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Abstract

Modern agriculture relies on a small number of highly productive crops and the contin-

ued expansion of agricultural land area has led to a significant loss of biodiversity. In this

paper we consider the macroeconomic consequences of a continued expansion of modern

agriculture from the perspective of agricultural productivity and food production: as the ge-

netic material supporting agriculture declines, pests and pathogens become more likely to

adapt to crops and proliferate, increasing crop losses due to biological hazards. To evaluate

the macroeconomic consequences of a reduction in agricultural productivity associated with

the expansion of agriculture, we employ a quantitative, structurally estimated model of the

global economy in which economic growth, population and food demand, agricultural in-

novations, and the process of land conversion are jointly determined. We show that even a

small impact of global biodiversity on agricultural productivity calls for both a halt in agricul-

tural land conversion and increased agricultural R&D in order to maintain food production

associated with population and income growth.
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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 agricultural

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

creasing food production has been achieved through the selection by humans of a small number

of crops with high-yield properties and their application to an ever growing geographical area.

The uniformity of the genetic material supporting food production implies that agricultural land

expansion is associated with a reduction of biodiversity at the global level.1 This paper is an

attempt to study the macroeconomic consequences of declining global biodiversity in a world

where economic growth, population and food demand, agricultural innovations, and the process

of land conversion are jointly determined.

There is an inherent tendency for the erosion of agricultural knowledge over time which

derives from the evolutionary pressure placed upon existing technology by the selection of suc-

cessful pests and pathogens (Evans, 1993; Scheffer, 1997).2 With the passage of time, agri-

cultural technology will depreciate through these biological processes, which implies that agri-

cultural R&D represents a “red queen” contest between man-made innovations and biological

hazards.3 As the land area allocated to high-yield crops expands, genetic uniformity favors neg-

ative feedback effects on agricultural output (e.g. Cardinale, 2012; Reich et al., 2012), including

an increased likelihood of pests and pathogens adapting and proliferating on the relatively small

number of crop varieties (Tscharntke et al., 2005; Bianchi et al., 2006). The decline of global

biodiversity associated with an expanding agricultural area will thus accelerate technology de-

preciation and in turn reduce agricultural productivity.

1 The intensive agriculture production process by definition results in a reduction in the number of crops or live-
stock species, or both, often leading to monoculture (Matson et al., 1997). Despite the constitution of seed banks
in different locations (see Koo et al., 2003, for example), in the last fifty years 75 percent of crop biodiversity has
been lost (FAO, 2010).

2 This is a standard result from evolutionary biology, whereby applying a treatment to a particular pest population
selects resistant individuals. Over time, reproduction with disproportionate prevalence of resistant individuals
leads to a decline in the effectiveness of the initial treatment. See Neve et al. (2009) and Delye et al. (2013) for
a discussion in the context of weed resistance to herbicides, and and also Laxminarayan and Brown (2001) for a
discussion in the context of antibiotics resistance.

3 A red queen contest is named after the Red Queen in Alice in Wonderland who states that “around here, we must
run faster and faster just to stand still.” In the context of agricultural productivity gains, the depreciation of man-
made technology requires resources to be devoted to agricultural R&D just to maintain agricultural productivity
at a given level.
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The uniformity of genetic material at the global level results from individual-level decisions.

In particular, individual farmers seeking to maximize economic profitability will tend to select

high yield crops, leading to monoculture and the loss of global biodiversity. In this process,

individuals do not take into account their marginal impact on global biodiversity, and thus on

global agricultural productivity. Decisions at the individual level about crop selection and the

geographical expansion of modern agricultural practices thus imply an externality through an in-

tegrated human-biological R&D sector (Weitzman, 2000). In other words, decisions by individ-

ual farmers that lead to a reduction in global biodiversity favor the occurrence and diffusion of

pests and pathogens, thereby accelerating the depreciation of agricultural technology available

to all other producers. Decisions by individual farmers affect agricultural productivity across the

whole system, but do not factor in the fact that avoiding an expansion of the agricultural system

by retaining reserve lands acts as an input to agricultural R&D.4

To study the socially optimal expansion of agricultural land associated with the decline in

global biodiversity, we employ a quantitative two-sector endogenous growth model of the global

economy, which distinguishes agriculture from other economic activities to characterize the role

of agriculture and food in the global macroeconomic system (Lanz et al., 2014). On the one

hand, the demand for food in the model derives from the size of the population and increases

with per capita income to capture changes in diet (e.g. Subramanian and Deaton, 1996). Popula-

tion dynamics are endogenously determined by fertility choices, which derive from households’

preferences for fertility à la Barro and Becker (1989), as well as the opportunity cost of raising

children. On the other hand, the supply of food derives from the availability of primary inputs,

among which the conversion of agricultural land from a reserve base plays a central role, and

agricultural technology. We incorporate R&D activities through the Schumpeterian innovation

model of Aghion and Howitt (1992), in which total factor productivity (TFP) growth requires

labor as an input.5 The model is structurally estimated to fit 1960-2010 data on world GDP,

4 Expanding land area dedicated to intensive agriculture also reduces natural reserve lands, so that the pool of ge-
netic material that can potentially be used as an input to R&D activities decreases (Simpson et al., 1996; Rausser
and Small, 2000). As we discuss below, this additional cost of biodiversity reduction is indirectly captured by our
analysis.

5 More specifically, we follow Chu et al. (2013) and represent TFP growth as a function of the share of labor
employed in R&D, so that our model does not feature the population scale effect (see Jones, 1995b; Laincz and
Peretto, 2006).
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population, TFP growth and agricultural land area, providing an empirical framework to study

the socially optimal allocation of land associated with the growth in the demand for food over

time.

The contest between between man-made and biological innovation in agriculture, whereby

man-made R&D addresses biological hazards as they appear or nature annihilates technological

progress by rendering innovations obsolete, is introduced in the agricultural R&D sector. Follow-

ing Goeschl and Swanson (2003), we represent the occurrence of biological hazards in agricul-

ture as a depreciation of agricultural TFP. The depreciation function is only implicitly included

in estimation of the model through data on agricultural TFP growth, and we posit a function de-

scribing how the depreciation of agricultural TFP increases with the scale of agriculture.6 Thus

in our investigation the rate at which biological hazards erode agricultural technology and at

which agricultural TFP depreciates increases with agricultural land area. Conversely, retaining

natural reserve lands away from the agricultural system contributes to agricultural TFP growth

by avoiding TFP depreciation. This representation thus integrates traditional man-made R&D

activities with innovations coming through biological hazards along a single technology ladder.

The ladder thus captures the outcome of the contest between humans and nature.

Given the negative relationship between land conversion and agricultural TFP growth, we

illustrate the working of the land conversion externality with three alternative scenarios in the

global agricultural system. In the first scenario, there is no externality associated with an expan-

sion of agricultural area. This represents the continuation of the state of the world prevailing

over the period 1960 to 2010. Relative to 2010, baseline projections from the model indicate

a 40 percent increase in world population by 2050, a doubling in world GDP, and a 7 percent

6 More specifically, the hazard function used in the model is the only part of the model that we have not fit with
existing data, or historical observations on relevant variables. However, because the race between man-made
and biological innovation has already been ongoing at the local level, TFP growth estimates underlying the
estimation of the model already include negative feedback effects. While the evolutionary process relating global
biodiversity to the occurrence of pests and pathogens is well understood, the lack of empirical evidence can be
explained by the fact that most studies by ecologists and agricultural scientists are carried out at the micro scale
(see e.g. Veres et al., 2013, for evidence at the landscape level), rather than at the macro level.
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increase in total agricultural area.7 In the second scenario, a social planner responds to the land

conversion externality by allocating land to reserves as a means of mitigating the rate of flow of

hazards (i.e. reducing the land-use externality), and increases the flow of man-made innovation

by allocating more labor to the agricultural R&D sector. This represents the social optimum in

the presence of a land conversion externality, and our results suggests that even if the scale of

the land conversion externality is relatively small the planner is willing to allocate a substantial

amount of land as a buffer against the occurrence of biological hazards. In the third scenario,

we solve the model under the assumption that fertility and land conversion choices are made by

households and do not take into account the land use externality. Thus the paths for land con-

version and population dynamics are exogenous and correspond exactly to the path prevailing

in the absence of a land conversion externality. However, R&D firms respond by increasing the

pace of man-made innovation to counter TFP depreciation. The resources required to make up

for the increased arrival of biological hazards generate a substantial welfare cost, suggesting a

significant value for a global policy for land conversion.

The remainder of the paper is structured as follow. In Section 2 we describe the basic struc-

ture of the model. Section 3 describes the externality and the policy scenarios we consider.

Section 4 reports our results and discusses implications. Some concluding comments are pro-

vided in Section 5.

2 The model

This section summarizes the key components of the model and estimation procedure. A com-

prehensive discussion of the structure of the model, selection and estimation of the parameters,

the ensuing projections from the model, as well as sensitivity analysis on the structure of the

model is reported in Lanz et al. (2014). A schematic representation of the model is provided in

Figure 1.

7 As shown in Lanz et al. (2014), these projections relatively close to those by the United Nations (United Nations,
2013) and the Food and Agriculture Organization (Alexandratos and Bruinsma, 2012). The key qualitative
difference with existing population projections is that the convergence towards a steady state for population is
significantly slower than what is implied by United Nations (2013). This can be explained by the fact that United
Nations (2013) assume convergence of all countries to replacement fertility by 2100, whereas demographic
transition in our model relies on a endogenous, gradual shift between the quantity and quality of children.
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Figure 1: Schematic representation of the model
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2.1 The economy

2.1.1 Production and capital accumulation

The model comprises two sectors: a manufacturing sector that produces the traditional con-

sumption good in one-sector models, and an agricultural sector that produces food to sustain

contemporaneous population. In manufacturing, aggregate output is represented by a standard

Cobb-Douglas production function:

Yt,mn = At,mnK
ϑ
t,mnN

1−ϑ
t,mn , (1)

where Yt,mn is real manufacturing output in time t, At,mn is an index of productivity in manu-

facturing, Kt,mn is capital allocated to manufacturing, and Nt,mn is the workforce allocated to

manufacturing. We assume that technology is Hicks-neutral so that the Cobb-Douglas functional

form is consistent with long-term empirical evidence (Antràs, 2004), and we use a standard
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value of 0.3 for the share of capital (see for example Gollin, 2002).

Agricultural production requires land services Xt as an input, and following Kawagoe et al.

(1986) and Ashraf et al. (2008) we employ a nested constant elasticity of substitution (CES)

function to represent substitution possibilities between land and a capital-labor composite:8

Yt,ag = At,ag

[
(1− θX)

(
KθK
t,agN

1−θK
t,ag

)σ−1
σ

+ θXX
σ−1
σ

t

] σ
σ−1

. (2)

where σ is the elasticity of substitution between the capital-labor composite and agricultural

land. We set σ = 0.6 based on long-run empirical evidence reported in Wilde (2013).9 We

further set θX = 0.25 and θK = 0.3 consistent with data reported in Hertel et al. (2012).

2.1.2 Innovations and technological progress

As in the Schumpeterian model by Aghion and Howitt (1992), in each period sectoral TFP

evolves as:

At+1,j = At,j · (1 + ρt,jS) , j ∈ {mn, ag} . (3)

where S is the maximum growth rate of TFP each period and ρt,j ∈ [0, 1] is the arrival rate of

innovations each period. Effectively then, sectoral TFP growth is represented as the share of the

maximum feasible TFP growth (we set S = 0.05 in light of Fuglie, 2012) and depends on the

number of innovations arriving within each time period.10 The rate at which innovations arrive

in each sector is a function of labor allocated to sectoral R&D:

ρt,j = λj

(
Nt,Aj

Nt

)µj
, j ∈ {mn, ag} ,

8 A Cobb-Douglas function is often used for agriculture, notably in Mundlak (2000) and Hansen and Prescott
(2002). However, this implies that, in the limit, land is not an essential input in agriculture, as thoroughly
discussed in the context of oil scarcity (see Dasgupta and Heal, 1979, for a seminal contribution).

9 The estimate by Wilde (2013) is based on 550 years of data from pre-industrial England, thus reflecting long-term
substitution possibilities, and is estimated in a way that is consistent with our CES functional form assumption
(2). However, external validity may be an issue, in particular when applying results for pre-industrial England
to developing countries with rapidly growing population. In the discussion of the results we consider the case of
σ = 0.2.

10 In the original work of Aghion and Howitt (1992) time is continuous and the arrival of innovations is modeled
as a Poisson process. Our representation is qualitatively equivalent, but somewhat simpler, as ρt,j implicitly uses
the law of large number to smooth out the random nature of innovations over discrete time periods.
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where Nt,Aj is labor employed in R&D for sector j, λj > 0 is a productivity parameter and

µj ∈ (0, 1) is an elasticity. This formulation implies that TFP growth increases with the share

of labor allocated to the R&D sector. As shown by Chu et al. (2013), scaling the labor force

in R&D by Nt neutralizes the scale effect and is in line with more recent representations of

technological change such as Dinopoulos and Thompson (1998), Peretto (1998) and Young

(1998).11 Furthermore, our representation of R&D implies decreasing returns to labor in R&D

through the parameter µj , which captures the duplication of ideas among researchers (Jones

and Williams, 2000).

The parameter λj is normalized to 1 to ensure that TFP growth is bounded between 0 and

S, and the parameters µmn and µag are estimated as described below.

2.1.3 Labor and population dynamics

In each period, the change in population derives from fertility nt and the rate at which popula-

tion exits the labor force denoted by δN :

Nt+1 = Nt(1− δN ) + nt , N0 given . (4)

Because population equals total labor force, δN is the inverse of the expected working life time,

which we set to 45 years (hence the ‘working mortality rate’ is δN = 0.022).

Fertility derives from the allocation of labor to child rearing activities, so that child rearing

competes with other labor-market activities:

nt = χt ·Nt,N ,

where Nt,N is labor allocated to child rearing activities and χt is an inverse measure of the time

cost of producing effective labor units. We characterize the well-documented complementarity

between human capital and the level of technology (Goldin and Katz, 1998) by postulating

11 In models by Dinopoulos and Thompson (1998), Peretto (1998), and Young (1998), R&D activities simulta-
neously develops new products and improve existing ones, and the number of product grows with population
thereby diluting R&D inputs and avoiding the population scale effect. An other strategy to address the scale effect
involves postulating a negative relationship between labor productivity in R&D and the existing level of technol-
ogy, giving rise to “semi-endogenous” growth models (Jones, 1995a, 2001). In this setup however, long-run
growth is only driven by population growth, which is also at odds with the data (Ha and Howitt, 2007).
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an increasing relationship between the time cost of child rearing and the level of technology:

χt = χN ζ−1
t,N /Aωt , where χ > 0 is a productivity parameter, ζ ∈ (0, 1) is an elasticity representing

scarce factors required in child rearing, At is an index of technology, and ω > 0 measures how

the cost of children increases with the level of technology.

This formulation implies that, as the stock of knowledge in the economy grows, additions to

the stock of effective labor units become increasingly costly. While we do not explicitly model

the accumulation of human capital, the positive relationship between technology and child rear-

ing costs imply that, over time, a demographic transition will occur as the ‘quality’ of children

required to keep up with technology will be favored over the quantity (Galor and Weil, 2000).

Furthermore, ζ captures the fact that the costs of child rearing over a period of time increases

more than linearly with the number of children (see Barro and Sala-i Martin, 2004, p.412 and

Bretschger, 2013). The parameters determining the cost of fertility and how it evolves over time

(χ, ζ and ω) are estimated from the data, as described below.

Population dynamics are further constrained by food availability, as measured by agricultural

output.12 Specifically, in each period, agricultural production is consumed entirely to sustain

contemporaneous population: Y ag
t = Ntf t, where f t is per capita demand for food, i.e. the

quantity of food required to maintain an individual in a given society. We further specify per

capita demand for food as a concave function of per capita income: f = ξ ·
(
Yt,mn
Nt

)κ
, where

ξ is a scale parameter and κ > 0 is the income elasticity of food consumption. Food demand

thus captures both physiological requirements (e.g. minimum per capita caloric intake) and the

positive relationship between the demand for food and per capita income.

The parameters determining the demand for food are the following. the income elasticity of

food demand is 0.25, which is consistent with evidence across countries and over time reported

in Subramanian and Deaton (1996), Beatty and LaFrance (2005), and Logan (2009). The pa-

rameter measuring food consumption for unitary income (ξ) is calibrated such that the demand

for food in 1960 represents about 15% of world GDP, which corresponds to the GDP share of

agriculture reported in Echevarria (1997). This implies ξ = 0.4.

12 Food consumption does not contribute directly to social welfare. As discussed below however, the level of popu-
lation enters the social welfare criterion (together with the utility of per capita consumption of the manufacturing
good). Thus through the impact of the subsistence requirements on population dynamics, food availability will
affect social welfare.
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2.1.4 Land

As a primary factor, land input to agriculture has to be converted from a total stock of available

land X by applying labor. Over time the stock of land used in agriculture develops as:

Xt+1 = Xt(1− δX) + ψ ·N ε
t,X , X0 given , Xt ≤ X , (5)

where Nt,X is labor allocated to land clearing activities, ψ > 0 measures labor productivity in

land clearing activities, ε ∈ (0, 1) is an elasticity, and the depreciation rate δX measures how fast

converted land reverts back to natural land. We assume the period of regeneration of natural

land is 50 years, so that δX = 0.02. The parameters ψ and ε are estimated from the data as

described below.

2.1.5 Preferences and savings

The utility function of a representative household is defined over own consumption of the man-

ufacturing good ct, fertility nt and the utility its children will experience in the future Ui,t+1.13

More specifically, we represent household preferences with the recursive formulation of Barro

and Becker (1989):

Ut =
c1−γt − 1

1− γ
+ βn1−ηt Ui,t+1 ,

where γ is the inverse of the intertemporal elasticity of substitution, β is the discount factor and

η is an elasticity determining how the utility of parents changes with nt. The objective function

is given by the utility function of the dynastic head and obtained by successive substitution of

the recursive utility function:

U0 =
∞∑
t=0

βtN1−η
t

(Ct/Nt)
1−γ − 1

1− γ
, (6)

13 The fact that we solve the model as a social planner problem simplifies the notation and allows us to exploit
efficient solvers for constrained non-linear optimization. However, it abstracts from externalities that would
arise in a decentralized equilibrium (see Romer, 1994, for example). To some extent, however, market imper-
fections prevailing over the estimation period will be reflected in the parameters that we estimate from observed
trajectories, as discussed below.
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where Ct = ctNt is aggregate consumption in t.

The parametrization of the objective function is as follows. First, the elasticity of intertem-

poral substitution is set to 0.5 in line with estimates by Guvenen (2006). In the model, this

corresponds to γ = 2. Second, given the constraint on η to maintain concavity in the objective

function, we set it to 0.01, so that altruism towards the welfare of children remains almost con-

stant as the number of children increases. This implies that the objective function is very close

to a standard Classical Utilitarian objective. Third, we set the discount factor to 0.99, which

corresponds to a pure rate of time preferences of 1 percent per year.

Aggregate consumption derives from manufacturing output, which alternatively can be in-

vested into a stock of capital:

Yt,mn = Ct + It , (7)

where Ct and It are aggregate consumption and investment respectively. The accumulation of

capital is then given by:

Kt+1 = Kt(1− δK) + It , K0 given , (8)

where δK is the per-period depreciation rate. Because we solve for the social planner solution

of the problem, savings cum investments decisions mirror those of a one-sector economy (see

Ngai and Pissarides, 2007, for a similar treatment of savings in a multi-sector growth model).

2.2 Estimation of the model

We consider the planner’s problem of selecting the allocation of labor and capital as well as

the saving rate to maximize the utility of a representative dynastic household. Specifically, a

representative household chooses paths for Nt,j , Kt,j , and Ct by maximizing (6) subject to

technological constraints (1), (2), (3), (4), (5), (7), (8) and market clearing conditions for

capital and labor:

Kt = Kt,mn +Kt,ag , Nt = Nt,mn +Nt,ag +Nt,Amn +Nt,Aag +Nt,N +Nt,X .
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The numerical model is solved as a constrained non-linear optimization problem and thus mim-

ics the welfare maximization program by directly searching for a local optimum of the objective

function (the discounted sum of utility) subject to the requirement of maintaining feasibility as

defined by the constraints of the problem.14

As mentioned in the text previously, parameters determining the cost of fertility (χ, ζ, ω),

labor productivity in R&D (µmn,ag) and labor productivity in land conversion (ψ, ε) are estimated

by fitting the model to 1960 – 2010 trajectories for world GDP (Maddison, 1995; Bolt and van

Zanden, 2013), population (United Nations, 1999, 2013), crop land area (Goldewijk, 2001;

Alexandratos and Bruinsma, 2012) and sectoral TFP (Martin and Mitra, 2001; Fuglie, 2012).15

First, we calibrate values for the state variables to initialize the model in 1960. Second, we define

a minimum distance criteria for GDP (Yt,mn + Yt,ag), population (Nt), crop land (Xt), and TFP

(At,mn, ag) as a way to select the vector of parameters that best fit observed trajectories. We find

that the model closely fits the targeted data; structural estimation of the vector of parameters is

described in more detail in Appendix A, where we also report goodness-of-fit measures.

3 Land-use externality: Scenarios

In this section we introduce the “red queen” contest in agricultural technology. In a first step, we

expand upon the intuition underlying the existence of an externality associated with agricultural

land conversion. We then explain how biological hazards are integrated in the representation of

agricultural R&D.

3.1 Intuition for the land use externality

The agricultural sector also has an inbuilt force for technological regression. Technological re-

gression occurs by reason of the erosion of the effectiveness of an existing man-made innovation,

so that its productivity impact is no longer experienced (e.g. Evans, 1993; Scheffer, 1997). In

14 The numerical problem is formulated in GAMS and solved with KNITRO (Byrd et al., 1999, 2006), a specialized
software for constrained non-linear programs.

15 Data on TFP is derived from TFP growth estimates and are thus subject to some uncertainty. Nevertheless, a
robust finding of the literature is that the growth rate of TFP economy-wide and in agriculture is on average
around 1.5-2% per year. To remain conservative about the pace of future technological progress, we assume it
declines from 1.5 percent between 1960 and 1980 to 1.2 percent from 1980 to 2000, and then stays at 1 percent
over the last decade.
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effect, in the agricultural sector, upward steps on the technology ladder achieved by man-made

innovations may be lost through backwards steps (Goeschl and Swanson, 2003). This tendency

for technological regression over time, or depreciation of the current state of technology, derives

from the evolutionary selection process allowing pests and pathogens to adapt to a given inno-

vation. Thus with the passage of time alone, it would be expected that technological progress in

agriculture would be eroded by virtue of these biological processes.

While the large-scale expansion of the food production system is what provides sustenance

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

by that society.16 We assume that, as the amount of land allocated to the agriculture expands,

the increased uniformity of the genetic material used in production directs the process of evo-

lution and favors biological innovations (e.g. Weitzman, 2000). This is based on the notion of

resilience of ecosystems, one aspect of which is that only individuals resistant to a particular

innovation reproduce and thus, over time, become disproportionately prevalent. As the genetic

material supporting agriculture declines, pests and pathogens become more likely to adapt to

crops and proliferate, increasing crop losses to biological hazards (Cardinale, 2012; Reich et al.,

2012). The continued conversion of lands to modern agriculture increases opportunities for the

proliferation of pests and pathogens, and hence reduces overall agricultural productivity in the

agricultural system (Tscharntke et al., 2005; Bianchi et al., 2006). Allocating land to reserves

(i.e. reducing the rate of conversion) then serves as a means of mitigating the rate of flow of

biological hazards (i.e. conservation reduces the global land-use externality).

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

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

depreciation of agricultural technology over time, investments in the agricultural R&D sector are

required to be positive just to keep TFP constant in that production sector. However, we posit

that the likelihood of the arrival of a biological problem is determined by a convex relationship

between land conversion and the occurrence of pests and pathogens. Hence the scale of the food

production system determines the rate of arrival of problems and the associated expected rate

of technological depreciation (or moves down the technological ladder). Thus the net outcome

16 Chappell and LaValle (2011) provide a detailed literature review on the trade-off between food security and
biodiversity. According to Chapin et al. (2000), land-use change is projected to have the largest global impact on
biodiversity by the year 2100.
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of the technological contest in agriculture is determined by (i) the quantity of labor allocated to

agricultural R&D, determining the rate of arrival of man-made innovations, and (ii) the scale of

the modern food production system, as measured by the amount of land used for agriculture,

determining the rate of arrival of biological problems (pests and pathogens).

Of course there are many other potential costs that might be associated with the increased

scale of agriculture and reduced global biodiversity. One important cost is the loss of biodi-

versity associated with the conversion of natural land towards agricultural land, which reduces

the resources from which R&D solutions to biological hazards could be found (Simpson et al.,

1996; Rausser and Small, 2000). This provides an alternative channel by which land conversion

reduces agricultural technology growth, as it makes future man-made innovation more difficult

to achieve. As will become clear below, this process has a very similar impact, in terms of agri-

cultural technological progress, as the one determining the occurrence of pests and pathogens.

Hence the interpretation of our results can be extended to the case where natural land areas are

preserved as a way to preserve the pool of genes to be used for R&D.

3.2 Specification of the land use externality

As described in Section 2.1.2, man-made innovation in agriculture derives from the allocation of

labor to R&D activities, while land acts as an input to agricultural production (Section 2.1.1). We

now introduce the critical second role for land allocation, and that is to determine the manner in

which technology evolves. 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 depreciation

to agricultural TFP).17

The rate of technological depreciation for the agricultural R&D sector is endogenous and

depends on the size of the agricultural system. Hence technological progress in agriculture, and

by extension agricultural output (equation 3), is augmented to include depreciation associated

with the occurrence of biological hazards:

Ãt+1,ag = Ãt,ag · (1 + ρt,agS − φtS) , (9)

17 In the continuous time framework of Aghion and Howitt (1992) this can be interpreted as a discrete step down
on the technology ladder. However, as we work on discrete town we work with a continuous rate of TFP
depreciation, effectively integrating discrete downwards steps occurring over time intervals.
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where φt measures the rate at which man-made R&D depreciates. Similar to man-made in-

novation growth, TFP depreciation associated with biological hazards is proportional to the

maximum rate of change in TFP S = 0.05.

This augmented representation of agricultural technology integrates the biological world

into man-made technological progress. The relationship between amount of land allocated to

agriculture and the depreciation of agricultural TFP is then written as an increasing and convex

function of the amount of land used in agriculture:

φt = λD (Xt)
µD , (10)

where λD ≥ 0 and µD > 1. The implied convexity captures non-linearities in the value of biodi-

versity (e.g. Brown and Goldstein, 1984) and is reminiscent of threshold effects that characterize

many ecological processes. The expected growth rate of agricultural TFP is the net result of the

flow of innovations out of man-made R&D (or moves up the TFP ladder) and the arrival of bio-

logical hazards associated with the scale of agriculture (moves down the technological ladder).

The biological process underlying Equation (10) is well documented, but there exists little

empirical evidence that could guide the parametrization of (10). Indeed identifying separately

the processes determining the evolution of agricultural TFP, whether man-made innovations

respond to biological hazard or the opposite, is challenging.18 For example, Oerke (2006) pro-

vides a quantitative overview of crop losses to pests and pathogens and Bennett et al. (2012)

provides evidence about the yields lost due to the use of monoculture. While they do not make

a link with agricultural area, these two studies suggest that the potential loss in worldwide agri-

cultural output due to pests and pathogens is large, with actual losses around 30 percent and

potential losses (i.e. without any control) around 50 percent (Oerke, 2006). At the micro-level,

Veres et al. (2013) provides a recent overview at the landscape level, while Okada et al. (2013)

reports empirical evidence that the area over which herbicides is applied is positively correlated

with genetic resistance by weeds. However, empirical evidence at the micro level is difficult to

extrapolate at the global level.

18 However, because the model is fitted to the last fifty years of data on agricultural TFP growth, estimates deter-
mining labor productivity in agricultural R&D will reflect the occurrences of biological hazards. This is because
man-made innovations are directed at existing pests and pathogens, and that these threats have been adapting
over time to the technological solutions.
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Figure 2: Land conversion and expected rate of agricultural TFP depreciation
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We therefore select the parameters determining the scale of the externality, λD and µD in

(10), in order to illustrate he processes at play and how these impact the macroeconomic system.

Our main specification, displayed in Figure 2, implies that TFP depreciation rate is small (indeed

almost insignificant) given 2010 agricultural land area, but rises sharply with additional land

conversion projected to take place in the future.

Specifically, we select the parameters such that, along our baseline projection for agricultural

land, the land conversion externality reduces baseline 2100 agricultural agricultural output by

10 percent. The corresponding numerical values for the parameters are λD = 3.5e − 5 and

µD = 10. As shown in 2, per period TFP depreciation rate due to biological hazards starts at

0.025 percent in 2010, and gradually increases to 0.1 percent by 2100. Given the projected

rate of TFP growth, which starts around 1 percent in 2010 and declines over time towards 0.5

percent, the assumed schedule for TFP depreciation are small but significant.

4 Results: Optimal control and simulations

4.1 Decision-making scenarios: Centralized and decentralized choices

Trajectories for agricultural land and population at the global level stem from decentralized de-

cisions on land conversion and fertility. When individual decision-makers do not internalize the

increasing inflow of problems associated with land conversion, the decentralized allocation will

15



differ from the social optimum. For this reason it is important to consider alternative assump-

tions concerning the possible responses to the land conversion externality.

We consider three alternative scenarios: (i) a baseline path in which there is no externality;

(ii) a path in which land conversion has a negative impact on agricultural TFP, and a social plan-

ner can respond to it with both land conservation policies and increased man-made agricultural

innovations resulting in the social optimum (labeled “Technology and conservation”); and (iii)

a path in which land conversion has a negative impact on agricultural TFP, but land conversion

and fertility decisions by individual households do not take it into account, making man-made

innovation the only possible response (labeled “Technology only”). We now discuss these in

turn.

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

increased inflow of hazard to agricultural production. Therefore λD = 0. This pathway would

prevail, for example, if the risk of biological hazard did not increase with farther expansion

of the agricultural system. Along this pathway the sole cost associated with the expansion of

agricultural land is the allocation of labor to land clearing. We evaluate the magnitude of the

cost associated with the land conversion path under the label “Baseline with externality.” This

provides a measure of the scale of the externality if there is no attempt to control it.

The Technology and conservation outcomes are derived under the assumption that a social

planner controls all the variables of the problem and that he takes into account the impact of

land conversion on agricultural TFP. In this case the negative feedback of converting land in

terms of TFP is internalized, and agricultural land and population are optimally determined

given the social cost of expanding agricultural land. Resources devoted to R&D can also be

modified to increase the pace of man-made innovation and counter the incoming biological

hazards. Intuitively, this is the social optimum derived in the presence of a land conversion

externality.

The Technology only pathway focuses on the problem of decentralized choice regarding fer-

tility and land conversion. In particular, individual decisions about fertility and land conversion

fail to recognize the negative feedback from land conversion on agricultural TFP. In the sim-

ulations, trajectories for population and land are exogenously set to those determined under

the Baseline scenario. Given trajectories for population and land, we solve for the allocation
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of resources that takes into account the land conversion externality induced by decentralized

fertility and land conversion choices. Thus in this scenario, the external cost of land conversion

can solely be addressed by an increased allocation of resources to the agricultural R&D sector

in order to increase the pace of man-made innovations. The land conversion externality thus

implies that these pathways are suboptimal as private and social objectives diverge.

To summarize, the Baseline pathway thus represents the evolution of an unconstrained the

world in terms of biodiversity and biological hazards. The Technology only pathway demon-

strates how the pursuit of individual interests that abstract from the external cost associated

with land conversion conflict with the social objective and result in the need to divert resources

towards R&D to alleviate the impact of biological hazard. The Technology and conservation path-

ways demonstrate how the social optimum might instead reduce the scale of land conversion in

response to the association between land conversion and biological hazard.

4.2 Aggregate impacts of the land conversion externality

Figure 3 reports trajectories for population (panel a) and agricultural land (panel b). By def-

inition, these paths are the same under the Baseline and Technology only scenarios. The main

implication of baseline projections from the model is a world population of 9.85 billion by 2050

and 12 billion by 2100. Agricultural land area reaches 1.73 billion hectares in 2050 and stabi-

lizes at 1.77 billion hectares shortly after that. As discussed in Lanz et al. (2014), these figures

lie towards the upper end of projections by the United Nations (2013) and by the Food and Agri-

culture Organization (Alexandratos and Bruinsma, 2012). We find that a steady state in land

conversion is consistent with sustained growth in agricultural output even though we are only

mildly optimistic about future technological progress.19 Indeed sectoral TFP growth in 2010 is

around one percent per year and declines from 2010 onwards (see Figure 3, panel e).

An important feature of these projections is that the growth rates of the variables decline

towards a balanced growth trajectory where population, land and capital reach a steady state.

19 Between 1960 and 2010, agricultural output in the model increased by 279 percent, and increases by a further
67 percent between 2010 and 2050. Without being targeted by the estimation, these figures are consistent with
an observed two percent annual growth rate in global agricultural output reported in Alexandratos and Bruinsma
(2012) for the period 1960 to 2010, and very close to the 72 percent increase in agricultural output projected by
the same authors between 2010 and 2050. Between 2050 and 2100, agricultural output increases by a further
31 percent.
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Figure 3: Projections for population, land conversion and agricultural technology, 2010 – 2100
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Thus our results confirm the widespread expectation that the long-standing processes of growth

in population and land conversion are in decline. This is resulting from the quality-quantity

trade-offs, shifting from quantity-based economies with large levels of population growth and
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associated land conversion toward quality-based economies with investments in technology and

education for lower levels of fertility. Importantly, the decline in growth rates is a feature of the

data over which the model is estimated.

However, while the population growth rate declines over time, it is still significantly positive

in 2100. One key implication of our model is therefore that population does not reach a steady

state in the foreseeable future, and in particular that the decline of population growth is slower

compared to what is implied by existing population projections from the United Nations (2013)

and Lutz and Samir (2010) for example. The finding of sustained population growth over the

coming century is plausible because of the amount of inertia in the system, and because better

economic prospects will sustain the demand for children despite an increasing cost associated

with child rearing and education.

Turning to the impact of land conversion on agricultural TFP, it is obvious that the path

for population is almost unaffected. The difference between population under Baseline and

Technology and conservation is less than 1 percent by 2100 (or around 100 million). However

the externality has a large impact on socially optimal land conversion choices (panel b). Under

Technology and conservation agricultural land area immediately declines and reaches a steady

state at around 5% below the 2010 level. This corresponds to a reduction of agricultural land by

70 million hectares relative to 2010, as opposed to an increase by around 150 million hectares

under the baseline scenario. The planner thus leaves a portion of agricultural land used in 2010

to convert back to natural land in order to mitigate the negative impact of agricultural land

expansion.

The impact of land conversion on the agricultural TFP growth is illustrated in panels (c)

and (d). The pace of technological depreciation (panel c) associated with the baseline level of

agricultural land reaches around 0.1 percent by 2100, as shown by the path for the technology

only scenario. In contrast, under technology and conservation the decline in agricultural land

area gradually brings depreciation close to zero. At the same time, the level of man-made

innovation in agricultural R&D under both the technology only and technology and conservation

scenarios is higher relative to the Baseline scenario. As shown in panel (e), the resulting growth

in agricultural TFP is higher under Technology and conservation than Baseline, thus compensating

for the lower amount of land input used in agriculture. Under the Technology only scenario
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however TFP growth is lower relative to the baseline, but slightly higher higher than the path

for Baseline with externality.

In the final panel of Figure 3, we report the growth rate of agricultural yield (panel f), which

measures the rate of change in agricultural output per unit of agricultural land area. This is an

important measure of the resources allocated to agriculture for a given agricultural land area

in use. The paths for Baseline and Technology only are almost identical, with agricultural yield

growth starting at around 1.2 percent per year in 2010 and declining towards 0.5 percent per

year in 2100. This is expected because both the amount of land and the amount of population

that has to be fed is the same under both scenarios. The growth rate of agricultural yield

derived under the Technology and conservation scenario is initially high at around 1.8 percent,

and converges to the same growth rate as the Baseline path by 2100. This suggests an important

reallocation of factors to increase agricultural yield in early period, but a convergence of the two

paths in the long run. We also note that, under the Baseline scenario, the implied externality

would mean that agricultural yield growth would be lower by around 0.1 per cent per year by

2100.

Before turning to the sectoral allocation of labor and capital, Figure 4 reports an index for

agricultural output (panel a) and the associated growth rate (panel b).20 This Figure demon-

strate that agricultural output is virtually the same across all scenarios, despite differences in

the composition of inputs (recall that population is almost identical across all scenarios). Our

model suggests an increase of agricultural output by 67 percent in 2050 relative to 2010, and

a doubling of agricultural production by 2100. Note that these figures are broadly in line with

the 60 percent increase projected by Alexandratos and Bruinsma (2012), the difference seeming

mostly from slightly higher population projections. The simulated impact of the externality that

would prevail under a myopic allocation of resources (baseline with externality) implies that

around 10 percent of agricultural output would be lost due to the negative feedback of land

conversion.

20 The base year of the index is 1960 suggesting that agricultural output increases by a factor of 2.8 over the
estimation period. While this figure is not directly targeted by the estimation, it is very close to the factor of 2.7
reported in Alexandratos and Bruinsma (2012) over the same period.
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Figure 4: Agricultural output and associated growth rate, 2010 – 2100
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4.3 Changes in sectoral labor allocation

Figure 5 reports on how the allocation of labor differs across scenarios. Specifically, we report

the difference in percentage points between labor shares allocated to different activities using

Baseline as the benchmark.21 The Technology only path shows that the share of labor allocated

to agricultural R&D increases in order to support a higher pace of man-made innovations. The

share of labor allocated to agricultural R&D is around half a percent higher relative to Baseline,

which corresponds roughly to a 10 percent increase of the workforce allocated to agricultural

R&D.22 Similarly, the share of labor in agriculture increases over time to compensate lower TFP

growth resulting from TFP depreciation. Importantly, the Technology only scenario implies that

labor is diverted away from manufacturing production and R&D, which will induce large welfare

costs.

Under the Technology and conservation path, the social planner significantly reduces agricul-

tural land area but maintains food supply by increasing the share of labor in both agricultural

production (panel a) and R&D (panel c). Specifically, more labor is allocated to agricultural

production in order to make up for the lower land input, and also in agricultural R&D in order

21 Thus if the path for the technology only scenario is 0.2 above zero, this implies that the share of labor allocated
to that particular sector is 0.2 percentage point higher under the technology only scenario relative to the baseline.

22 While the proportion of labor employed in agricultural R&D (around 5 percent) may appear to be high, it should
be noted that it includes any labor time dedicated at improving factor productivity. This includes many informal
activities taking place in developing economies, such as seed selection or improving irrigation practices.
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Figure 5: Sectoral labor shares relative to Baseline (in percentage points)
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to compensate for remaining TFP depreciation. Labor shares allocated to manufacturing and

manufacturing R&D are, however, almost identical between Technology and conservation and

Baseline. The share of labor allocated to both land conversion and fertility is lower under the

Technology and conservation scenario, which translates into a slightly lower population.

Finally, panel (f) shows that the share of capital allocated to agriculture is higher under both

Technology and conservation and Technology only scenarios relative to the baseline.

4.4 Per capita consumption and social welfare

Figure 6 shows the implications of reallocating labor away from the manufacturing sector in

terms of per capita consumption. Specifically we report paths for per capita manufacturing

consumption (panel a) and food consumption (panel b) derived under Technology only and

Technology and conservation as a percentage Baseline consumption level each period.
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Figure 6: Per capita consumption relative to Baseline (in %)
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The main result is that, under Technology and conservation, both manufacturing and food

consumption are lower than under Baseline, but that the difference is small. Given our represen-

tation of preferences, the trajectory reported in panel (a) is a measure of equivalent variation

as a percentage of Baseline consumption, which is around 0.3 percent. Thus under the social

optimum the welfare cost of the externality is small. The slightly lower consumption of food

is explained by the fact that manufacturing output under Technology and conservation (i.e. in-

come) is slightly lower than under Baseline (see Figure 4 panel b), which implies that the per

capita demand for food is lower. In other words, because households in the Technology and

conservation are slightly less opulent, they consume less food on a per capita basis.

On the contrary, differences in manufacturing consumption (and hence welfare) between

Baseline and Technology only start at around 1 percent and increase over time. These results

suggest a large value for global land use management, as maintaining land reserves generates

a substantial gain in welfare over time. In other words, the cost associated with a reduction of

the land area dedicated to agriculture is not very high, whereas remaining on the same path

for land conversion implies a costly re-allocation of resources. This result is mainly driven by

the assumed substitution possibilities between primary factors in agriculture, in particular the

elasticity of substitution σ, and we return to the importance of this parameter in next section.

But more fundamentally, this result reflects the fact that, over the 50-year period during which

the model is estimated, land only plays a relatively minor role in the growth of agricultural

output.
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4.5 Interpretation and discussion

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

futures in terms of land management and welfare. The Baseline scenario is based on the assump-

tion that there is no negative feedback from land conversion towards modern agriculture. This

scenario is mostly a continuation of what has been observed in recent history, with significant

(although declining) rates of land conversion and population expansion. Continuing along this

pathway would imply further land conversion by around 10% relative to 2010. However, given

developed countries will likely experience a decline in agricultural land area (Alexandratos and

Bruinsma, 2012), the amount of land brought into agriculture from within developing countries

will amount to more than that, and these are precisely the areas that hold the most valuable and

diverse genetic resources.

The Technology only scenario takes the fertility and land conversion decisions resulting from

the Baseline scenario as a given, but assumes that the social planner can reallocate resources

in response to the negative externality of land-use. The basic result is that the cost of the un-

managed global land is large and must be divided between consumption and R&D. In particular,

under the assumption that individuals make fertility and land conversion decisions without con-

sideration of the negative externality, the labor allocation must compensate through increased

allocation to the R&D sector. This drives a large gap between the Baseline and Technology only

scenarios in terms of consumption and in turn welfare.

Under the Technology and conservation scenario 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 reduction in agricultural land area,

which is compensated by devoting more resources to agricultural production and R&D.

A striking feature of the Technology and conservation path is that the social planner immedi-

ately starts to build up land reserve as a buffer against agricultural TFP depreciation. In Figure 7

we show how the path in which the level of externality is selected such that the socially optimal

amount of agricultural land is roughly that of 2010. This corresponds to a decrease of λD from

3.5e-5 to 1e-5. The implications in terms of per capita manufacturing consumption (welfare)

are reported in panel (b) and show that the welfare cost of such land conversion policy is around
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Figure 7: Impact of λD on land conversion and welfare
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0.1 percent. The model thus suggests that land conservation policies are relatively cheap in so

far as they are associated with higher resource allocated to agricultural R&D as well as more

capital and labor allocated to agricultural activities.

One key assumption underlying this result is the assumed substitutability between factors

in agricultural production, and the importance of this assumption is illustrated in Figure 8. In

particular, assuming σ = 0.2 instead of σ = 0.6, so that it is more difficult to substitute the

capita-labor composite for land, has two effect. First, in the Baseline scenario, as agricultural

production grows to meet the growing demand for food, a lower σ implies that factor inputs

in agriculture are more complementary and thus the demand for land conversion is larger. To

assess this effect, we first re-estimate the model using σ = 0.2 so that it fits the data over the

period from 1960 to 2010 (see Lanz et al., 2014, for more details). However, while the level of

land conversion is indeed higher under the assumption that σ = 0.2, the increase in agricultural

land relative to σ = 0.6 is small.

The second effect arises when we introduce the land use externality, as a lower σ implies

that it is more costly to substitute out of the land input. The proportional response in terms

of land conservation is thus lower when σ = 0.2 as compared to σ = 0.6. But in addition to a

lower reduction in agricultural land input, more capital and labor have to be diverted from other

sectors in order to maintain food production, as inputs are more complementary. This implies

that the welfare cost of the externality is significantly larger, as shown in Figure 8, panel (b).
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Figure 8: Impact of σ on land conversion and welfare

(a) Agricultural land in billion hectares (Xt)
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5 Concluding comments

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

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

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

expansion of agriculture. In this case, our quantitative model projects a population approaching

12 billion persons over the next century and an increase of agricultural area by around 150

million hectares.

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

feedback from the unabated expansion of the agricultural system. Motivated by theoretical and

empirical considerations, we have modeled this negative feedback as a convex function of agri-

cultural land area. In our model, the ongoing expansion of agriculture generates an increased

flow of hazards within the system, which must be addressed through man-made innovations or

experienced through lower agricultural TFP.

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

One is the technology only scenario in which population and land conversion is determined in

a decentralized manner and fixed to their baseline pathway, and the decision maker must react

through factor allocation. While the R&D sector is used as a means of addressing the resulting

biological feedback, the reallocation of resources results in a lower per capita consumption. In

turn, the external cost of uncontrolled agricultural expansion thus has significant impact on

aggregate welfare.
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In the final scenario we have explored, Technology and conservation, the decision maker both

perceives the negative externality and he can manage the negative feedback through both the

R&D sector and also through land conservation. This results in a decline in agricultural land

area, although it is associated with a significantly lower welfare impact than the one observed

under Technology only.

We close by emphasizing that these results are illustrative of the working of a land conver-

sion externality that would affect agricultural technology. As discussed in the text, while there

exists empirical evidence supporting the evolutionary mechanisms at the micro level (plot- and

landscape-level), further work should provide empirical evidence about the scale of such exter-

nality at the macro level. Nevertheless, our empirical framework suggests that land reserves can

be constituted at a relatively low cost in terms of per capita consumption. The key message that

accompanies this positive outlook is that the constitution of land reserves should be accompa-

nied by investments in both agricultural technology and agricultural capital as a substitute to

land in the production of food.
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Appendix A Structural estimation procedure and model fit

As detailed in Lanz et al. (2014), the seven parameters {µmn,ag, χ, ζ, ω, ψ, ε} are estimated using

simulation-based structural methods. The moments we target are taken from observed trajecto-

ries over the period 1960 to 2010 of world GDP (Maddison, 1995; Bolt and van Zanden, 2013),

world population (United Nations, 1999, 2013), crop land area (Goldewijk, 2001; Alexandratos

and Bruinsma, 2012) and sectoral TFP (Martin and Mitra, 2001; Fuglie, 2012).23 In the model

these correspond respectively to Yt,mn + Yt,ag, Nt, Xt, At,mn and At,ag. We target one data point

for each 5-year interval, yielding 11 data points for the targeted quantity (55 points in total),

and use these to formulate a minimum distance estimator.

Specifically, the parameters minimize the value of the following expression:

∑
k

[∑
τ

(Z∗k,τ − Zk,τ )2/
∑
τ

Zk,τ

]
, (A1)

where Zk,τ denotes the observed quantity k at time τ and Z∗k,τ is the corresponding value simu-

lated from the model. For each parameter to be estimated from the data, we start by specifying

bounds of a uniform distribution. For elasticity parameters, these bounds are 0.1 and 0.9 and

for the labor productivity parameters we use 0.03 and 0.3. We then solve the model for 10,000

randomly drawn vectors of parameters and evaluate the error between the simulated trajecto-

ries and those observed. By gradually refining the bounds of the distribution, this procedure

converges to the vector of parameters that minimizes goodness-of-fit objective. This procedure

converges and the vector of estimates reported in Table A1.24

23 Data on TFP is derived from TFP growth estimates and are thus subject to some uncertainty. Nevertheless, a
robust finding of the literature is that the growth rate of TFP economy-wide and in agriculture is on average
around 1.5-2% per year. To remain conservative about the pace of future technological progress, we assume it
declines from 1.5 percent between 1960 and 1980 to 1.2 percent from 1980 to 2000, and then stays at 1 percent
over the last decade.

24 As for other simulation-based estimation procedures involving highly non-linear models, the uniqueness of the
solution cannot be formally proved (see Gourieroux and Monfort, 1996). Our experience with the model suggests
however that the solution is unique, with no significantly different vector of parameters providing a comparable
goodness-of-fit objective. In other words, estimates reported in Table A1 provide a global solution to the esti-
mation objective. This is due to the fact that we target a large number of data points for several variables, and
that changing one parameter will impact trajectories across all variables in the model, which makes the selection
criteria for parameters very demanding.
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Table A1: Estimation results: Parameters

Parameter Description Estimates

µmn Elasticity of labor in manufacturing R&D 0.581
µag Elasticity of labor in agricultural R&D 0.537
χ Labor productivity parameter in child rearing 0.153
ζ Elasticity of labor in child rearing 0.427
ω Elasticity of labor productivity in child rearing w.r.t. technology 0.089
ψ Labor productivity in land conversion 0.079
ε Elasticity of labor in land-conversion 0.251

The resulting fit of the model is reported in Figure A1, which compares trajectories that were

observed over the period from 1960 to 2010 with the trajectories simulated from the model. As

evident from the pictures, the estimated model provides a a very good fit to recent history, and

the relative squared error (A1) across all variables is 3.52 percent. The size of the error is mainly

driven by the error on output (3.3 percent), followed by land (0.1 percent) and population (0.03

percent). Figure A1 also reports the growth rate of population, which is not directly targeted

by the estimation procedure, showing that the simulated trajectory closely fits the observed

dynamics of population growth.
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Figure A1: Estimation of the model 1960 – 2010
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