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Abstract

This study develops a simple economic model for the evolution of the human society
from hunting-gathering to agriculture and then an industrial economy. The human society
evolves across these three stages as population grows. However, under endogenous pop-
ulation growth, the population may stop growing and never reach the next threshold. If
it fails to reach the first threshold, then the population remains as hunter-gatherers. If it
reaches the first threshold, then an agricultural society emerges. The Neolithic Revolution
occurs under a low fertility cost, strong fertility preference, high agricultural productivity,
and high labor supply. Then, if the population fails to reach the next threshold, the econ-
omy remains in an agricultural Malthusian trap and does not experience industrialization.
Industrialization occurs under a low fertility cost, strong fertility preference, high agricul-
tural productivity, high labor supply, a large amount of agricultural land, high industrial
productivity, and a low fixed cost of industrial production.
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1 Introduction

Latest evidence suggests that Homo sapiens emerged in Africa as early as about 300,000 years
ago.! For most of its history, humans were hunter-gatherers. Then, the Neolithic Revolution
(the transition from hunting-gathering to agriculture) occurred in the Fertile Crescent over
10,000 years ago and then in other parts of the world.? In the late 17th and early 18th century,
the Industrial Revolution (the transition from agriculture to the manufacturing of goods) took
place in Britain and then continental Europe and the United States.® Are these transitions in
the economic evolution of the human society inevitable? If not, what are the different conditions
that could have potentially made the transitions more or less likely to occur?

This study develops a simple model that captures the evolution of the human society from
hunting-gathering to agriculture and then from agriculture to the emergence of an industrial
economy. In our model, the human society evolves across these stages as the size of the popula-
tion grows. However, under endogenous population growth, the population may stop growing
at any stage and never reach the next threshold. If it fails to reach the first threshold, then
the human population remains in a hunting-gathering Malthusian trap. If the population size
reaches the first threshold, then an agricultural society emerges; therefore, both the Boserupian
and Malthusian forces are present in our model.* The Neolithic Revolution occurs under the
following conditions: a high level of agricultural productivity, a low cost of fertility, a strong
preference for fertility, and a high level of labor supply. We discuss the intuition of these results
and their relation to existing hypotheses and evidence in the main text.

After an agricultural society emerges, the economy eventually becomes completely agricul-
tural until it reaches the next threshold. If it fails to reach the next threshold, the economy
remains in an agricultural Malthusian trap and does not experience industrialization. Industri-
alization is influenced by the same conditions as the Neolithic Revolution (namely, a high level
of agricultural productivity, a low cost of fertility, a strong preference for fertility, and a high
level of labor supply) and also other conditions: a large amount of agricultural land, a high
level of industrial productivity, and a low fixed cost of industrial production. Therefore, the
conditions that trigger the Neolithic Revolution also trigger the subsequent industrialization,
but not necessarily vice versa. Here the importance of the population size on industrialization
is due to its increasing returns to scale (i.e., having a large enough market to cover the fixed
costs associated with industrial production) as in Murphy et al. (1989), whereas the impor-
tance of the population size on the Neolithic Revolution is due to the decreasing returns to
scale in hunting-gathering as in North and Thomas (1977). Finally, if the population reaches
the industrial threshold, then a modern economy emerges and exhibits positive steady-state
population growth and possibly also growth in differentiated products as in Romer (1990).

This study relates to the literature on the economic modelling of the transition from hunting-
gathering to agriculture; see Smith (1975) and North and Thomas (1977) for early studies and

!See Hublin et al. (2017) and Richter et al. (2017).

2See Barker (2006) for a detailed discussion of the archaeological evidence on the origins of agriculture.

3See Madsen et al. (2010) and Madsen and Murtin (2017) for interesting empirical studies on the Industrial
Revolution in Britain.

4Boserup (1965) argues that agricultural methods depend on the population size. Her idea has been extended
to the case in which the transition to agriculture depends also on the population size; see Cohen (1977).



Weisdorf (2005) for an excellent review of this literature.” A subsequent study by Locay (1989)
develops a dynamic general equilibrium model with endogenous fertility to explore the transition
of the human population from nomadic hunter-gatherers to a sedentary agricultural society; see
also the interesting studies by Olsson (2001) and Weisdorf (2003).° Baker (2008) estimates an
extended version of the Locay model using historical data on the incidence of agriculture and
finds empirical support for the model.” Our model is based on Locay (1989) and Baker (2008)
with the introduction of an industrial economy as the third stage of the economic evolutionary
process, without which the population remains either in a hunting-gathering or an agricultural
Malthusian trap in the long run. An important finding is that the transition from hunting-
gathering to agriculture and the transition from agriculture to industry are both endogenous and
may not always occur depending on parameter conditions. Furthermore, the conditions (e.g., a
high level of agricultural productivity) that give rise to the Neolithic Revolution can also trigger
the subsequent industrialization;® see Olsson and Hibbs (2005) for empirical evidence that
favorable initial biogeographic conditions (which affect agricultural productivity) can trigger
the Neolithic Revolution and the subsequent development in the industrial era. Using an index
of biogeographic conditions as instruments, Ang (2015) also finds that the timing of transitions
to agriculture has a significant effect on technology adoption from 1000 BC to 1500 AD.

This study also relates to the literature on unified growth theory; see Galor and Weil (2000)
for the seminal study and Galor (2005, 2011) for a comprehensive review. Studies in this
literature explore the endogenous transition of an agricultural economy in a Malthusian trap
to a modern industrial economy with technological progress and long-run economic growth.
This study complements the interesting studies in this literature by developing a simple unified
model that captures both the first transition from hunting-gathering to agriculture and the sec-
ond transition from agriculture to the dawn of a modern industrial economy with endogenous
population growth. In the spirit of Diamond (1997), Olsson and Hibbs (2005) also model both of
these important transitions in human history using a theoretical framework that focuses on the
causal relationship between initial biogeographic conditions and the subsequent development of
the economy. Specifically, they assume that a better biogeographic endowment causes a higher
growth rate of productive knowledge, which in turn triggers the transitions once productive
knowledge reaches certain exogenous thresholds. We take a complementary approach in which
population growth is endogenously determined by optimizing agents and the transitions occur
only when population size crosses thresholds that are also endogenously determined within the
model. Consistent with Olsson and Hibbs (2005), we find that initial agricultural productiv-
ity not only affects the Neolithic Revolution but also the subsequent industrialization, which
confirms the robustness of their theoretical result.

The rest of this study is organized as follows. Section 2 presents the static model with

SWeisdorf (2005) also reviews the related archaeological and anthropological literature.

6QOlsson (2001) develops a model that allows for four potential explanations for the agricultural transition:
environmental condtions, population pressure, cultural influence, and external factors. Weisdorf (2003) develops
a model in which an agricultural society allows for non-food-producing specialists who supply non-food goods.

"See Weisdorf (2011) for a review of the more recent literature. In Weisdorf (2011), the agricultural transition
is caused by an exogenous discovery of agricultural technology. The approach in Locay (1989) and Baker (2008)
implicitly assumes that the discovery of technology occurs before agents have incentives to adopt it.

8See also Chu, Peretto and Wang (2021) who introduce an agricultural sector to the Schumpeterian model
with endogenous takeoff in Peretto (2015) and show that high agricultural productivity triggers industrialization.



exogenous population. Section 3 develops the dynamic model with endogenous population.
Section 4 explores an extension with a monopolistic industrial market. Section 5 concludes.

2 A static model of economic evolution

Our model is based on Locay (1989) and Baker (2008). We extend the Locay model to introduce
an industrial economy as the third stage of economic evolution. In the first stage, the population
engages in hunting-gathering. In the second stage, an agricultural society emerges. In the third
stage, an industrial economy emerges. The population consists of N identical agents. Fach
agent is endowed with [ units of labor, which can be allocated to hunting-gathering [, farming
lr or industrial production ly. Therefore, the labor constraint faced by each agent is

lg+lp+1ly =1 (1)

In the pre-industrial era, industrial production does not yet exist, and hence, the constraint
simplifies to [y + [ = [. There is also a fixed amount of land denoted as Z, which can be used
for hunting-gathering or farming.

2.1 Hunting-gathering

Hunting-gathering takes place in available land that is not occupied for farming. We use Iy
to denote the average amount of labor endowment devoted to hunting-gathering. Then, total
food production from hunting-gathering is given by

H=0(1gN)"(Zu)', (2)

where [N and Zy < Z are respectively the total amount of labor and land devoted to hunting-
gathering. The parameters # > 0 and v € (0,1) measure respectively the productivity and
labor intensity of the hunting-gathering process. An agent, who contributes /5 units of labor
to hunting-gathering, receives h units of food production given by

h= -iiNeaHNmZHM 3)

in which the agent takes I and Zy as given.

2.2 Agriculture

Farming also requires both labor and land. The farming production of an agent, who devotes
lF units of labor to farming, is

f=llr)2', (4)



where the parameters ¢ > 0 and « € (0, 1) measure respectively the productivity and labor
intensity in agriculture. z is the amount of land used by the agent. We follow Baker (2008) to
assume a fixed ratio p of land to farming labor given by

z = plp (5)

when agricultural land is not scarce (i.e., plpN < Z); in this case, f = @p'~®lp. Weisdorf
(2005) argues that the temporary constant returns to farming labor is a reasonable assumption
when there is abundant agricultural land. When agricultural land becomes scarce, it is equally
divided between agents; i.e.,

z=Z/N. (6)

In this case, there is no more land available for hunting-gathering (i.e., Zy = 0); see North
and Thomas (1977) for a discussion that with communal property rights on agricultural land,
farmers have better access to land than hunter-gatherers.

2.3 Industrial production

As in Murphy et al. (1989), the operation of modern industrial production requires a fixed cost
§ > 0 under which total industrial output is given by’

Y = A(ly N — ), (7)

where [y N is the total amount of labor devoted to industrial production, and the parameter
A > 0 determines the level of industrial productivity. We assume that the fixed cost is shared
by all agents when the industrial economy operates. Then, the output of industrial production
received by an agent, who devotes ly units of labor, is

y = A(ly — §/N). (8)

Due to the fixed cost 9, the industrial market would not operate unless the population size N
is sufficiently large.

2.4 From Neolithic Revolution to industrialization

In this section, we explore the evolution of the economy and impose the following parameter
assumption: A > ¢p'™® > 0p'~7. The population begins as hunter-gatherers and evolves
into an agricultural society before an industrial economy emerges. We will impose parameter
restrictions to ensure the realistic scenario in which industrialization takes place only after the
complete transition from hunting-gathering to agriculture.

We begin by assuming that each agent maximizes consumption given by

c=ax+y=h+f+y, (9)

90ne can think of this reduced-form production function as capturing a modern monopolistic market with
firm-level production functions ¥ = {fol [V (i)]edi}*/* and Y (i) = A[ly (i) — 0]; see Section 4 for this analysis.
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where the perfect substitutability between food production x and industrial production y is for
simplicity but not entirely unrealistic. For example, industrial production may include modern
methods of farming that require fixed investment. Alternatively, with the output of industrial
goods, the agents can purchase agricultural goods from other regions. So, maximizing ¢ can be
thought of as maximizing income given by x + y.!°

In the initial stage, there is no industrial production, so we have Iy = 0. An agent’s decision
is to choose labor allocation between hunting-gathering [z and farming [z to maximize food
production x given by

Zu

IyN

x—h+f—i%ﬂhNW%#”+wWWfQ—U—MW(
H

1=y
) +p'lp, (10)
where we have used the resource constraint on labor g + I = [ and the fixed ratio of land to
farming labor z = plr. The first-order condition is given by

ox Zu \'77 N {Z — plFN} 1= _
LY (710 R S ) AVl R 1
Olr <ZHN> o (I—1p)N oP (11)

where we have invoked symmetry {lz,lr} = {lz,lr} and also used the resource constraint on
land Zy = Z — plpN. In (11), ¢p'~* is the marginal product of farming labor [ whereas

Z—plp N
0 42X

we first compare these two objects under different population levels.

1—y
} is the average product of hunting labor [ = [ — . In the following subsections,

2.4.1 Stage 1: Hunting-gathering
Equation (11) implies that if the following inequality holds:

/(=) o
N<Q£a) Z (12)

then 0z /0lr < 0 even at I = 0. In this case, all labor is allocated to hunting-gathering [y = [
and the per capita output of food production is given by

Z\'"7
=h=00"|— 1
: (%) (13)

which is increasing in hunting productivity €, labor supply [ and the amount of land Z but
decreasing in the population size N due to the decreasing returns to labor in hunting-gathering.

0Suppose x is the numeraire and the (exogenous) price of y is p. Then, one can normalize pA to A such that
T+py=x+y.



2.4.2 Stage 2: From hunting-gathering to agriculture
Equation (11) and plpN < Z imply that if the following inequalities hold:

0 1/(1—7) A 7
(s@pla> TN 14

then dx/0lp = 0 at some interior values of {lr,lg} € (0,1). In this case, the transition from
hunting-gathering to agriculture begins. The first inequality shows that a reduction in hunting
productivity € or an increase in population size N could trigger this transition. In our static
model, the reduction in hunting productivity # can capture the extinction of large herding
animals analyzed in Smith (1975),!' whereas an exogenous increase in population size N can
capture the population pressure theory discussed in Cohen (1977). However, as we will show,
these results would be quite different in our dynamic model with endogenous population growth.

During the gradual transition from hunting-gathering to agriculture, the per capita output
of food production is given by

Zy

1—
- + o™ = optTe, 15
ZHN) op “lp = @p (15)

x:h+f:(l—lp)0(

which uses 6 [ZH/(ZHN)}PW = @p'™® from (11). Equation (15) shows that x is increasing in
labor supply [ and agricultural productivity pp'=®.

2.4.3 Stage 3: Complete transition to agriculture

When N > Z/(pl), the transition from hunting-gathering to agriculture is complete (i.e., [p =)
because Zgy = 0. At this stage of the economy, an industrial market still does not emerge if the
population size is insufficient to cover the fixed cost §. This threshold value of N is implicitly
determined by the following equality:

a(2) (i h), "

in which the left-hand side is farming output per capita when [r = [ and decreasing in N
whereas the right-hand side is the industrial output per capita when ly = [ and increasing
in N. A simple graphical analysis would confirm that there exists a unique cutoff value of
N for the emergence of an industrial economy, which is denoted as N; and has the following
comparative statics:

Nl(f7§’§r,47£), (]‘7)

which implies that by making agriculture more productive, higher agricultural productivity ¢
delays industrialization, which contradicts the evidence discussed in Nurkse (1953).12 As we
will show, this counterfactual result will be overturned under endogenous population growth.

1'Smith (1975) considers a dynamic model of replenishable common resources in which animal extinction is
caused by excessive hunting.

12 According to Nurkse (1953), technological improvements that raised agricultural productivity helped to
release labor from agriculture to industrial production and were crucial for the Industrial Revolution.
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In summary, if the following inequality holds:!?

A
— < N < Ny, (18)
pl

then the agents would be better off allocating all their labor to farming (i.e., [r = [). In this
case, the level of output per capita is given by

e f =l (%) o (19)

which is increasing in agricultural productivity ¢, labor supply [ and the amount of land Z
but decreasing in the population size N due to the decreasing returns to labor in farming when
agricultural land is scarce.

2.4.4 Stage 4: Industrial economy

If N > Ny, then the transition from agriculture to an industrial economy occurs. In this case,
the level of output per capita is given by

y:A(l—%), (20)

which is increasing in industrial productivity A, labor supply [ and population size N but
decreasing in the fixed cost ¢ of industrial production. Equation (20) is obtained by setting
ly = [l in (8). When the population size is sufficiently large, the agents would immediately
allocate all their labor to industrial production because the marginal product of industrial
labor is greater than the marginal product of agricultural labor;'* i.e.,

- - 7 l1-a o 7 l1-a
A>pp' ™ > p(lp)* <N) > ap(lp)* <N)

for Iz > Z/(pN)."® Naturally, we assume that it is infeasible for humans to return to hunting-
gathering at this stage.!®

2.4.5 Summary

In this section, we summarize the level of consumption per capita at different levels of population
as follows:

(= (2)'7 for N < (W;L_Q)l/(l 7)7
/(1)
c=rty=4 ht =gl for (i) ZoN<Z (21)
f=pl~ (%)170{ for§<N<N1
(y=A(-%) for N> N,

B3From (17), a sufficiently large § would suffice to ensure Ny > Z/(pl).

141n the case of a monopolistic market, the industrial transition may become gradual because the wage of
industrial labor is less than A; see Section 4 for this analysis.

Y5For I < Z/(pN), the marginal product of agricultural labor is simply ¢p!~® < A.

16 This is despite the availability of land Zp for hunting-gathering.
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Equation (21) presents the level of per capita consumption ¢ as population N increases. In
summary, ¢ is initially falling due to the decreasing returns to labor in hunting-gathering. Then,
c reaches to a stationary level (from above) when the gradual transition from hunting-gathering
to agriculture begins. Therefore, before the transition to agriculture, hunter-gatherers enjoy
a higher level of consumption than the later farmers, which is consistent with archaeological
evidence; see for example Cohen and Armelagos (1984). However, our model implies that the
hunter-gatherers would have experienced a subsequent fall in consumption if they didn’t adopt
farming due to the decreasing returns to labor in hunting-gathering. When the transition from
hunting-gathering to agriculture is complete, ¢ becomes falling again due to the decreasing
returns to labor in farming when agricultural land is scarce. When the industrial economy
emerges, ¢ becomes rising due to the increasing returns to scale in the presence of a fixed cost
of industrial production and converges towards a steady-state level given by y* = Al as N — oo.

3 A dynamic model with endogenous population growth

The previous section presents a static model with an exogenous level of population. This section
extends the model into a dynamic setting with endogenous population growth. We follow Locay
(1989) and Baker (2008) to consider overlapping generations of agents. Each agent lives for two
periods. Each adult agent at time ¢ has the following utility function:

uw=(1—0)lne+olnngy, (22)

where the parameter ¢ € (0,1) measures the preference for fertility and n;,; is the agent’s
number of children, who then become adults at time ¢ + 1. Raising children is costly, and the
level of consumption net of the fertility cost is given by

¢t = Ty + Yp — B, (23)
where the parameter § > 0 determines the cost of fertility. Substituting (23) into (22), we
derive the utility-maximizing level of fertility n,., as

o

Ny = 5(% + ). (24)

Each adult agent has n;,; children, and the number of adult agents at time ¢ is IN;. Therefore,
the law of motion for the adult population size (i.e., the labor force) is given by

o
Nip1 =1 Ny = B(xt + yi) Ny, (25)

and the adult population growth rate at time ¢ is

AN, Nig1— Ny g
= = — —1 26
Nt Nt B (xt + yt) Y ( )

which will be simply referred to as the population growth rate. In the following subsection, we
will use the information from Section 2 to derive the population dynamics.



3.1 Stage 1: Hunting-gathering
Given an initial level of population:

p NV 5
N, - 27
"= <s0p10‘) L’ (27)

the human population engages in hunting-gathering only. Substituting (13) into (26) yields the
growth rate of population as

AN, o ( Z )1‘”
=-0"| — -1, 28
Ny B N (28)
which yields the following steady-state level of population in the hunting-gathering era:
o 1/(1=v)
Nj = (—W) Z. (29)
g
If the following inequality holds:
0 A=) 7z 4
Np<|—— S e —ppi<d 30
e (s@pla) [ er , (30)

then the human population would remain as hunter-gatherers indefinitely. Substituting (29)
into (13) yields z* = /0, which is increasing in fertility cost § and decreasing in the degree o
of fertility preference but independent of hunting productivity # and land Z. In other words,
the population is in a hunting-gathering Malthusian trap, in which higher hunting productivity
0 and more land Z increase the level of population /Nj; but not the level of income z*.

Alternatively, if opp!=*l > 3, then an agricultural society would emerge. Therefore, the
transition from hunting-gathering to agriculture occurs under the following conditions: a low
fertility cost 3, a strong fertility preference o, a high level of agricultural productivity pp'~,
and a high level of labor supply [. A strong fertility preference o and a low fertility cost 5 give
rise to a higher level of population and make it more likely to cross the population threshold for
the emergence of agriculture in a Boserupian manner, but they also reduce income z* = /0 in
case the population remains in a hunting-gathering Malthusian trap. Although a higher level
of hunting productivity 6 and a larger amount of land Z also increase population, they increase
the endogenous threshold for agriculture as well by making hunting-gathering more attractive.
These opposite effects cancel each other, and hence, hunting productivity # and the amount of
land Z do not affect the transition to agriculture, which stands in stark contrast to the case of
exogenous population.

Finally, high agricultural productivity op'~® reduces the endogenous threshold by making
agriculture more attractive, and hence, a higher level of agricultural productivity op!'~® can
trigger the Neolithic Revolution. This finding is consistent with the empirical evidence in Olsson
and Hibbs (2005), who find that favorable biogeographic conditions can trigger the transition
to agriculture. Olsson (2001) examines the archeological evidence in the Jordan Valley and
concludes that the abundance of species suitable for agriculture was one of the key reasons for
the transition to agriculture. This abundance of agricultural species corresponds to a high level
of agricultural productivity in our model.

«
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3.2 Stage 2: From hunting-gathering to agriculture

Suppose the population size N; crosses the first threshold; i.e.,

0 1/(1=7) 7 7
<30101_O‘) T < Ny < H (31)

Then, the transition from hunting-gathering to agriculture begins. We can substitute (15) into
(26) to derive the population growth rate as

ANt (o) 1
—pp %l —1>0, 32
N, ~ 3% (32)

which is positive if and only if the transition to agriculture occurs (i.e., cpp'~l > ) and implies
that population /V; increases over time during the gradual transition from hunting-gathering to
agriculture.

3.3 Stage 3: Complete transition to agriculture

Given (32), the level of population N; eventually crosses the second threshold; i.e.,
Z
E < N, < Ny, (33)

where Ny is implicitly given in (16) and (17). At this stage, we can substitute (19) into (26) to
derive the growth rate of population as

AN, o (Z)la
=—pl* | —= -1, 34
ANASN. 3
which yields a steady-state level of population in agriculture as
o 1/(1-a)
N, = (Bgolo‘) Z. (35)

If N; reaches N before reaching Ny, then the economy would remain as an agricultural society
indefinitely. Substituting (35) into (19) yields #* = /o, which is once again increasing in
fertility cost 5 and decreasing in the degree o of fertility preference but independent of agri-
cultural productivity ¢ and land Z. In other words, the population is now in an agricultural
Malthusian trap, in which higher agricultural productivity ¢ and more land Z increase the level
of population N} but not the level of income z*.

11



3.4 Stage 4: Industrial economy

If the level of population N; manages to cross the third threshold Ny, then an industrial economy
emerges. In this case, we can substitute (20) into (26) to derive the population growth rate as

=—|(l-——=) -1, 36
Ny g Ny (36)
which is increasing in N;. Setting AN, /N, = 0 yields the following level:
o
N =——7—, 37
I o

above which the population grows over time during the industrial era.

AN /N4

(34)

(36)

Ny N; N; "N,
Figure 1: Industrial threshold

Figure 1 shows that if and only if N} > N7, then N; would reach the third threshold N; and
trigger the emergence of an industrial economy.!” From (35) and (37), the inequality N% > N7}

is equivalent to
6N\ [0 \VO) 7
l—— ) [ =pl° —>1.
( oA) \B¥ 5 38)

Therefore, the transition from an agricultural economy to an industrial economy occurs under
the following conditions: a low fertility cost (3, a strong fertility preference o, a high level of
agricultural productivity ¢, a high level of labor supply [/, a large amount of land Z, a high
level of industrial productivity A, and a low fixed cost ¢ for operating industrial firms.

As before, a strong fertility preference o and a low fertility cost 8 give rise to a higher level
of population and make it more likely to cross the population threshold N; for the emergence
of an industrial economy, but they also reduce income z* = [3/0 in case the population remains
in an agricultural Malthusian trap. Interestingly, unlike the case of exogenous population, a
high level of agricultural productivity ¢ can now trigger industrialization by raising the level

"In Figure 1, (34) and (36) are determined by the left-hand side and right-hand side of (16), respectively.

12



of population. This result is consistent with the early work of Nurkse (1953) and Murphy et
al. (1989) and also supported by the empirical evidence in Olsson and Hibbs (2005) and Ang
(2015), who find that favorable initial biogeographic conditions can also trigger the subsequent
development in the industrial era and technology adoption in as late as 1500 AD, in addition
to the Neolithic Revolution.

Furthermore, a high level of industrial productivity A and a low fixed cost ¢ of industrial
production reduce the endogenous threshold by making industrial production more attractive
and can also trigger industrialization. Finally, if the population size reaches the industrial
threshold, then a modern economy emerges and the population growth rate rises towards a
steady-state value given by AN/N = §Al — 1 in the long run.!s

3.5 Summary

We summarize all the above results in the following proposition:

Proposition 1 Under exogenous population growth, the human society evolves from hunting-
gathering to agriculture and then an industrial economy. Under endogenous population growth,
the population may stop growing in a hunting-gathering society; in this case, the population
remains as hunter-gatherers. The Neolithic Revolution occurs under a low fertility cost, strong
fertility preference, high agricultural productivity, and high labor supply. The population may
also stop growing in an agricultural society; in this case, the economy remains in an agricultural
Malthusian trap. Industrialization occurs under a low fertility cost, strong fertility preference,
high agricultural productivity, high labor supply, a large amount of agricultural land, high in-
dustrial productivity, and a low fixed cost of industrial production.

Proof. The population growth rate is summarized in (39). From (30), if o@p'~*l > 3, then N,
reaches the agricultural threshold before the hunting-gathering steady state Nj;. If (38) holds,
then N, reaches the industrial threshold N; before the agricultural steady state Nj. m

If the population manages to evolve from hunting-gathering to agriculture and then activate
the emergence of an industrial economy, the dynamics of the population growth rate can be
summarized as follows:

, 1y 1/(1—)
20 (£) -1 for Ny < (= z
1/(1—7)
AN, o 2ol — 1 for (L> ZoN, <2
N - = B(xt +y)—1=4 7 1—a o : o (39)
t Fople <N£t) —1 for % < N, < N;
\%A(Z—%)—l for N, > N,

Figure 2 plots the population growth rate AN;/N; for the following three scenarios: (a) the
population converges to a hunting-gathering Malthusian trap as discussed in Section 3.1; (b)

8Peretto (2021) also finds that the endogenous fertility rate rises towards a steady state in a Schumpeterian
growth model with endogenous takeoff.
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the population converges to an agricultural Malthusian trap as discussed in Section 3.3; and
(c) the population achieves long-run growth as discussed in Section 3.4.

AN, /N, 4

>

Ny N, N "N,

Figure 2: Dynamics of population growth

4 Monopolistic market in the industrial era
We now replace the reduced-form industrial production function in (7) by a modern monopo-
listic market with a standard CES aggregator:'

y = { /0 1[Y(i)]5dz}1/a, (40)

where ¢ € (0, 1) determines the elasticity of substitution 1/(1 — &) between differentiated prod-
ucts Y (7) for ¢ € [0, 1]. Profit maximization yields the conditional demand function:

] 1/(1-¢) "

Y :|1€

Y0 =365 )

(i)

where p and p(i) are respectively the prices of Y and Y (i) for i € [0, 1].
Operating an industrial firm requires a fixed cost § > 0 under which the output of Y () is

Yﬁp(i)Zp[

Y (z) = Ally (i) — 0], (42)
where [y (i) is labor devoted to the production of Y (7). The profit function for firm i is

Y (i)
A

7(i) = p(i)Y (i) — wly (i) = pY [V (i) — w [ + 51 , (43)

90One can endogenize the mass of varieties as m > 1, in which case growth in population N would expand
varieties m and increase output Y in the industrial era; see Section 4.3 for this analysis.
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where w is the wage rate of industrial labor. Profit maximization yields markup pricing:
) 1w
1) = ——

where w/A is the marginal cost of producing Y (7). The amount of monopolistic profit is

(44)

1—¢

7(i) = p(i) Ally (3) — 8] — wiy (i) = w[zyu)— ) } (45)

1—¢

which is positive if and only if Iy (i) = Iy N > 6/(1 — ¢) for all i € [0,1]. As before, due to the

fixed cost 9, the industrial market would not operate unless population N is sufficiently large.
In the industrial era, each agent maximizes = + y = f + y subject to (4) and budget:

1 1
py = wly + — / m(1)di, (46)
N Jo
where profits 7(i) > 0 are redistributed to all N agents equally. The first-order condition is
Iz +y) L2\ w
— = lp)” — - — 4
= et () -5 (47)

where w/p = w/p(i) = €A from symmetry and markup pricing in (44). Figure 3 plots (47)
and shows that there are two scenarios: (a) interior solution (i.e., pp'~® > €A) and (b) corner
solution (i.e., pp!™® < €A). Recall that we have only assumed pp'~® < A but € < 1.

MPL,w/pa
eA w/p
ppr
MPL;
Z "

N
Figure 3: Labor market

4.1 Interior solution

If op'~@ > A, then the equilibrium level of agricultural labor [ from (47) is

o= ()2, e
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which implies that the equilibrium level of industrial labor is

ap\ 1/(1-a) 7
zyzz—zF:z—<€—j) = (49)

An industrial market would only emerge if N is sufficiently large to cover the fixed cost § such
that [y N > 0/(1 — €), which is required for nonnegative profit 7w(i) > 0. Then, (49) yields

1 [ ap\V/(1-a) o
> (== — | =
N {( )" Tz ] Nilp. 2,9, 4.1), (50)

— 1 |[\eA 1—¢
which is now given by a closed-form solution and has the same comparative statics as (17).
Before the emergence of industrial production, the population growth rate AN;/N; and the
steady-state population level N} in the agricultural era are given by (34) and (35) in Section
3.3. If N; reaches N7} before reaching N;, then the economy would remain as an agricultural
society indefinitely. From (35) and (50), the inequality N3 > Ny is equivalent to

ol\ V1) o\ 1/(1-a) )
(5) @ iz 1)

which shows that the gradual transition from an agricultural economy to an industrial economy
begins under the following conditions: a low fertility cost 3, a strong fertility preference o, a
high level of agricultural productivity ¢, a high level of labor supply [, a large amount of land
7, a high level of industrial productivity A, and a low fixed cost d for operating industrial firms.
These conditions are the same as in Section 3.4, except that the transition in this case is never
complete (i.e., [p > 0) until NV; — oo.

Under the interior solution, the level of output per capita in the industrial era is given by

y =y = ole)” (%) A (zy - %) — ollr)° (@M—Azpw (z - %) L (52)

t t t t

which is decreasing in I because ap(lp)* 1 (Z/N)'™ = w/p = €A < A. Then, (48) shows
that [ is decreasing in N. Substituting (48) and (52) into (26) yields the population growth
rate, which as before converges towards the same steady state AN/N = %Al —1as N; — .

4.2 Corner solution

If pp'=@ < €A, then the level of industrial labor ly increases sharply from 0 to [ when N, crosses
the threshold N; = 0/[(1 — ¢)l]. In this case, the inequality N} > Ny is equivalent to

1/(1—a)
o A
1— —l —>1, 53
a-9(54) 7 (53)
which has the same comparative statics for {3, o, ¢, [, Z, 0} as in Section 3.4. The only exception
is industrial productivity A; however, a larger A makes the corner solution more likely to apply
in which case industrialization could be triggered as a result because the threshold N; decreases

from (50) to Ny =6/[(1 —¢)l].
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It is useful to note that although the industrial transition is immediate in this case, N; =
d/[(1 — €)l] is not the same as N; in (16)-(17) and that there exists a unique interior value of
e € (0,1) above which 6/[(1—¢)l] is greater than Ny in (16)-(17) in which case industrialization
occurs later because the markup ratio 1/e is too small to cover the fixed cost ¢. Finally,
under the corner solution, the level of output per capita and the population growth rate in
the industrial era are the same as (20) and (36), respectively. In the long run, the population
growth rate rises towards the same steady state AN/N = %Al —1as N; — oo.

4.3 Endogenous variety expansion

In this section, we endogenize the mass of varieties in (40) as follows:*"

vl [ovora) 54

where we impose a lower bound on m > 1 to ensure that the monopolistic market would only
operate when population N is sufficiently large. Profit maximization yields

R i (0

mli—e
The production function for Y (7) is the same as (42). Substituting (55) into (43) and maximizing
7(i) yield the same markup pricing as in (44) and the same amount of monopolistic profit 7(7)
as in (45), which is nonnegative if and only if Iy (i) > §/(1 — €) as before. The difference here
is in the resource constraint on industrial labor:

IyN = /0 " ly (i)di = mly (i), (56)

(55)

where the last equality is due to symmetry. In this case, we require ly (i) = Iy N/m > /(1 —¢)
in order for monopolistic profit 7(i) to be nonnegative.

Suppose we assume a zero entry cost of monopolistic firms and focus on the corner solution
(i.e., ly = [ due to pp'~® < €A) in the industrial era.?’ Then, given the lower bound on m > 1,
population N must be greater than N; = 0/[(1 — €){] in order for industrialization to occur,
and the condition for N} > Ny is the same as (53) in Section 4.2. However, the difference here
is that when N > Ny, the mass of varieties m becomes endogenous and is determined by

m= ujv, (57)
)
which ensures zero monopolistic profit 7(i) = 0 for all i. Also, (57) shows that the endogenous
mass of varieties m is increasing in population N and decreasing in the fixed cost §. In this
case, the aggregate level of industrial output is

Y = mY (i) = mA[ly (i) — 6] = mA (%z - 5) , (58)

20The scaling by 1/m'~¢ ensures Y being proportional to m and constant population growth in the long run.
21Substituting Y = mY (i) into (55) yields p(i) = p, which in turn implies w/p = w/p(i) = €A still holds.
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where the first equality is due to symmetry. Then, the level of industrial output per capita is

g L _mYa (% _ %) — Al (59)

where the last equality uses (57). Per capita output y is increasing in industrial productivity
A and labor supply [ but decreasing in the markup ratio 1/e.
Substituting (59) into (26) yields the population growth rate in the industrial era as

AN, o o
Ne B 5

Al —1, (60)

which is increasing in per capita output y and the degree o of fertility preference but decreasing
in the fertility cost 5. We assume oe Al > [ to ensure positive population growth. In this case,
population N; grows at a constant rate in the industrial era, which in turn leads to a constant
growth rate in the mass of varieties m; such that

Amt ANt g

= = —cAl — 1, 61
my Ny 5 ( )

where the first equality is obtained from (57). Finally, total industrial output Y; also grows at
a constant rate. To see this, we substitute (57) into (58) to derive

cAd
}/1-5 = 1 — €mt7 (62)

which increases over time due to growth in varieties m;. Therefore, when the transition from
agriculture to industrial production occurs, the human society evolves into an economy with
modern economic growth that is driven by the expansion of differentiated products as in the
seminal study on innovation and growth by Romer (1990).%2

5 Conclusion

In this study, we have developed a simple economic model that captures the economic evolution
of the human society across the three stages of hunting-gathering, agriculture and industrial
production. We find that under endogenous population growth, the evolution to the next stage
is not inevitable. If the population fails to reach the agricultural threshold, then the human
population remains as hunter-gatherers. If the population fails to reach the industrial threshold,
then the human population remains as agriculturalists. Our model identifies several potential
causes for the Neolithic Revolution: a high level of agricultural productivity, a low cost of
fertility, a strong preference for fertility, and a high level of labor supply. An implication is that
the transitions to agriculture in different parts of the world (such as Central Mexico, China,
the Middle East, and Sub-Saharan Africa) at different time periods could have been triggered
by different reasons. Furthermore, the above conditions that trigger the Neolithic Revolution

22Madsen, Ang and Banerjee (2010) and Madsen and Murtin (2017) provide empirical evidence that innovation
and education are important determinants of the Industrial Revolution in Britain.
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can also trigger the subsequent industrialization, but not necessarily vice versa because other
conditions (such as a high level of industrial productivity and a low fixed cost of industrial
production) may also trigger industrialization. Finally, we do not claim that our simple model
is general enough to capture all possible causes for the Neolithic Revolution and the subsequent
industrialization, and we leave such extensions to future research.
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