

In the unregulated scenario, the initial overshoot results in more
population growth (Fig. 4A) and biodiversity loss (Fig. 4B), especially at
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high extinction debts. The business-as-usual scenario leads to a larger
long-term population reduction than in the regulated case. Policy reg-
ulation thus greatly alleviates long-term population crises in a system in
overshoot, even when biodiversity recovery is very slow.

6. Conclusions and Discussion

6.1. Summary of the Results

In this paper, we linked a simple general equilibrium market model
with a dynamical system coupling human demography, technological
change and time-delayed biodiversity loss. We used this toy-model to
emphasize the crucial importance of forward-looking policies to pre-
serve both biodiversity and human well-being in the long run, since the
implementation of a natural land depletion tax had positive effects on
the long-term biodiversity, human carrying capacity, human well-
being, and sustainability of the system. The mechanism behind this
positive effect of the land tax is the substitution of labor and biodi-
versity-dependent ecosystem services for land in the agricultural sector.
In other words, for the same level of technology, land taxation fosters
labor-intensive agricultural practices that preserve natural habitats and
biodiversity, such as small-scale agro-ecological farms, as opposed to
land-intensive practices that convert more natural habitat and require

less human labor. Furthermore, such land-intensive systems are often
more technology-intensive, so as to compensate for the lower inputs in
human labor and ecological services, a feature which reduces their
sustainability even more due to rebound effects, i.e., further land con-
version (Lafuite and Loreau, 2017), as well as other deleterious con-
sequences on ecological systems, e.g., pollution.

Internalization of biodiversity-dependent externalities on agri-
cultural production thus fosters ecologically-intensive agricultural sys-
tems, that preserve more biodiversity and can support a larger human
population. To the extent that biodiversity is aligned with the sustain-
ability of the system, i.e., its resistance to overshoot-and-collapse po-
pulation crises resulting from a time-delayed loss of biodiversity-de-
pendent ecosystem services (Lafuite and Loreau, 2017), such a land
taxation policy means more stability and sustainability. However, a
land tax can have adverse consequences for the per capita human well-
being through its effect on industrial consumption, especially in systems
with a low industrial labor intensity, in which substitution of labor for
land is not compensated by an increase in natural capital. This result
may change when considering a symmetrical effect of biodiversity on
both the agricultural and industrial sectors, since many industrial ac-
tivities rely on natural services. As an example, deforestation and bio-
diversity loss can affect regional and global climate with feedbacks on
hydrology (Shukla et al., 1990) and other important provisioning
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services to the industrial sector, such as wood production and clean
water (Lima et al., 2014).

6.2. Steps Forward

The model we developed in this paper was kept relatively simple in
order to make clear the basic logic of how economic incentives can
affect land conversion, biodiversity conservation and sustainability. For
example, the proportional relationship between human population
growth and land conversion, which results from the assumption of a
constant maintenance cost of κ units of labor per unit of converted land,
is unrealistic. Drivers of land use and land cover change are abundant,
complex and scale-dependent (Carr and Bilsborrow, 2001). At the
global scale, recent evidence that human population and the world
economy are growing faster than the human footprint suggests a
globally more efficient use of land (Venter et al., 2016), so that en-
dogenizing efficiency gains and technological change along with eco-
nomic growth appears essential in order to gain realism in the re-
lationship between human population growth and land conversion.
There are a number of other ways in which the model could be

enriched, both on the economic side and on the ecology side. We as-
sumed that the provisioning of services to productive lands depends on
the total area of natural habitat only. In reality, service provisioning is
spatially- and distance-dependent, since intermediate habitat hetero-
geneity and fragmentation is required to provide access to localized
services such as pest control and pollination (Mitchell et al., 2015). In
turn, habitat fragmentation affects the viability of communities and
generates extinction debts (Hanski and Ovaskainen, 2002; Haddad
et al., 2015). Expanding the model in this way requires the spatializa-
tion and differentiation of economic incentives, and the distinction
between local and regional species richness and services. Second, the
assumption that species can only utilize natural habitat is also too re-
strictive, since certain species can persist in human-dominated land-
scapes (agricultural fields and managed forests). Third, an alternative
way to model the demographic sector of the model would be to dis-
tinguish between the fertility and death rates, instead of considering the
aggregate growth rate of the human population. This would provide a
potential mechanism for the fertility decline, since an increasing death
rate due to resource scarcity seems to be a more general mechanism
than the demographic transition to explain human population growth
over large timescales (Motesharrei et al., 2014). Finally, we have
modeled utility as a function of the indirect effect of global species
richness on private consumption. It is equally plausible that alternative
measures of biodiversity enter the utility function, such as its cultural,
spiritual, and aesthetic values. Including these would require a different
objective function, but would not qualitatively alter the results of this
paper.

Enriching both the economic and ecological sides of the model
could add insights and greater realism to the analysis of the links be-
tween land-use management, sustainability, and biodiversity con-
servation. Directing policy on the basis of this work, however, will re-
quire going beyond the conceptual model presented here. A way to do
this would be to include biodiversity as a dynamical feedback on the
human demography in existing Integrated Assessment Models (IAMs).
For instance, the Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) model (Nelson et al., 2009) considers multiple
ecosystem services, biodiversity conservation, commodity production,
and tradeoffs at landscape scales, but poorly accounts for the re-
lationships between biodiversity and services, and ignores human de-
mography. Other global Integrated Assessment Modeling frameworks
have been developed to specifically address climate change
(Carmichael et al., 2004) or water availability (Hejazi et al., 2014) is-
sues. For example, the Dynamic Integrated Climate-Economy (DICE)
model has been extensively used to inform optimal tax policies aimed at
reducing greenhouse-gas emissions (Nordhaus, 1993); the Global
Change Assessment Model (GCAM) couples the economy, energy sector,
land use and water with a climate model, but ignores biodiversity
feedbacks (Edmonds and Reilly, 1985); the Integrated Global System
Modeling (IGSM) framework simulates the evolution of economic, de-
mographic, trade and technological processes, and the resulting
greenhouse gas emissions, conventional air and water pollutants, and
land-use/land-cover change (Sokolov et al., 2005; Prinn, 2012); the
Model for Energy Supply Strategy Alternatives and their General En-
vironmental Impact (MESSAGE) focuses on the global economy and its
main sectors (energy, agriculture, forestry), thus neglecting biodiversity
feedbacks (Messner and Strubegger, 1995); the Integrated Model to
Assess the Global Environment (IMAGE) represents interactions be-
tween society, the biosphere and the climate system, but considers
population, economy, policy and technology as external drivers
(Stehfest et al., 2014); Modelling International Relationships in Applied
General Equilibrium (MIRAGE) is a multi-sectoral and multi-regional
computable general equilibrium model dedicated to trade policy ana-
lysis, in which biodiversity feedbacks could also be included (Decreux
and Valin, 2007). Future research should build upon the strengths of
each of these IAMs in order to fully account for the complexity of
coupled social-ecological systems, including bidirectional feedbacks
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between biodiversity and human population variables (Motesharrei
et al., 2016). Such IAMs are greatly needed to strengthen the emergence
of prudent biodiversity policies. These complex models, however,
would still contain the basic insights into how time delays and land
taxes affect sustainability and biodiversity conservation in the long run,
which are highlighted in this paper.

6.3. Towards Forward-looking Biodiversity Policies

Our model considered the use of converted land taxation as a way to
preserve natural habitats. Property taxes have been used in several
other contexts (Bird and Slack, 2004), as a source of revenue (Skinner,
1991b), a way of promoting urbanization (Oates and Schwab, 1997) or
conversely, in order to reduce the use of land for house building
(Needham, 2000) and foster land-use efficiency (Bird and Slack, 2004).
However, despite the established efficiency of taxes as a way of inter-
nalizing the externalities of human activities (Pirard, 2012), such as
those of modern agriculture (Pretty et al., 2001), land taxes are rarely
used for conservation purposes, especially in rural areas (Skinner,
1991a). Reasons include a higher riskiness of net farmer income, dif-
ficulty to administer progressive tax rates based on land holdings, po-
litical acceptability of negative price signals (Skinner, 1991b), and
costly administration and informational requirements (Lockie, 2013).
Indeed, despite mounting evidence of synergies between biodiversity
and multiple ecosystem services (Balvanera et al., 2001; Macfadyen
et al., 2012; Austin et al., 2016), scientific understanding of ecosystem
production functions remains a limiting factor in incorporating natural
capital into economic decisions (Daily, 2008). For these reasons, taxes
remain marginal in both research and policy to internalize ecosystem
services (Pirard, 2012) in comparison with national governmental
payment programs (Schomers and Matzdorf, 2013), such as the green
payments and subsidies implemented by the European Common Agri-
cultural Policy, whose efficiency in preserving biodiversity appears
limited (Kleijn et al., 2001; Kleijn and Sutherland, 2003).

Interestingly, our results suggest that the stabilizing effect of the tax
does not require a precise knowledge of the ecological dynamics of the
system, and especially of the temporal dynamics of biodiversity loss.
Thus, lack of data and uncertainty about complex ecological dynamics
should not prevent land-use decision-makers to adopt a precautionary
approach to environmental uncertainty (Costanza and Perrings, 1990).
Sustainable land-use management policies should build upon well-
known ecological patterns, such as species-area relationships
(Rosenzweig, 1995), as well as recent advances in ecological research
that allow making large-scale predictions up to continental or global
scales, ranging from the future distribution of biological diversity to
changes in ecosystem functioning and services (Petchey et al., 2015;
Isbell et al., 2017). Strong political will is crucially needed to shift the
current paradigm and improve the efficiency of agricultural policies,
through a better identification and management of the conflicts be-
tween agriculture and biodiversity conservation (Henle et al., 2008),
and the development of more integrated approaches to policy, land-use,
human demography, and biodiversity (Mattison and Norris, 2005).
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