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1 Introduction

After hundreds of thousands of years of relative constancy, the human population has exploded

with the advent of agriculture. Even more impressively, with the advent of a modern agricul-

tural R&D sector, population has increased three hundred per cent over the last seventy-five

years. While the large-scale expansion food production system is what provides sustenance for

the extant population, it also provides a continuous flow of problems that must be addressed.

Increasing yields have been associated with a significant increase of the variability in yields

(Hazell, 1989), while at the same time 75% of crop biodiversity has been lost (FAO, 2010).1

The continued conversion of lands to food production, and the uniformity of the genetic mate-

rial used for production, implies that system will become wholly unstable as conversion goes to

totality (Weitzman, 2000).

This paper provides a framework to analyze the role of global land use for population and

economic growth. We formulate a dynamic, two-sector model of the global economy that dis-

tinguishes agriculture from other economic activities, and in which population dynamics are

endogenously determined by fertility choices (Barro and Becker, 1989; Jones, 2001). Popula-

tion determines the demand for food, while food supply itself derives from two sets of factors.

The first is the availability of primary inputs, among which land plays a central role. Conversions

of land to modern agricultural systems have contributed substantially to agricultural production

over the past century or more.2

The second and more significant contributor to growth in agricultural output is technological

progress. In our model we inconorporate research and development (R&D) through the Schum-

peterian innovation model by Aghion and Howitt (1992). R&D is conducted through allocations

of labor to increase sector-specific total factor productivity (TFP). In agriculture however TFP

growth is the net result of man-made innovations generated in the R&D sector and the rate

at which problems arise in the food production system. In particular, the continued expansion

1 Increased variability is the result of an increasing correlation of yields (and problems) spatially, and also poten-
tially the result of evolutionary forces being directed toward common crop varieties, inducing genetic spatial
correlation (McCann, 2000). The associated risks have induced efforts to maintain genetic biodiversity by con-
stituting seed banks in different locations (see Koo et al., 2003, for example).

2 Increasing crop yield through technical change has not, over the past 50 years, been a substitute to land conver-
sion (Ewers et al., 2009).
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of modern agriculture increases opportunities for the proliferation of pests and pathogens, and

hence the rate of arrival of biological hazards within that production system (Cardinale, 2012;

Reich et al., 2012). We model the breakthrough of pathogens as a stochastic process whose

realizations act as negative shocks to agricultural TFP. In this framework, net growth in agricul-

tural TFP represents a race between pests and patents along a "technology ladder" (Goeschl and

Swanson, 2003).3 It follows that as the scale of the agricultural system expands, the risk that

pests become more successful increases, reducing expected agricultural TFP growth over time.

This model is the first attempt to examine the fundamental relationship between economic

growth, population and food demand, and the process of land conversion in an integrated frame-

work. Economic growth relies on innovation, and the supply of labor to R&D sectors relies on

population growth. In turn, growth in population and percapita income increase the demand

for food, increasing the scale of the food production system and the demand for allocating land

to agriculture. As the land gets converted for agricultural production, increased uniformity of

the genetic material increases the flow of hazards into the production system, or generating a

land-use externality. Allocating land to the reserves serves as a means of mitigating the rate of

flow of hazards (i.e. reduce the land-use externality), but puts a constraint on the pathway of

the economy.

To quantitatively assess the risks associated with a negative land-use externality, we struc-

turally estimate key parameters of the model using simulation methods.4 The time series we

target to estimate the parameters are world population, GDP, land conversion, and TFP growth

over the period 1900-2010. Despite the highly non-linear nature of the model, we are able to

closely replicate observed trajectories, and the magnitude of the estimates are plausible given

microeconomic evidence.

We then employ the model to carry out a number of policy experiments, projecting forward

how the scale of agriculture and associated biological hazards determine optimal land alloca-

tion and R&D effort. Assuming that society continues along the observed pathway, where land

3 Thus man-made R&D addresses biological hazards as they appear, or nature annihilates technological progress
by rendering innovations obsolete. The integrated agricultural R&D sector represents a zero-sum game between
people and pests, so that the state of technology is a measure of the relative success of society in appropriating
total product from land.

4 We refer to estimation rather than calibration because the number of parameters identified is much smaller than
the number of targeted empirical moments.
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conversion decision do not account for the negative externality, over the next 100 years pop-

ulation and converted land increase by 40% and 27% respectively. Assuming that such rapid

pace of land conversion increases the probability of negative feedback from 1/200 in 2010 to

a around 1/20 by 2100, the social optimum balances the impacts of system expansion against

its costs. We find that the social planner would stop converting land immediately, and that he

would leave part of the land currently exploited to be reconverted as a buffer against such risk.

We further contrast the socially optimal land allocation with a case where fertility and land con-

version choices are made by households that do not take into account the land use externality.

In this setting, R&D is the only response to the negative externality associated with agricultural

expansion. While the planner is able to mitigate the negative impact of global land conversion,

it does so at the cost of lower percapita consumption, which significantly reduces the level of

overall welfare relative to the social optimum.

To put these pathways into perspective, we also examine implications of the variability in-

herent within the system. We show that even the socially optimal pathways exhibit in-built

variability around mean outcomes, on account of the stochasticity inherent in biological hazard.

As the population increases, random fluctuations in food production imply increasing likelihoods

of food-related mortality events (i.e. famines), with increasing scale over time. In effect, the

scale of the wager increases the impact of biological hazards, potentially resulting in millions

deaths each.

In sum, our paper is meant to demonstrate that land use is an important social problem from

the global perspective. This is true for two reasons. First, evidence suggests that a continued

expansion of the agricultural system is not a costless exercise, as continued land conversions

imply an increased of arrival of biological hazards. Second, while man-made innovation flowing

out of R&D can address these issues, there is a substantial cost to it, and an increasing popula-

tion implies that the wager being placed is large and increasing. These populations can only be

sustained with the continued application of the most optimistic technological assumptions con-

cerning, or through the retention of reserves to mitigate the flow of hazards into the production

system.

The remainder of the paper proceeds as follow. Section 2 describes the economy, Section

3 the R&D sector, and Section 4 the representation of social welfare. Section 5 discusses the
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optimal control problem, estimation strategy, and presents simulated pathways as well as the

implied variability of the system. Some concluding comments are provided in Section 6.

2 The economy

In this section provides an overview of our basic macroeconomic model of capital accumulation,

population dynamics, land conversion, and labor allocation decisions. We then turn in the next

section to the critical role of the R&D sector. We formulate the model from a social planner

perspective, so that it can be solved as an optimization problem, and the assumed social welfare

objective is also discussed subsequently.

2.1 Production and capital accumulation

The economy consists of two sectors, agriculture and other economic activities, which we refer

to as ‘manufacturing’. The aim of this distinction is to characterize two distinctive features of

the agricultural sector. First, agriculture produces food, which determines the population that

can be sustained. As a simplification, we will assume that agricultural output Y ag in each period

equals food consumption. Second, agriculture requires land as an input, so that the demand for

food indirectly determines the demand for land conversion.

Formally, we represent production technology in both sectors with a Cobb-Douglas function.5

In the agricultural sector, output in each period is a function of capital Kag, labor Nag, and

converted land X:6

Y ag = Aag (Kag)θ
K

(Nag)θ
N

X1−θK−θN , (1)

where θK,N ∈ (0, 1) are share parameters, with θK + θN < 1, and Aag is an index of TFP in

agriculture that period.

The manufacturing sector produces an aggregate final good with a Cobb-Douglas technology,

5 This is a standard assumption, see Mundlak (2000) or Hansen and Prescott (2002) for example.
6 We work in discrete time and denote the value taken by a variable V at time t as Vt. We suppress the time index

unless some ambiguity arises.
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and land requirements in this sector are negligible. Hence output is simply given by:

Y mn = Amn (Kmn)ϑ (Nmn)1−ϑ , (2)

with ϑ ∈ (0, 1). Manufacturing output can either be invested or consumed:7 Market clearance

for the manufacturing good is:

Y mn = C + IK , (3)

where C and IK are total consumption and investment respectively. The accumulation of capital

is then given by:

Kt+1 = Kt(1− δK) + IK
t , K0 given , (4)

where δK is the per-period depreciation rate.

2.2 Population dynamics

In each period, the change in population derives from the contemporaneous rate of fertility nt

and morality dt:

Nt+1 = Nt + nt − dt , N0 given . (5)

The representation of fertility (i.e. the increment to the stock of society’s useful population)

mirrors the traditional macroeconomic representation of households’ fertility choices in a social

planner setting. As per Barro and Becker (1989), the key determinant of fertility choices is the

opportunity cost of rearing children in terms of labor supply. In our setting, this implies that

additions to the population is a function of labor allocated to the child rearing activity:

n = χ · (NN )ζ ,

7 The model is formulated as a social planner problem, so that savings cum investments decisions stem only from
the manufacturing sector as in a one-sector economy. See Ngai and Pissarides (2007) for a similar treatment of
savings in a social planner representation of multi-sector growth.
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where the parameter χ > 0 measure the time cost of children and ζ ∈ (0, 1) is an elasticity

representing scarce factors required in child rearing.8

Mortality is assumed to be driven by food availability, and results from a failure to supply

sufficient food to maintain subsistence consumption for the existing population. In the simplest

setting, food consumption is proportional to population, hence: Nc(·) = Y ag, where c(·) is a

measure of minimum food consumption. With this formulation, population growth determines

how much food needs to be produced. Mortality is then given by a background rate d, plus

excess mortality occurring whenever the food production is insufficient to sustain the existent

population. Formality, mortality in each period is given by:

dt = Nt(d+ δN (c(·)− Y ag/N)ι) (6)

where ι > 1 measures the rate at which mortality increases when food production does not meet

the demand for food, and δN > 0 is the mortality rate when agricultural output tends to zero.

We will use the idea of a minimum food consumption, as measured by c(·), to capture two

concepts. The first is a physiological element underlying food consumption and represents

minium per capita caloric intake. The second is a preference-based component, allowing us

to represent the non-linear relationship between income and food expenditures. Hence over

time food consumption increases with income but at a declining rate (see Section 4 below).

2.3 The allocation of labor, capital, and land

The fundamental questions we ask in this context concern the optimal allocation of labor, cap-

ital and land to generate production within this economy. Total population in each period is

allocated to: production in the agriculture and manufacturing; R&D for the agricultural sector

and for the manufacturing sector; land conversion activities; and child rearing. The stock of

capital is likewise allocated to manufacturing and agricultural sectors. We will let both labor

and capital be perfectly mobile across activities.9

8 The assumption that ζ < 1 captures the fact that the cost children over a period of time increases more than
linearly with the number of children (see Barro and Sala-i Martin, 2004, p. 412).

9 This implies that transitional dynamics following unexpected events will appear less costly than in a situation
where capital and/or labor are sector specific. Thus while this assumption has no qualitative implications for our
results, it should be kept in mind for the numerical results.
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The allocation of labor to land conversion determines the amount of land available for agri-

culture in each period. In particular, land input to agriculture has to be converted from a total

stock of available land X by applying labor (NX). Thus over time, the stock of land used in

agriculture develops as:

Xt+1 = Xt(1− δX) + ψ · (NX
t )ε , X0 given , Xt ≤ X , (7)

where ψ > 0 measures labor productivity in land clearing activities and ε ∈ (0, 1) is an elasticity.

The assumption of decreasing returns to labor is standard. Note that depreciation δX allows the

conversion process to be reversible, although only at a natural reconversion rate.

3 R&D sector

A core component of our framework is the role of the R&D sector in determining how produc-

tion technology evolves over time, as measured by TFP growth. For both productive activities,

man-made innovations are generated by applying labor to the R&D sector associated with each

activity. In addition, the agricultural sector is subject to the arrival of biological innovations, as

the scale of the system generates an inflow of hazards destructive of pre-existing technological

progress. The net outcome of man-made and biological innovations is a single-dimension con-

test for the relative appropriation of product from land, in which moves up the ladder represent

TFP growth and moves down the ladder represent the opposite.

3.1 Technology ladder

The evolution of TFP is based on the Schumpeterian model of Aghion and Howitt (1992) with

no spillovers across sectors (see Acemoglu, 2002). In each period, a discrete jump in sectoral

TFP occurs with probability p ∈ (0, 1):

At+1 = (1 + ρ)At ,
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where ρ > 0 measures the size of an innovation, or height of the steps on the technology

ladder.10

3.2 R&D in the manufacturing sector

In the manufacturing sector the probability of an innovation in a given period is a function of

labor applied to R&D activity that period, NAmn
, and it is negatively related to the preexisting

level of TFP:

pmn = (Amn)π
mn · λmn · (NAmn

)µ
mn
, (8)

where λmn > 0 is a productivity parameter and µmn ∈ (0, 1) is an elasticity, implying decreasing

returns to labor in that sector. The parameter πmn < 0 represents the idea that incremental

innovations are more difficult to attain if the level of technology is already high, which we’ll

refer to as the intertemporal elasticity of innovation.11

We can define the expected growth rate in manufacturing TFP resulting from investing labor

into R&D as:

E(gmnt ) = (Amn)π
mn · λmn · (NAmn

t )µ
mn
ρmn . (9)

Given this representation R&D is subject to decreasing returns both within period and over time

(see also Jones, 2001).

3.3 R&D in the agricultural sector

Agricultural R&D is where we integrate the economic and the biological aspects of the problem.

As in the manufacturing sector, the technological progress, as measured by changes in TFP

Aag, is conceived as a standard technology ladder. The outcome of the innovation process in

agriculture is determined by (i) the quantity of labor allocated to agricultural R&D to generate

10 In general the “size” of an innovation in the Aghion and Howitt (1992) framework is taken to be the step size
necessary to procure rights over the proposed innovation. For purposes of patent law, an innovation must rep-
resent a substantial improvement over existing technologies (not marginal change) which is usually represented
as a minimum one-time shift.

11 Assumptions that µmn < 1 and πmn < 0 avoid issues related to the population scale effect (see Jones, 1995). In
our setting, since population is endogenous, both are required to prevent the growth process to become explosive.
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man-made innovations, and by (ii) the scale of the modern food production system, as measured

by the amount of land used for agriculture, through the rate of arrival of biological problems

(pests and pathogens). We now discuss these in turn.

First, as in the manufacturing sector, in each period the probability that an innovation of size

ρag > 0 takes place is a function labor employed in agricultural R&D that period. Hence the

expected growth rate of Aag is:

E(gag) = (Aag)π
ag · λag · (NAag

)µagρag , (10)

where λag > 0, πag < 0, and µag ∈ (0, 1) as above.

Second, the rate of arrival of problems for the R&D sector to address is endogenous and

depends on the size of the agricultural system. As the amount of land allocated to the agriculture

expands, the increased uniformity of production directs the process of evolution (e.g. Weitzman,

2000). This results in an increase in the likelihood of pests and pathogens that would negatively

affect agricultural output. Following Goeschl and Swanson (2003), we represent the occurrence

of such a pest-related event as the potential reduction of land productivity (i.e. a negative shock

to agricultural TFP). The size of such a shock is standardized, so that agricultural TFP declines

by ε < 0 in the event of such a hazard. We will further standardize negative TFP shocks to be

equivalent to the loss of one pre-existing innovation, i.e. the step-size of an innovation is set

equal to the step-size that occurs in the event of a hazard (ρag = −ε).

The likelihood of the arrival of a biological problem (a hazard) is determined with the prob-

ability:

pDt = λD · (Xt)
µD , (11)

where λD > 0, µD > 1. This implies a convex relationship between land conversion and the

occurrence of pests and pathogens. In each period, the expected rate of depreciation of Aag is

thus a function of the stock of converted land and is given by

E(dt) = λD · (Xt)
µD ε .
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Note that asX increases, both the expected growth rate and the coefficient of variability ϕ(X) =

Var(X)/E(X) increases.12 Our model thus captures the stylized fact that the modern agricultural

system is associated with increased variability in yields (Hazell, 1989).

The expected growth rate of agricultural TFP is the net result of the low of innovations out

of the man-made R&D and the inflow of problems into the agricultural sector:

E(Aagt+1) = Aagt [1 + E(gagt ) + E(dt)] , (12)

where E(gagt ) ≥ 0 and E(dt) ≤ 0. Hence the scale of the food production system determines

the rate of arrival of problems and the associated expected rate of depreciation (technological

regression, or moves down the technological ladder). The allocation of labor to the R&D sector

determines the rate of innovation there, and hence the expected technological progress (or

moves up the TFP ladder). Moreover, the fact that a decline in TFP makes innovation easier

(through πag < 0) implies that both ‘ecological’ processes will equilibrate over time.

4 Social choice and welfare

We consider a social planner choosing paths for Ct, Ki
t and N i

t , where i represent sectors, by

maximizing social welfare over an infinite horizon, subject to technological constraints (1), (2),

(3), (4), (5), (7), (9), (12). The solution to this problem involves the allocation of capital

and labour in order to determine the optimal scale of the system, and the allocation of these

resources between the differing sectors (manufacturing, agriculture, and sectoral R&D).

The assessment of the aggregate social welfare outcome along various possible production

pathways concerns how to aggregate individual utilities and is complicated by the fact that

population is endogenous. In the following, we first discuss the objective function of the social

planner. We then turn to a second complication of land use allocation at the global level, namely

the decentralized nature of land conversion and fertility decisions. When individual decision-

12 We have: Var(X) = pD(X)(1− pD(X))ε2, so that ϕ(X) = (1− pD(X))ε, and hence

∂ϕ(X)

∂X
= −ε∂pD(X)

∂X
> 0

.
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makers do not internalize the increasing inflow of problems associated with land conversion, the

decentralized allocation will differ from the social optimum. For this reason it is important to

consider alternative assumptions concerning which variables are under the control of the social

planner and which are not.

4.1 Social preferences and objective function

Given that the population level is endogenous, the representation of social preferences has

strong implications in how society weigh off the size of the population with welfare experi-

enced by each individual. In Appendix A we discuss the relevant axioms guiding the choice of

the social evaluation criteria, as well as implications of alternative social welfare functions that

can be applied in the present setting. We will focus on the Classical Utilitarian (CU) criteria,

which is defined as

SWFCU =
∞∑
t=0

βtNtU(Ct/Nt) ,

where β < 1 is a discount factor and U(·) is a instantaneous utility function. As discussed in

Appendix A, a distinctive feature of the CU criteria is the presence of the population level (N) in

the numerator of the welfare function. This is also its main drawback since it could favor path-

ways with large population levels and potentially very low percapita consumption. Therefore

comparing and contrasting alternative social welfare functions is one part of the problem to be

addressed, but it is left for future work.

The representation of the instantaneous utility function is based on the assumption that

households derive utility from consumption, and consumption is restricted to the manufacturing

good. More specifically, the utility function U(·) for individuals in this society, assumed to be

isoelastic, is given by:

U(c) =
C
N

1−γ − 1

1− γ
,

where c denotes percapita consumption and γ is the elasticity of marginal utility.13

While households’ preferences for food consumption does not explicitly enter the utility

function, we incorporate households’ demand for food as a subsistence requirement, i.e. the

13 For γ = 1, this reduces to U(c) = ln
(
C
N

)
.
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amount of food that is required for maintaining an individual in a given society. Societies vary

significantly in the average body mass per person, however, and a key feature of the demand for

food and nutrients is that it is income elastic (Beatty and LaFrance, 2005). We thus treat c(·)

in equation (6) as an acceptable level of calories intake and model it as a concave function of

income:

c = ξ · (Y mn)κ .

In this representation the demand for food increase with income, and κ < 1 captures the fact

that the demand for food increases less than proportionally with income (i.e. food is an “inferior

good”).

4.2 Centralized and decentralized choices

The problem of land use allocation at the global level is complicated considerably by reason of

the decentralized nature of land conversion and fertility decisions. When individual decision-

makers do not internalize the increasing inflow of problems associated with land conversion, the

decentralized allocation will differ from the social optimum. For this reason it is important to

consider alternative assumptions concerning which variables are under the control of the social

planner and which are not, and weather the optimum program internalizes the land conversion

externality or not. In particular, we consider three representations of the social planner problem:

(i) the planner has control of all the variables and takes into account the land-use externality

(shortened to “SPX”); (ii) the planner does not face a land-use externality, a case which we refer

to as the “first best” scenario; and (iii) the planner does not control the scale of land conversion

and population, and he has to respond to a land-conversion externality (“DCX”). We now discuss

these in turn.

The SPX outcomes are derived from optimizing over the pathway when all variables are

under the control of the social planner, and all information is known about the problem. In this

case the negative feedback of converting land in terms of TFP is internalized, and population is

optimally determined given the social cost of expanding the food production system. Intuitively,

this is the social optimum.

The first best pathway is based on the assumption that land conversion does not generate an

increased inflow of hazard to agricultural production. This pathway would prevail, for example,
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if the risk of biological hazard remained insignificant, or if the planner was optimistic about the

resilience of the natural system. Along this pathway there is no perceived cost to the expansion

of the agricultural system. The sole constraint on expansion is the allocation of labor across

various activities in each period, i.e. the competition for labor between conversion, child rearing,

and production sectors. It is also assumed that the social planner has control over all variables

(or, equivalently, that private and social objectives are congruent).

The DCX pathway focuses on the problem of decentralized choice regarding fertility and land

conversion. Despite the recognition of the land conversion externality, the social planner under

this regime cannot control population and land conversion. In other words, individual decisions

about fertility and land conversion fail recognize the negative feedback from land conversion,

and pursue a path equivalent to that of the first best pathway, so that private and social objectives

diverge. In effect, the social planner has to deal with the fact that he has no control over the

scale agriculture, and associated inflow of biological problems, by reallocating labor to R&D and

production.

The first best pathway thus represents the unlimited view of the world, in terms of scale

of population and agricultural system. The DCX pathway demonstrates how the pursuit of an

unrestricted pathway (by reason of decentralized choice) in the presence of substantial negative

feedback will result in the need for investment in R&D to deal with the resulting problems.

The SPX pathways demonstrate how the centralized choice might instead reduce the scale of

agriculture in response to the negative feedback from scale, resulting in a lower rate of land

conversion, food production and population.

5 Results: Optimal control, estimation, and simulations

This section discusses implications of the modeling framework and provides some quantitative

results. First, we provide further intuition about the solution to the optimal control problem we

consider. Second, we report on the structural estimation of the key parameters of the model,

and the numerical methods employed to solve the model. Third, we report simulated pathways.

Fourth, we consider the implied variability around the optimal paths.
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5.1 Intuition about optimal control

Economic growth and increasing percapita consumption are driven by TFP growth (Romer,

1994), and hence rely on the allocation of labor among production sectors (food, manufacturing,

child-rearing, land conversion) and R&D sectors (agricultural, manufacturing). The growth

engine in this model is thus population. However, decreasing returns to labor in R&D sectors

imply that population growth will decline over time, and eventually attain a steady state.14

During the transition period, population growth requires the scale of the agricultural system

to increases. Indeed while food consumption a does not enter the utility function directly, food

is required to meet a subsistence level in oder to maintain a given level of excess mortality (see

equation (6)). The demand for agricultural products is thus proportional to the population and

to subsistence consumption, which increases with income, so that societies demand more food

per person as manufacturing production expands.

The expansion of agricultural production requires resources to be allocated to production

and R&D in that sector, and in particular requires land. As the scale of the land dedicated to

agriculture increases, the rate of arrival of hazards increases. In our model, the rate of arrival is

convex in the land surface used for agriculture. This is based on the idea that the agricultural

production system induces its own hazards by reason of its uniformity (Cardinale, 2012; Reich

et al., 2012).

Biological risks associated with genetic correlation can thus be mitigated through the exis-

tence of non-converted lands. The value of un-allocated lies in its role as buffer against the

arrival of hazards, and hence acts as a substitute to man-made R&D. Moreover, while land is

required to produce food, at the margin it can be substituted by other inputs, namely capital,

labor, or more efficient technology. By reducing the surface of cultivated land area, the demand

for other substitute input, but the required allocations of inputs to R&D is reduced.

5.2 Estimation strategy and computational method

The aim of the estimation is that the model endogenously reproduces observed trajectories over

the period 1900 to 2010. Specifically, we target time series for world GDP (Maddison, 1995;

14 See Bretschger (2013) for a discussion of demographic transition in the context of endogenous growth models.
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Bolt and van Zanden, 2013), world population (United Nations, 1999, 2008), crop land area

(Goldewijk, 2001; Alexandratos and Bruinsma, 2012) and TFP growth (Martin and Mitra, 2001;

Fuglie, 2012).15 The parameters of the model are summarized in Appendix B.

Our estimation strategy proceeds in four steps. First, a number of parameters are externally

calibrated. We use standard values for β = 0.985, γ = 1, δK = 0.05, and ϑ = 0.3. The step

size on the technology ladder is set to ρmn,ag = −ε = 0.05.16 Other parameters are taken from

the literature. The value shares in agricultural production are taken from Madsen et al. (2010),

with θK = 0.3 and θN = 0.5, and the intertemporal cost of innovation is estimated in Jones

(2001), with πmn,ag = −0.5.

Second, we calibrate a number of quantities so that the model in the first time period matches

1900 data. The initial stock of capital is set so that the marginal product of capital is initially

20%, an approximation of the return to capital at that time. Given the initial stock of capital, we

then calibrate the initial level of TFP such that total output in t = 0 equals world GDP in 1900.

We also calibrate the parameter measuring food consumption for unitary income (ξ) so that the

demand for food in 1900 represents about one third of world GDP. While there is no precise

data on agricultural GDP in 1900, this is consistent with empirical evidence from countries that

are currently at an early stage of economic development.

Third, for the remaining parameters {χ, ζ, d, δN , ι, κ, ψ, ε, δX , λmn,ag, µmn,ag}, we define a

grid spanning plausible values for each parameter, and solve the model for each possible com-

bination of parameters. Since observed TFP growth is the net outcome of the R&D sector, we

set the externality to zero (λD = 0). We then use a minimum distance criteria (least square

deviations) to compare data points along the observed paths for GDP, population, crop lands

and TFP against those simulated with our model.17 Note that as for many simulation-based esti-

15 TFP data cover only the period from 1960 to 2010, and is surrounded with uncertainty given they rely on the
choice of a particular econometric methodology. Nevertheless, a robust finding of the literature is that the growth
rate of TFP in both the agriculture and economy-wide is on average around 1.5-2% per year. For our purposes,
we also note that observed TFP growth measure the net outcome of R&D sector, and will thus capture negative
shocks to agricultural productivity due to land-use decisions.

16 Formally our assumptions about functional forms do not allow us to identity the size of steps on the technology
ladder (ρmn,ag, ε) separately from productivity parameters (λmn,ag,D). To some extent, the choice of the step
size is thus arbitrary, although it is consistent with evidence in Fuglie (2012) that do not report TFP growth rate
above 3.5%.

17 Model calibration is still work in progress. In particular to improve the fit of the model we are working on
targeting both the levels and rate of changes for the four variables of interest.
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Figure 1: Calibrated model: 1900 – 2010
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mation procedure involving highly non-linear models, the uniqueness of the solution cannot be

formally proved (see Gourieroux and Monfort, 1996). Our experience with the model suggest

however that the solution is stable, with the sum of squared errors increasing significantly for

other choices for the parameters. This is mainly due to the fact that we target a large num-

ber of data points for several variables, which makes the selection criteria for parameters very

demanding.

Observed trajectories and simulated trajectories based on the estimated parameters are

shown in Figure 1. Overall simulations with the model closely track the data. The only excep-

tion is GDP from the year 2000 onwards, as simulated values are around 10% below observed

ones. GDP projections with our model is thus likely biased downwards, and this should be kept

in mind for the interpretation of our results. Nevertheless, paths for other variables suggest that

the model can approximate observed dynamics quite well. Perhaps more importantly, projec-

tions after 2010 are in line with expectations, with world population slightly below 10 billions

16



Figure 2: Land conversion and hazard rate of agricultural TFP depreciation shocks
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by 2050 and converted land still below 2 billon hectares by 2050 (see United Nations, 2008;

Alexandratos and Bruinsma, 2012, for alternative projections on population and land conver-

sion respectively). Note also that the growth rate of both population and land conversion decline

with time.

The final input to the numerical model is the specification of the land-use externality (equa-

tion (11)). The hazard rate as a function of the total stock of converted land is illustrated in

Figure 2. The function is posited to be highly convex, reminiscent of the threshold effect that

characterizes many ecological processes. The ensuing hazard rate in 1900 is around zero, and

reaches about 0.005 in 2010. Thus land use in 2010 implies a 1/200 year occurrence of a biolog-

ical hazard that would reduce agricultural TFP by 5%. Furthermore, given projections with the

estimated model, the total stock of converted land reaches about 2.2 billion hectares by 2150,

which would translate into a hazard rate of around 0.15 per year.

The computational algorithm used to solve the model mimics the social planner welfare

maximization program, given initial conditions and parameters derived from the data. Formally,

we use standard non-linear optimization techniques, searching a local maximum of the objective

function (the discounted sum of utility) while remaining in the set of feasible points defined by

the constraints.18 Since the model is designed as a convex problem, the local solution is also

18 The program is implemented in the GAMS software and solved with the KNITRO (Byrd et al., 1999, 2006) which
alternates between interior-point and active-set methods.
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the global solution. Direct optimization techniques cannot accommodate an infinite horizon,

however, as it would require maximizing a sum with an infinite number of terms subject to an

infinite number of constraints. We thus truncate the horizon of the problem to T periods, and

check that terminal effects do not affect the solution for the relevant (shorter) horizon of interest

T ′ < T .19

5.3 Implementation of decision making scenarios

As described above we consider three scenarios determining global land-use management. The

SPX scenario is simply the social optimum in which the planner controls every variables and

takes into account the land-use externality.

In the first best scenario, the land-use externality is ignored by solving the model for λD = 0.

This can be the case, for example, if the planner is optimistic about the resilience of the food

production system. The only cost associated with land conversion is the labor required for land

clearing activities. For the first best land conversion path, we evaluate the implied magnitude of

the externality under the label “First best – implied externality”. Note that the associated path

for agricultural TFP would be the result of a ‘myopic’ social planer.

In the DCX scenario, decisions about land conversion and fertility are decentralized and

do not take into account the land conversion externality. In the simulations, the paths for

land conversion and population are exogenously fixed to those determined under the first best

scenario. In this scenario the social planner takes into account the land-use externality, so that

he can re-allocate resources to mitigate the negative effects of decentralized fertility and land

conversion choices.

5.4 Results: optimal paths

In this section we employ the estimated model to simulate alternative policy scenarios from

year 2010 onwards. Throughout the analysis, we treat the R&D processes as deterministic by

19 If the time horizon of the problem is finite, the optimal shadow values of stock variables drop to zero in finite
time. Hence typically, the solution of the finite horizon problem differs from its infinite horizon counterpart. This
divergence is due to ‘terminal effects’, since only the very end of the program is affected by the finite horizon. A
simple approach to evaluate the impact of terminal effects on the optimal paths is to vary T and calculate the
difference in the optimal pathways over the relevant horizon T ′. In practice, we have used T = {350, 400, 450},
finding no difference on the paths up to T ′ = 200.
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assuming that the expected growth rate is the realized growth rate.20 In the last subsection we

consider the issue of variability around the expected path, and implication in terms of famine

events and associated increase in mortality.

5.4.1 Aggregate impacts of the land conversion externality

Figure 3 reports the fertility and land allocation decisions. For all scenarios, optimal paths for

population (panel a) shows a slowdown of growth, stabilizing slightly above 16 billions in the

very long run. Under first best and DCX, the amount of land used for agricultural production

(panel b) increases significantly. However, the total amount of land that can be used for agri-

culture (around 3 billion hectares, see Alexandratos and Bruinsma, 2012) is never exhausted.

Importantly, decisions about land use for these two scenario are only optimal under first best,

and exogenously imposed in the DCX scenario.

Under SPX, where the planner faces the land-use externality and can adjust the amount of

land being used, there is an immediate decline in the stock of land, reaching a steady state at

around 10% below 2010 level. The planner thus leaves part of agricultural lands used in 2010 to

convert back to natural lands in order to mitigate the risk of biological hazards. This is depicted

in panels (c) and (d). In the SPX scenario the level of land-use implies that depreciation is below

0.1% per year, so that TFP growth approaches that prevailing under first best (although under

the first best scenario, agricultural TFP grows solely through man-made innovations).

The level of externality implied by the first best path for land-conversion implies that TFP

stabilizes after 150 years, as shown by the lines labeled “First best – implied externality”. Thus if

the planner myopically neglects the land-use externality, man-made and biological innovations

would equilibrate over time. While expected TFP depreciation (panel d) is the same under first

best – implied externality and DCX, as land use path is the same, paths for TFP significantly

diverges (panel c). This is due to the fact that under the DCX a lower TFP means a higher

probability of innovation, as well as differences in the allocation of labor to agricultural R&D.

20 We are in the process of formulating an expected utility representation of the problem.
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Figure 3: Optimal paths for population, land conversion and agricultural TFP
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5.4.2 Labor allocation in agriculture and manufacturing

Figure 4 reports the optimal path of labor allocation decisions along the different scenarios. The

most important difference in paths lies in comparing labor allocation in agriculture. The DCX

path for allocating labor shows that a substantial share of labor must be allocated to agricultural

R&D in order to balance the negative externality of land conversion. Similarly, the share of labor

in agriculture increases over time to compensate the lower TFP growth. An implication of this is

that the share of labor in manufacturing production and R&D are significantly lower under DCX.

Under the SPX path, the social planner maintains food supply by increasing the share of

labor relative to first best in both agricultural production (panel a) and R&D (panel c). Change

in the allocation to agricultural R&D is small, which shows that the planner substitutes land

conversion to man-made R&D.

While the proportion of labor employed in the R&D can appear to be high (between 10
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Figure 4: Optimal paths: Labor allocation
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and 25%), it should be noted that any labor time dedicated at improving factor productivity

is counted there. This includes many informal activities taking place in developing economies,

such as seed selection or developing irrigation practices. Moreover, the downward trend in the

share of labor allocated to R&D is due to decreasing returns to labor in man-made innovation,

both within period and over time (equations 8 and 10).

5.4.3 Percapita consumption and social welfare

Figure 5 shows the implications of reallocating labor away from the manufacturing sector in

terms of percapita consumption (panel a) and social welfare (panel b). While percapita con-

sumption is relatively similar in both first best and SPX scenarios, it is significantly lower in the

the DCX pathway. In turn, welfare diverges across scenarios. The first best scenario generates

the highest welfare, which is due to both high population and high percapita consumption (see
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Figure 5: Optimal paths: Welfare and percapita consumption
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panel b). In the SPX scenario, both population and percapita consumption are sightly lower, but

the path for welfare is very close. This suggest a large value for global land use management, as

maintaining land reserves generates a substantial gain in welfare over time.

5.4.4 Interpretation

The results of the simulations demonstrate how the three basic scenarios drive very different

futures in terms of land management and welfare.

The first best scenario is based on the assumption that there is no negative feedback from

the scale of the system. This scenario provides a reasonably good fit to the massive rate of land

conversion and population expansion of the past one hundred years. In the future it would

describe a world in which land conversion increases by 30% relative to 2010.

The DCX scenario takes the fertility and land conversion decisions resulting from the first

best scenario as a given, but assumes that the social planner can reallocate labor in response to

the negative externality of land-use. The basic result is that the cost of the unmanaged global

land must be divided between consumption and R&D. Given that land allocation decisions are

made without consideration of the negative externality, the labor allocation must compensate

through increased allocation to the R&D sector. This drives a gap between the first best and DCX

scenarios, in terms of consumption and welfare. Thus depending on the size of the externality,

DCX describes a path with rapid land conversion, and massive human population, but relatively

22



low welfare on account of the share of resources spent on R&D.

The SPX scenario describes the path where the social planner can control both fertility and

land conversion decisions to manage the external cost of land conversion. In this case the

decision maker will harness the expansion of the agricultural area in order to avoid a costly

increase in the arrival of hazards. The overall impact is a much-reduced scale of the agricultural

system. A sticking feature of the SPX path is that the social planner adjusts the amount of

land but leaves the population trajectory almost unchanged. Thus while the additional cost

of land conversion slightly reduce population, percapita consumption, and thus welfare, these

trajectories remains close to their first best counterpart.

5.5 Variability analysis around optimal paths

In this section we demonstrate the importance of variability flowing from the agricultural pro-

duction system, on account of its impacts upon population levels. In particular, the land use

externality implies variability around the expected path, and given an increasing population

even small variations in agricultural output could have size able consequences in terms of mor-

tality. Note that since the social planner considers only the expected value of TFP shocks, he

takes no account of variability in its decision making.21

One approach to quantify the magnitude of variability around the expected-value paths is to

determine the number of expected casualties along the different paths. This can be interpreted

as famine events that would be triggered by the arrival of biological hazard. In each period

the realization of the negative TFP shock would reduce agricultural TFP by 5%, which would in

turn reduce agricultural output that period. This would lead up to an increase of mortality. The

expected number of casualties is thus given by the number of casualties that would be implied

by a drop in TFP by 5% weighted by the probability that the negative shock occurs.

Table 1 reports the number of expected casualties that the planner expects along its optimal

pathways from 2010 to 2050, cumulated over 10 years intervals. Under the DCX path, the

number of famine events sharply increases over time, due to both an increase in the probability

21 We are currently developing a stochastic version of the model that maximises expected welfare and will be used
to evaluate the impact of risk preferences on optimal pathways. Note that it is possible to include additional
costs in the welfare function flowing from events of unanticipated mortality, but it is difficult to place a weight
on this objective relative to that of aggregate consumption.
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Table 1: Expected cumulated casualties (in millions) due to famine events

Time interval

2010 - 2020 2020 - 2030 2030-2040 2040 - 2050

DCX 8.1 14.4 28.2 52.2

SPX 4.6 4.4 5.7 7.8

of biological hazards and an increase in the population, magnifying the consequences of any

particular negative TFP shock. In the SPX path (where reserve lands are kept to dampen the

impact of hazards), the expected number of casualties remains low. Over time however, the

number of casualties increases because of population growth.

6 Concluding comments

We have demonstrated in a two sector macroeconomic model the manner in which land/labor

allocations interact with percapita income growth under a risk of biological hazards. First,

we have explored the first best outcome, in which there is no negative feedback from continued

expansion of agriculture. In this case, and under the most standard criteria for assessing welfare,

it would be anticipated that land conversion would continue along with population growth. Our

quantitative model projects a population approaching 16 billion persons over the next 200 years.

This outcome seems optimistic, and we have examined a scenario in which there is some

negative feedback from the unabated expansion of the agricultural system. We have modeled

this negative feedback as a stochastic hazard deriving from continued expansion of agricultural

land. There is some empirical and theoretical justification for modeling the problem in this

way. In our model, the ongoing expansion of agriculture generates an increased flow of hazards

within the system, which must be addressed or experienced.

We have explored two possible scenarios for addressing this assumed negative feedback. One

is the DCX scenario in which population and land conversion is determined in a decentralized

manner, and the decision maker must react through labor allocation. In this scenario the R&D

sector is used as a means of addressing the resulting biological feedback, although it results

in a lower percapita consumption and aggregate welfare. The cost of addressing the hazards
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resulting from expanded agriculture thus erode the benefits from higher population, and so the

paths of aggregate welfare and population become dis-connected.

In the final scenario we have explored, SPX, the decision maker both perceives the negative

feedback from scale and has all variables under control. In this scenario, the decision maker

manages negative feedback through both the R&D sector and also through land conservation.

In this scenario, the outcome is a lower human population, but with a high per capita level of

consumption and welfare.

One reason to control land conversion at the global level is that the scale of the wager

increases over time. As the human population continues to grow, minor shocks to agricultural

output result in events of profound impact, with proportionally large increases in mortality. This

is simply be a consequence of living in a world with so much wagered on the stability of a single

system. Our conclusion is that the control of this system is very likely to turn out to be important.

Ultimately two sets of policy insights are to be pursued. First, the model allows to consider

the extent of a tax on land conversion that would achieve the social optimum path in a de-

centralized setting. Given the race between pests and patents at play, an alternative would be

to consider a subsidy to agricultural R&D could also compensate land-use externality. Second,

results from this model on the “optimal” amount of land conversion can be used as an input

in simulation models that focus on land-use patterns throughout the world. More specifically,

high-resolution land-use models could be used to derive concrete implications about where land

conversion policy should be directed.

We close by highlighting that our results so far focus on the classical utilitarian objective. Our

preliminary experiments with other social objectives (average utilitarian and critical-level utili-

tarian; see Appendix A) suggest two things. First, a planner with an average utilitarian objective

would favor percapita consumption over population, driving population to zero asymptotically.

By making the decline in population slightly faster than that of manufacturing output, percapita

consumption remains steady. Second, since changes in the size of population is already an in-

direct function of percapita consumption, the additional constraint imposed by a critical level

of utility is not binding. This implies that our results hold for the critical-level utilitarian objec-

tive function, mitigating ethical concerns associated with the classical utilitarian objective that

underlies our analysis.
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Appendix A Endogenous population assessment criterion

For problems of endogenous population the social choice literature suggest five relevant axioms

on which to build social evaluation criteria (see Blackorby et al., 2005):

Utility independence – the ranking of any two alternatives is independent of the utility levels

of individuals who have the same utilities in both.

Existence independence – the ranking of any two alternatives is independent of the existence

of individuals who ever live and have the same utility levels in both (therefore existence in-

dependence is a stronger independence axiom than utility independence, and it implies utility

independence).

The negative expansion principle – the addition of a person to a utility-unaffected population

is ranked as bad if the utility of the added person is negative.

Avoidance of the repugnant conclusion – it is not the case that any alternative in which each

member of the population has a positive utility level, no matter how high, is ranked as worse

than some alternative in which a larger population has a utility level that is above neutrality22

but arbitrarily close to it (otherwise it may be recommended to create a large population, in

which each person lives in poverty).

Priority for lives worth living – all alternatives in which each person is above neutrality are

ranked better than all those in which each person is below it.

A key result of social choice theory is that no social welfare function satisfy all five population

axioms together (plus other axioms, which are same-number analogues of the axioms used in

characterizing social welfare functions in the case of exogenous population).23 In particular,

a major disadvantage associated with the use of the CU criteria is that it does not avoid the

repugnant conclusion. An alternative is the Average Utilitarian (AU) criteria, which is given by

SWFAU =

∞∑
t=0

βtU(·) .

22 Neutrality is defined as a utility level above which lives are worth living and below which lives are not worth
living. It tends to be set to zero, without loss of generality.

23 Since we consider a dynamic setting with uncertainty, the connexion with axioms postulated for static decision-
making is somewhat loose. However Blackorby et al. (2005) do provide some extensions in their book that
account for uncertainty and time/discounting.
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AU does not satisfy either utility or existence independence, nor does it satisfy negative expan-

sion.

The third is the Critical-Level Utilitarian (CLU):

SWFCLU =
∞∑
t=0

βtNt [U(·)− u0] ,

where u0 defines the critical level of utility beyond which existence is not worth. CLU does

not satisfy priority of lives worth living. The critical level utility should be purely a judgment

on what is a minimum standard of living, and it cannot be defined without prior choice of the

utility function’s parameters.

The distinctive characteristic between these three social welfare functions is the presence or

absence of the population level (N) in the numerator of the welfare function. In CU and CLU,

population level is there, whereas in AU it is not present. For this reason, there is an in-built

tendency for the CU version of welfare functions to favor pathways with large population levels,

while the AU welfare function favors those with low population and high percapita consumption.

In what follows we will only explore the CU welfare function as the least controversial of the

various approaches to a social welfare in an endogenous population problem.
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Appendix B Numerical values of the parameters

Parameter Value

Imposed parameter

β Discount factor 0.985
γ Elasticity of marginal utility 1
ϑ Share of capital in manufacturing 0.3
θK Share of capital in agriculture 0.3
θN Share of labour in agriculture 0.5
δK Capital depreciation 0.05
ξ Food consumption for unitary income 0.31
X Total land suitable for agriculture 3
ρmn,ag Maximum TFP growth 0.05
πmn,ag Intertemporal elasticity of innovation -0.5
ε Size of TFP depreciation shock -0.05
λD Scale of land-use externality 0.00005
µD Convexity of land-use externality 10

Estimated parameters

χ Child rearing labor requirement 0.22
ζ Elasticity of child rearing 0.29
d Exogenous mortality rate 0.023
δN Consumption-based mortality 0.32
ι Elasticity of mortality to food consumption 2
κ Income elasticity of food demand 0.66
ψ Land-conversion labour requirement 0.068
ε Elasticity of land-conversion 0.9
δX Rate of land reconversion 0.02
λmn,ag R&D labor requirement 0.57
µmn,ag Elasticity of labour in R&D 0.3
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