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1. INTRODUCTION

In large parts of the world, persistent income per capita growth was not observed until a few
decades ago, and in some instances - mainly Sub-Saharan Africa - the process still has to begin in
earnest. Understanding why this is the case continues to motivate research on economic growth.
Yet it is worth bearing in mind that the absence of growth is not unusual in a long-run historical
perspective. What is unusual is actually the phenomenon of economic growth, as stagnation
seems to have been the norm during most of human history (Galor, 2005). This makes it
important to understand why all societies failed to grow until recently; if key mechanisms that
prevented growth historically can be exposed, it might leave important clues as to why some
societies appear to stagnate at low levels of income to this very day.

In this light it is problematic that important aspects of the pre-industrial growth record remain
ill understood. In particular, existing theories ignore the dynamics of human body size and its
links to population dynamics and average living standards. This state of affairs is problematic
in two related respects.

First, ignoring body size prevents a full understanding of the forces that engendered stagnat-
ing income per capita levels during most of human history. Evidence surveyed below strongly
suggests that societies throughout history faced a fundamental body size — population size trade-
off; a trade-off involving how many children to bear, and how well to feed each of them. This
evidence indicates that episodes of rising income should have instigated intensified investments
in offspring body size (in addition to child quantity). But in this case the standard Malthusian
positive check may not suffice to bring the growth process to a halt as the tendency for diminish-
ing returns to labor input would be counterbalanced by body-size-induced productivity gains.
If so, what (other) mechanisms contributed to the observed long-run constancy of income per
capita prior to the take-off7 Why did episodes of technological change fail to generate step-wise
improvements in income per capita in tandem with rising body size? By ignoring the dynamics
of body size during the Malthusian epoch the existing literature cannot address these central

issues.!

1See e.g., Fogel (1994) and Weil (2007) for evidence on the positive link between body size and labor productivity.
Note that a virtuous circle of rising nutrition and attendant increases in body size and income could in principle
be quantitatively significant. Fogel (1997) calculates that about 30% of UK growth 1780-1979 can be accounted
for by improvements in nutrition.



Second, by ignoring body size the existing literature is largely silent about the determination of
the level of income per capita during Malthusian times: “the level of subsistence”. Biologically,
subsistence requirements are inescapably linked to the size of the human body; bigger bodies
are more energy requiring. Without an adequate theory of the long-run determination of human
body size the notion of subsistence remains obscure, and predictions about comparative income
differences across pre-industrial societies become untenable. As a consequence the existing
literature cannot fully describe the economic circumstances prevailing prior to industrialization.

The present paper proposes a theory of long-run growth according to which body size as well
as “subsistence requirements” are endogenously determined. Parents face a trade-off between
how many children to have and how well to feed each of them. At the same time they are
constrained by income and metabolic consumption requirements. A positive shock to income
will induce parents to expand fertility and nutritional investments in their children. However,
in the following period a “physiological check” sets in: adults of the next generation are larger
and as such more energy requiring. This limits fertility and nutritional investments per child,
and serves to equilibrate the economy. As a result, the economy remains in a state of stagnation
even though parents invest in child quality.

The differential timing of the take-off to sustained growth has helped to shape the current
global distribution of per capita income (Galor, 2005, 2010; Lucas, 2000; Cervelatti and Sunde
(2013) and Dalgaard and Strulik (2013)). Yet in order to understand the occurrence, timing
and speed of the transition it is necessary to fully understand the country-specific economic
circumstances that prevailed at the time of the take-off. The present paper proposes a theory of
how key preconditions were formed and how they varied at the eve of the “industrial revolution”.

The model features overlapping generations. Individuals live for two periods; childhood and
adulthood. Children are passive recipients of nutrition, determined by the parent, who is the
economically active agent; we ignore matching in the marriage market and allow agents to
reproduce asexually. The economic components of the model are fairly standard. A unique
output good is produced using body-size-augmented labor, land, and technology; since we are
focusing on pre-industrial times, technology is assumed to be parametrically fixed, and land is
also a fixed factor of production. Accordingly, diminishing returns to labor input prevail. Aside

from this the theory builds on three novel elements.



First, besides own consumption parents derive utility from the quantity and quality (i.e., nutri-
tion) of their children. Both quality and quantity are normal goods. Second, the metabolic rate
of the parent, our conceptualization of “subsistence”, is increasing in both body size and fertility.
The parent is required in each period to cover these needs. Whereas body size is predetermined
at the time of optimization, fertility is a control variable. Theory and empirical evidence from
biology provide this important “physiological” constraint, right down to the functional form and
its parameters. The substantive implication of the constraint is that if the number of children is
expanded the parent faces elevated consumption needs due to pregnancy, leaving less resources
for quality investments in the offspring. Taken together these two elements generate a natural
size-number trade-off which is strongly supported by empirical evidence reviewed below. The
third element is the law of motion for body size, which we derive from first principles, starting
at the cellular level. The substantive implication of it is that more nutrition during childhood
leads to larger adults.

These elements interact in the following way. A positive productivity shock will induce parents
to have more children and invest in more nutrition per child. The better nourished children will
grow up to be larger adults than their parents. However, their elevated body size implies that
they will be more energy-requiring adults. This prevents them from providing the same amount
of nutrition per child that their parents provided, even if their productivity and income is the
same as that of their parents. Thus the increase in body size is “checked” by rising metabolic
needs, a fact, which puts downward pressure on nutritional investments as well as expenditure
on family size. Consequently, growth does not take hold, and the economy remains in a state of
stagnation. The new steady-state is characterized by unaltered body size, constant income per
capita, and higher population density.

Hence, within a country, episodes of technological change should neither lead to rising income
per capita nor to greater average body size; the only lasting impact from technological advance-
ment would be greater population density. These predictions are consistent with what appears
to be known about pre-industrial development in Europe. In particular, historians have docu-
mented that average height of Europeans exhibited no significant trend over the two millennia
preceding the take-off into sustained growth (Kunitz, 1987; Koepke and Baten, 2005), whereas it
is well known that population density gradually rose (interrupted, chiefly, by the Plague). This

does not mean, of course, that European average body size remained exactly constant. Across



centuries average body size did undergo marked changes. But any gains in average stature
proved to be temporary in nature; they eventually eroded away, preventing a time trend from
emerging.

The model allows for an improved understanding of these dynamics; qualitatively, as explained
above, but also quantitatively. To demonstrate the latter, we begin by calibrating our model
such that it replicates the evolution of European population from year 0 C.E. to 1800 C.E.
Subsequently we ask the model to “forecast” changes in body size over this period, which we then
compare to available data. The calibrated model proves to be rather effective in “predicting” the
evolution of body size in Europe, during the two millennia that preceded the fertility transition
and the take-off to growth.

In order to gauge the relevance of the models’ steady state predictions we turn to regression
analysis. The key issue is whether productivity has a differential impact on population density
and body size, as predicted by the model. In examining this claim we study two separate
samples, both of which should be describable by a Malthusian model on a priori grounds. Our
first sample consists of ethnic-groups from Murdock’s (1967) Ethnographic Atlas, which we have
augmented by data on population density and body size (weight) drawing on published studies
in anthropology and ethnography. In some respects this is an ideal setting for a falsification test
of the theory as these societies certainly had not undergone the demographic transition at the
time of observation. In fact, many are hunter-gatherers. At the same time one is left wondering
if the theory also speaks to more modern societies.

Hence, our second sample involves pixel-level (1 x 1 degree latitude/longitude) information
stemming from contemporary nation states that had not undergone the demographic transition
at the end of the 20th century. Needless to say, these countries are not randomly selected; they
are all characterized by a non-decreasing total fertility rate until the end of the 20th century.
However, it is important to observe that the sample is not selectively constructed at the sub-
national level, which is where we attempt to elicit information about the validity of the theory’s
predictions.

In order to overcome concerns about reverse causality, we employ “external” (geographically
determined) measures of productivity that capture the richness of the environment of the ethnic-
group or land suitability for crop growth within a particular (pixel sized) region. In either setting

we find a strong positive impact on population density from the external productivity measures,



yet an economically and a statistically insignificant impact on body size. In order to minimize
the risk that our OLS results are caused by the influence from confounding factors we include
a demanding set of productivity determinants reflecting geography, culture and institutions.
Despite this we find, in both settings, that productivity works to elevate population density but
not body size, as predicted by the model.

The present paper is related to the literature on growth in the very long run, which models
Malthusian stagnation and the transition to modern growth (e.g., Galor and Weil, 2000; Galor
and Moav, 2002; Lucas, 2002; see Galor, 2006 for a survey). Particularly related is research
which aims to understand the mechanics of pre-industrial development (e.g., Aiyar, Dalgaard
and Moav, 2008; Ashraf and Galor, 2011; Sharp, Strulik and Weisdorf, 2012; Voigtldnder and
Voth, 2010). In contrast to the present paper, however, these studies ignore the evolution of
body size, and assume the level of subsistence consumption is exogenously given (if introduced
at all).?

The paper is also related to the anthropometric history literature, where height and fertility
has been discussed in a unifying way. Weir (1993), in particular, provides a perspective on
the quality-quantity trade-off that is similar to ours, and uses it to conceptually motivate an
empirical analysis of the impact from the French fertility transition on height developments.?

The paper proceeds as follows. In Section 2 we survey evidence on the quantity-quality trade-
off between fertility and body size. Section 3 develops the model. Section 4 proves existence,
stability, and provides comparative statics, whereas Section 5 examines comparative dynamics.
Section 6 examines the ability of the model to quantitatively account for the dynamics of the
Western European economy prior to the fertility transition, and Section 7 examines key steady

state predictions of the model by way of regression analysis. A final section concludes.

2A related contribution by Abdus and Rangazas (2011) does allow subsistence consumption to be endogenously
determined by body size and activity level. In contrast to the present paper, however, individuals do not take
their metabolic needs into account when optimizing (and metabolism does not increase with fertility), nor does
physical stature matter to productivity. Rather than focusing on the causes of stagnation, Abdus and Rangazas
use their their model to show a long-run constancy of calorie consumption during roughly the last two centuries;
in their model increasing demand for food as a source of utility is off set by a declining activity level at work.
3More broadly, the anthropometric literature has long observed a link between changes in body size and movements
in fertility, since nutrition during childhood influences not only adult stature but may also have a direct effect on
fertility. For example, the age of menarche is reached earlier within well fed populations. A careful discussion is
found in Komlos (1989), analyzing the period of take-off in the Habsburg Monarchy. Extending the theory below
to include some of these additional mechanisms could be a potentially interesting topic for future work.



2. SIZE VERSUS NUMBER OF OFF-SPRING: A QUANTITY-QUALITY TRADE-OFF

In this section we review evidence from biology, anthropology, and economics which strongly
suggest an operative quantity-quality trade-off between body size and family size. The important
implication is that families throughout history have made quality investments, in the sense of
nutrition. Periods of plenty would therefore imply an expanding number and size of people,
which challenges the sufficiency of Malthus’ positive check in equilibrating the economy at a
constant level of subsistence.

Convincing evidence in favor of a quantity-quality trade-off is found in biology. At the level
of the individual mammalian species, the inverse association between body size and rate of re-
production is by now well documented (Charnov and Ernest, 2006; Walker et al., 2008). Indeed,
experimental studies manipulating offspring number or environment exist, which document the
trade-off (Roff, 2002).

In the context of human populations micro evidence of the size-number trade-off is also avail-
able. In subsistence societies the inverse association between family size and size of the offspring
has received support by Hagen et al. (2006) who examine the trade-off in the “Shuar” society,
which resides in the tropical rainforests of Ecuador. Similarly, Walker et al. (2008) demon-
strate a negative link between body size and family size across a sample of 16 subsistence-based
societies.*

From the perspective of the present study the evidence amassed by biologists and anthropol-
ogists is of substantive importance, since it makes plausible that the size-number trade-off is
a fundamental one. The systematic link between reproduction and body size in economically
primitive societies suggests that the trade-off must have been active for a very long time; cer-
tainly before the take-off to sustained growth occurred in Western Europe. As a consequence,
temporary income gains should be expected to translate into greater nutritional expenditure
on children, implying “quality” investments. The fact that the trade-off transcends the human
species implies that the mechanism responsible for it must be generic; the “physiological check”,
much like Malthus’ positive check, fulfills this criteria.

In modern societies evidence of the trade-off is found as well. In an early contribution Douglas
and Simpson (1964) examined the results from a national survey of health and development in

the UK. Specifically, the survey focused on 1,557 boys and 1,456 girls born in 1946. The physical

4See Cole (2000) and Silventoinen (2003) as well.



Figure 1. Body Size of UK Girls at Age 7 and the Number of Siblings
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development of these children was tracked and central health indicators were collected, including
height, date of entry into puberty and age of menarche. In addition socio-economic indicators for
the households were obtained, including occupation and educational background of the parents.
This enabled Douglas and Simpson to categorize the families into social classes, ranging from
“lower manual” to “upper middle”.’> Figure 1 shows the association between the mean body
size of girls at age of 7 and the number of siblings in the family, as reported by Douglas and
Simpson.

The general pattern that emerges is one where a large family size is associated with smaller
mean body size of the offspring. In addition, for the size of the family given, the average body
size of the offspring, measured by height, generally increases as the socio-economic circumstances
improve. Douglas and Simpson document that similar patterns persist to the ages of 11 and
15 for both boys and girls. The 1946 cohort has more recently been analyzed by Kuh and
Wadsworth (1989). Their regression-based analysis confirms the general impression conveyed
5In the “upper middle class” we find parents with a secondary education, families where the father has a non-
manual occupation, and where at least one of the parents was brought up in a middle class family with similar
characteristics. In contrast, the “lower manual” group is characterized by the father being a manual laborer,
by both parents only having primary education, and by upbringing; both parents were raised in a working-class

family. Between these two extremes we find the “lower middle class” and “upper manual class”; these groups are
differentiated from “upper middle class” and “lower manual class” mainly by their educational attainment.



by Figure 1; conditional on a host of environmental factors, each additional sibling implies a
reduction in mean height of about 6 mm.

At a higher level of aggregation Weir (1993) demonstrates a strong negative association be-
tween height and fertility rates across regions in France during the period 1840-1911. Following
up on Weir’s findings, Schneider (1996) documents similar patterns across nine European coun-
tries, covering the period 1750-1920. Controls for health and income do not overturn these
findings.

In sum, the evidence discussed above pertaining to human societies as well as non-human
samples quite strongly suggest an operative quantity-quality trade-off between size and number
of offspring. In the next section we provide a model which encompasses this fundamental trade-

off.

3. THE MODEL

We develop the model in a series of steps. First, Section 3.1 provides a brief introduction to
the field of allometry, from which we draw an essential equation in pinning down subsistence
consumption. Section 3.2 then explains how subsistence consumption is determined in the
model, after which we turn to the intergenerational law of motion for body size in section 3.3.
Finally, Section 3.4 and 3.5 discuss the preferences and optimization problem of parents and the

production side of the economy, respectively.

3.1. An Introduction to Allometric Scaling and Energy Consumption. Allometric scal-
ing is a technique used in biology to study how selected biological variables of an organism
correlate with the size of the organism. A fundamental allometry is found between energy
consumption B and body mass m of a mammal, and is known as “Kleiber’s Law” (Kleiber,
1932):

B =By-mP withb=3/4, (1)

where B is the basal metabolic rate and By is a species-dependent constant. Thus, drawn on
log-log paper the energy-body mass relationship is linear with slope of 3/4, see Figure 2. A slope
of 3/4 has been verified by Brody (1945) for almost all terrestrial animals yielding the famous

“mouse-to-elephant curve”.



Figure 2: Kleiber’s Law
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Brown (2005).

Recently biologists and physicists managed to provide a theoretical explanation for Kleiber’s
law. A living organism needs to feed its cells. For that purpose energy and material is trans-
ported through hierarchically branching networks like blood vessels in mammals. The network
in use, however, is not of arbitrary structure. Given that organisms have evolved through nat-
ural selection, it must be one that minimizes energy used for transport i.e. one that minimizes
hydrodynamic resistance. West et al. (1997) have shown that organisms, viewed as energy
transporting networks that minimize energy dissipation, fulfil Kleiber’s law.

The beauty of this theory lies in its foundations on first principles. This makes it very general,
and in fact it has already been applied to a multitude of biological problems from “genomes to
ecosystems” (West and Brown, 2005). Some of the applications and extensions, for example

those on fertility, are clearly relevant for economic analysis.

3.2. Subsistence Requirements. We employ Kleiber’s law in order to characterize adult sub-
sistence requirements in an overlapping generations model with endogenous fertility. According
to the OLG setup life is separated into two periods. First, childhood (after weaning), defined as
the period of body growth and dependence on food provided by the parent. Second, adulthood,

defined as the period of constant body size, work effort and reproduction.



The body size of an adult is predetermined by the individual’s nutritional intake during
childhood. Accordingly, we assume that the body size of an adult remains constant.® Subsistence
consumption of an adult, however, is not completely predetermined, since it also depends on
fertility. From the physiological literature we use the fact that rearing up a child from conception
to weaning increases the mother’s metabolic needs by a factor p (Prentice and Whitehead, 1987;
Sadurkis et al., 1988). Denoting by B; energy used up by the parents own body, and n; the

number of children, total metabolic needs of an adult, E;, is thus given by:
Ei=04p-n) By =(1+p-ny)- Byml. (2)

In (2) E; measures metabolic needs in terms of energy, expressed, for example, in kcal. per
period. In order to convert energy into goods we introduce the energy exchange rate €, which
is measured in kcal. per unit of a unique consumption good. While consumption expenditure is
a control variable for parents, the energy extracted from a unit of consumption depends on the
food staple available, which we treat (similar to technological progress) as exogenous.

Employing the energy exchange rate we get subsistence requirements, i.e. the metabolic needs
of an adult in terms of consumption goods, ¢; = Ej/e. Note that, in contrast to the existing
literature in economics, the subsistence requirement is not a constant but depends on the indi-
vidual body size and fertility in adulthood. The variable ¢; is therefore generation-dependent

and thus indexed by t.

3.3. The Intergenerational Law of Motion for Body Size. In order to establish the in-
tergenerational link between body sizes we draw on West, Brown, and Enquist’s (2001) model
of ontogenetic growth.” The starting point is an energy conservation equation which reads as
follows:

Ef = bNy + ee(N{y1 — Ny) (3)

where EY is energy consumption during childhood after weaning (prior consumption is covered by
adult metabolic needs), N; denotes the number of human cells after weaning, N/ ; is the number
of cells of the child as a grown up, b. the metabolic energy a cell requires during childhood for

maintenance and replacement, and e. the energy required to create a new cell. Hence the left

6From now on we refer to m; as body size rather than body mass. This is done for semantic reasons. The term
“body size” is closer to the the literature in anthropology and economic history, which focusses on human height.
It also avoids confusion with the body mass index.

7“Ontogeny” describes the origin and the development of an organism from the fertilized egg to its mature form.
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hand side is energy “input”, and the right hand side captures energy use. Solving (3) for N/,
we obtain the number of cells of an adult as a function of the number of cells of a child after
weaning and energy intake during childhood:
Ef b
/ t c
= — 1—— ] N 4
= + ( €c> t (4)
To proceed we insert the fact that body mass consists of the mass of a single cell m times the
number of cells. This implies for the size of an adult that m;1 = mN/,,. Moreover, using the
observation that after weaning the size of a child equals p times the size of the mother (Charnov,
1991, 1993) we have mN; = um;.® Substituting N; and N{,; in (4) and and solving for m;1,
gives (5):

m be
mi41 = ;Etc + (1 — ) . (5)

c €c
This intergenerational law of motion for body size has a simple interpretation: The size of the
adult, myy1 is determined by energy consumption during childhood, EY, plus initial size, umg,
adjusted for energy needs during childhood, —(b./e.)pum;. Finally, denote by ¢; the consumption
of a child, to be determined below from optimization. Then total energy intake during childhood

is ¢;-€ = Ef. Inserting this into (5) leaves us with a law of motion for body size across generations:
mipr=a-€- ¢+ (1—d)-p-my (6)

where a = m/e. and d = b./e.. As explained below, in conjunction with Proposition 3, d and
a can be viewed as deep physiological parameters, which may exhibit some variation across
humans due to natural selection. That is, due to processes whereby large or small bodies were

selected depending on e.g. climate related circumstances.

3.4. Individual’s Optimization. A parent maximizes utility derived from child quality and
quantity where quality is in the Beckerian (1960) sense measured by expenditure for consumption
(i.e. nutrition) per child, ¢;. We allow the parent also to derive utility from own consumption p;
(i.e. consumption of non-food goods) and impose for simplicity a logarithmic form for the utility

function:

Ule,ng) = log(er) + Blog(p:) + v log(ny), v > 1, (7)

8A physiological explanation for this observation is that child development until weaning depends on energy
consumption in utero and during the breastfeeding phase. Since larger mothers consume absolutely more energy
the offspring should be larger at this point as it receives a fraction thereof.
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with 8 and ~ denoting the weight of parental consumption and child quantity in utility, and n,
the number of offspring.

Total child expenditure is constrained by parental income and subsistence consumption of the
parent. Furthermore we assume that each parent is endowed with one unit of time and rearing
a child requires a certain fraction 7 of parental time, 7 > 0. Let y; denote potential family
income, which is earned when all time is spent working. Combining the budget constraint with

energy requirements (2) and applying the energy exchange rate leads to a single constraint:
yi(1 =7 -ng) — pr — ey — (1 + png)Bom? /e = 0. (8)

Observe that the model captures the full cost profile of children: the metabolic costs which
are relevant until weaning ((1 + pn;)Bym?) as well as the economic costs (time 7 , nutrition c)
that pertain to the period after weaning.

Parents maximize (7) s.t. (8) by choosing fertility n;, nutritional expenditure per child ¢;, and
non-food consumption p;. From the first order conditions we obtain optimal child quality and
quantity,

., = PBo/mt + 7y,
v—1

(v — 1) [yt — (Bo/e)m}]
(B+7)[p+ Ty

, (9a)

ny =

(9b)

together with parental consumption p; = 8 [y — (Bo/e)m{] /(B+7). Observe that On;/dm; < 0
and dc;/Om; > 0. Greater metabolic costs of fertility induce larger parents to prefer to have
less children and to nourish them better. Note furthermore that On;/dy; > 0 and dcy /9y > 0.
With higher income parents prefer to have more children and to nourish them better implying
that the quantity-quality trade-off is driven by metabolic needs and not by income.

It could be argued that entering child nutrition into the utility of parents is a shortcut repre-
sentation of a more appropriate quality-quantity trade-off. Strictly speaking, so the argument
could go, (nutritional) quality of offspring is better measured by the size of grown up children,
rather than by the nutritional provisions that make the offspring grow.

Unfortunately, allowing myy1 to enter the utility function instead of ¢; destroys the simplicity

and elegance of the baseline physiological Malthusian model. But it leads to very similar results.
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We provide support for this claim by developing a version of the model with “utility-from-
body-size” in Appendix C; the main comparative static results derived below (Propositions 2-3)
continue to hold. In Section 4 we furthermore demonstrate that the utility-from-body-size model
displays adjustment dynamics that are very similar to those observed for the baseline model.
The baseline model is thus a good approximation to the utility-from-body-size version at the

steady-state and off the steady-state.

3.5. Production and Demographics. We assume that total income is determined at the
macro-level by a body size adjusted technology. Specifically, potential aggregate income is given
by Y; = Amfi?X 1=a "o € (0,1). As usual A captures technological knowledge, L, denotes
aggregate labor input in period ¢, and X is land. The parameter ¢ quantifies the return to
body size, ¢ > 0. Larger lean workers are more productive because they exert more muscle
force. While there were always some overweight people in society, widespread obesity was not
observed before the late 20th century. This means that the representative worker in Malthusian
times presumably possessed a lean body. Because muscle force is proportional to muscle cross-
section area, measured in meters?, we observe that it rises with height as h? and with weight
as m2/3 (Astrand and Rodahl, 1970; Markovic and Jaric, 2004, Samaras, 2007). Of course
not all tasks of the production processes rely on ‘brute force’ to the same extent. Theoretical
reasoning and empirical estimates in sport physiology suggest that individual performance in
different tasks scales with body size as m®, in which ¢ = 2/3 for exerting force (as for example
plowing and digging), ¢ = 0 for moving and ¢ = —1/3 for supporting body weight (Markovic
and Jaric, 2004). In Dalgaard and Strulik (2011) we investigate in a partial equilibrium context
how heterogeneity of tasks and body size explains wage inequality and rationing on the labor
market. In the present representative agent context, however, we have to assign an average value
to ¢ that approximates the average return of body size on income (see the calibration below).
Following Galor and Weil (2000) we assume that labor is paid according to its average product

such that potential income per adult is given by
g = Am?(Ly/ X)L (10)

Since each adult actually supplies 1 — 7n; units of labor, actual income per worker is given by
Amf(Lt/X)a_l(l —7n)® = (1—7ny)*y and income per capita is given by g = (1 —7n;) %y /(14

n¢). According to standard Malthusian theory, i.e. ignoring body size, the technology implies
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stagnation in the long-run unless general productivity A is growing without bound since land is
constant. Taking the physiological fact into account that larger bodies exert more muscle force
and are thus more productive (¢ > 0), Malthusian stagnation follows less immediately since, in
principle, living standards could improve continuously in line with increasing body size. As will
be shown below, long-run stagnation in this case, requires a further condition — the physiological
check — to hold.

Finally, the adult population evolves according to
Lt+1 = ntLt, (11)

where ny is given by equation (9b). With equations (1) to (11) the model is complete.

4. STEADY-STATE AND COMPARATIVE STATICS

4.1. Existence and Stability of the Steady-State. The model can be represented by a
two-dimensional dynamic system of body size and population size. To obtain it we substitute
energy consumption per child (9a) into the law of motion for body size (6) and fertility (9b) into
the law of motion for population size (11). This leads to the system (12), with y; determined
by (10).

ae
-1

(v = 1) [y — (Bo/e)mi]
B+7)[p(Bo/e)m) + Tyi]

i = [o(Bo/e)ymt + 7yn + (1 = d)pum (12a)

Lt+1 = ( (12b)

ProprosITION 1. Existence of a steady-state. There exists a unique steady-state (m*, L*)

at
. _ aBy T((B+y)p+7 - 1)} }ml_b)
= a T G .
L [Ae(y—1-(B+)7) }” U e
X_{[(B+’y)p+v—1]Bo (o). (135)
At the steady-state potential income is given by
* [(ﬁ + ’Y)P +’7 - 1] BO . (m*)b (130)

[y —=1—(B+7)7]e

and income per capita is given by g* = (1 — 7)%y*/2.
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Proof. At a steady-state equilibrium we observe n* = 1 and thus from (9b) we find that y; is
given by (13c). Inserting (13c) into (12a) evaluated at m;+1 = m; provides body size at the
steady-state. Using (10) and (13c) in (12b) we obtain population density at the steady-state.
Noting again that n* = 1 such that each family consists of one adult and one child provides

income per capita at the steady-state. ]

In order to assess stability and other important features of the steady-state we introduce the

physiological check.

AssuMPTION 1. The Physiological Check. The body size elasticity of metabolic needs

exceeds the body-size elasticity of productivity: b > ¢.

Applying Kleiber’s law, the physiological check requires that ¢ < 3/4. In the calibration
below we argue in favor of a value for ¢ of 0.25, implying that the physiological check is fulfilled.
As will become evident below, the case where the physiological check is not fulfilled involves
dynamics that are inconsistent with the pre-industrial growth record suggesting the check must
have been in place throughout history. Intuitively, the physiological check requires that the
elevated subsistence needs exceed the productivity gains associated with rising body size. In
this regard it is interesting to observe the correspondence to Malthus’ positive check, which also
involves a restriction on elasticities: the population size elasticity of food demand exceeds the
population size elasticity of food supply, 1 > a.

In order to investigate stability we insert (10) into (12a), which provides the isocline along

which body size remains constant, Am = my41 — m; = 0, implicitly given by

—1 By ,_ e
G(my, Ly) = [1—(1—d>u]’ya6 —p—tmp = rAm{ L =0, (14)

Implicitly differentiating we obtain dL;/dm; < 0; the Am = O-isocline is negatively sloped.
Observe that Am < 0 when my lies to the right of the isocline and Am > 0 when m; lies to the
left of the isocline. Moreover, observe that L; — 0 for m; — oo and L; — oo for m; — m > 0.
The resulting curve and arrows of motion are shown in the phase diagram of Figure 3.

The AL = O-isocline in (my, L¢)-space is obtained by solving (9b) for n = 1 and inserting the
result into (12a). This provides (15).

Li  [Ae(y—1— B+ e
X [((B+y)p+v—-1Bo e (15)

15



Given the physiological check, b > ¢, the isocline is a hyperbola with L; — 0 for m; — oo and
L; — oo for my — 0. Recall that for the Am = 0-isocline Ly — oo for my — m > 0. Hence,
there is a unique intersection between the AL = 0 and Am = 0-isoclines. Finally, observe that,
when the physiological check is operative, AL; < 0 above the isocline and AL; > 0 below the

isocline.

Figure 3: Phase Diagram

The arrows of motion in Figure 3 suggest that the steady-state is a globally stable spiral or
node. In Appendix B we evaluate stability numerically and show that the equilibrium is indeed
stable when both the positive check (1 > a) and the physiological check (b > ¢) are operative.
This means that the standard assumption of decreasing returns to labor input made in (10),
which was necessary and sufficient to ensure stability of stagnation in the standard Malthusian
model is necessary but not sufficient to ensure stability in the physiologically founded Malthusian
model.”

We demonstrate in Appendix B that the positive check is not sufficient to generate stability.
For a wide range of parameters, the economy becomes unstable if the physiological check is not
operative although the positive check is operative, i.e. although « < 1. Intuitively, the AL =0
isocline becomes positively sloped for ¢ > b and the arrows of motion point toward larger L
above the isocline. If ¢ becomes sufficiently large the arrows of motion for m also point towards
INotice that this claim is based on the observation that instability does exist for some a < 1, which can be

verified numerically. Of course, the numerical analysis cannot substitute for a theoretical proof of stability of the
equilibrium of stagnation.
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larger body sizes above the Am = 0 isocline. Taken together, this leads to a perpetual expansion
path in northeastern direction. Without an operative physiological check it is thus theoretically
possible that both population size and body size expand perpetually. The absence of such a
trajectory in the historical record suggests that the positive check and the physiological check
must have been in place.'® Henceforth we thus assume that the physiological check holds and

proceed to examine the steady-state predictions of the model.

4.2. Comparative statics. Observe that technology A enters the equation for L* but does not

matter for m*. In combination with (13c) this leads to the following conclusion:

PROPOSITION 2. Technological innovations. A discrete increase in productivity (A) leads
to a more densely populated area but leaves equilibrium body size and income per capita unaf-

fected.

In the model, a temporary increase in productivity will lead to temporary increases in nu-
trition and fertility. However, due to the biological feedback loop from subsistence, nutritional
expenditures per child will be lower (and so will be fertility) in the following generation. This
process will continue until n = 1 once again. At this point the temporary gain in body size has
fully eroded, and the only result from the innovation is a larger population size. In the long run
income per capita does not change since the larger population fully offsets the increase in A.
Note also that similar results can be derived for alternative parameter changes associated with
technology improvement. Lower dependence on limited land (larger «) and higher efficiency
in using brawn (increasing ¢) both lead to a higher population density without an equilibrium
effect on body size and — according to (13c) — on income.

There is convincing evidence testifying to the fact that technological change did increase
population density in the aggregate, in pre-industrial times (e.g., Ashraf and Galor, 2011; Baker,
2008). However, the lack of a long-run time trend during the last two millennia as a whole,
in terms of body size, has also been established (Kunitz, 1987; Koepke and Baten, 2005).
The present theory thereby suggests that these potentially conflicting observations are in fact
reconcilable.

10 Alternatively, it appears to be plausible that there exist a physiologically determined upper limit of body size

that humans can attain. In that case, instability would imply that the representative individual is of maximum
feasible size, an equally unobserved phenomenon in the history of mankind.
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At the same time we reiterate that these steady-state results do not preclude a positive short-
run impact of productivity gains on income and body size. Comparative dynamics will be
discussed below.

Physical anthropologists and biologists argue that some of the observed differences in human
body size, across regions and countries, can be attributed to selection (see e.g., Walker and
Hamilton, 2008). In particular, it is argued that larger individuals have had a selective advantage
in colder climate zones: This idea has its roots in Bergman’s rule, which states that the body
size of mammals tends to rise, as one moves away from the equator. A significant negative
correlation between human body size and mean annual temperature was first demonstrated by
Roberts (1953) who estimated in a sample of 116 societies that average body mass decreases
by 0.3 kilogram per degree Fahrenheit. Bergmann’s rule has been confirmed by several follow
up studies (e.g. Croignier, 1981, Ruff, 1994, Katzmarzyk and Leonard, 1998, and Gustafson
and Lindenfors, 2009). Its most popular explanation is based on the observation that as one
moves into colder climate zones it becomes more challenging to keep warm and that as body
size goes up the surface to volume ratio declines, which limits the extent of heat loss per unit
of body mass. Since limited heat loss is an advantage in cooler climates, selection may have
favored larger bodies in cooler areas. Among anthropologists it is now widely accepted that
some intercultural variation in body size is the result of genetic, i.e. evolutionary differences
(Ruff, 2002). With economic development and the associated secular increase of body size the
association of body size with climate became somewhat weaker across populations of the late
20th century, although it is still clearly visible (Katzmarzyk and Leonard, 1998).

The genetic differences that may have emerged in human societies are captured in our model
by the physiological parameters a, d, By, p, and p. These physiological parameters determine
the energy needed to create and maintain cells during ontogenetic growth and in adulthood.
In particular the parameter d = b./e. appears to be a likely candidate. To see this observe
that equation (3) does not allow for heat loss. Accordingly, the consequences of heat loss are
implicit in the parameters of the energy conservation equation. Specifically, lower energy costs
of running and maintaining a body cell would capture lower heat loss. In the model this is
equivalent to a lower value for b. and thus d. The evolutionary argument above could thus be
interpreted as saying that individuals with lower values for d would have a selective advantage

in cold climate since it implies less heat loss, which is useful in keeping body temperature up in
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cold environments. Observe that lower energetic cell costs in this way, according to the model,
would produce adults of larger body size (which according to Kleiber’s law need more energy to
maintain their metabolism). As a result, in areas where d is smaller (i.e., in colder environments)

individuals will be larger.

ProrosiTiON 3. Biological innovations. In areas where humans are selected to be larger

income per capita is larger, and population density lower.

This means that if there are physiologically determined differences of body size across popu-
lations (reflected by variation in any of the physiological parameters across steady-states), then
those populations that have been selected to be of larger body size inhabit less densely populated
areas and earn higher income per capita at the Malthusian steady-state.

Proposition 3 implies the following corollary

COROLLARY 1. Suppose there are country-specific differences in the genetic determinants of
body size. Then across country-specific steady-states there is
(1) a negative association between population density and body size,

(2) a positive association between income per capita and body size.

Part (1) is known in the biological literature as Damuth’s law (Damuth, 1981). According to
our theory this empirical regularity can be ascribed to greater metabolic costs of child rearing
for larger individuals, which lowers fertility and in the steady state reduces population density.
Part (2) is consistent with the empirically observed positive correlation between body size and
income per capita (e.g., Steckel, 1983; Brinkman et al., 1988). The corollary thus implies that
body size is a sensible indicator of long-run income per capita. According to our model the link
emerges due to greater body-size related productivity, and because population density is lower
in places with larger individuals. Notice that Proposition 3 compares Malthusian steady-states
across populations. Within a population and over time we will observe variation of body size
as an off-steady-state phenomenon for given genetic make up. These variations, to which we
turn next, reflect the nutritional standard of living in a particular period of time, as commonly

assumed by anthropologists and economic historians.
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5. COMPARATIVE DYNAMICS

5.1. Model Calibration. In order to study the quantitative implications of the model we
proceed with a calibration. We start with the biological components. We put By = 70 and
b = 0.75 according to Kleiber’s (1932) law. We set m* = 54.3 to match average weight of
females in contemporary less developed countries.!

In medieval Europe and China life expectancy at age 20 was around 30 years (Clark, 2007).
Accordingly we set the length of the adult period to 30 years. In order to get an estimate
for p we begin by observing that during pregnancy the metabolic rate rises on average by 5%,
10% and 25% in the first, second and third trimester, respectively (Butte and King, 2007).
Pregnancy per child takes on average 3/4 of a year. In medieval Europe a women gave birth to
about 5 to 6 children (Clark, 2007) which implies for our unisex model that a woman incurs the
metabolic cost of about 3 births (of which, at the steady-state, one survives up to adulthood).
This means elevated caloric needs for pregnancy per unit length of the adult period by factor
(0.05/3 +0.1/3 + 0.25/3) - 3/4 - 3/30. During lactation the basal metabolic rate of a woman
who is exclusively breastfeeding her child rises by about 450 calories (Butte and King, 2007).
Assuming a basal metabolic rate of 1500 calories for our 54.3 kg average mother, this implies
elevated caloric needs by factor 450/1500 during the breastfeeding period. We put the age at
weaning to 18 months according to the average value reported for England in the Middle Ages
(Mays, 2010). Based on this observation, breastfeeding per child takes on average 1.5 years and
we estimate elevated caloric needs for lactation per unit length of the adult period by factor
450/1500 - 1.5 - 3/30. Taken together, we end up with an estimate for p of [(0.05/3 + 0.1/3 +
0.25/3) - 3/4 + (450/1500) - 1.5] - 3/30 = 0.055.

To calibrate p, we observe that the weight of a 18 months old girl (i.e. at the calibrated age of
weaning) is 9.4 kg according to World Health Organization Child Growth Standards, evaluated
at the 25th percentile.!? This implies that u = 9.4 /54.3 ~ 0.173. We set the time cost of children
7 = 0.06, following Moe (1998) and Lagerloef (2003).

Uy o previous draft we examined a cross-section of 38 LDCs that underwent the demographic transition in 1980
or later, according to the “dates” for the fertility decline established by Reher (2004). This is the sample within
which the average female weight is 54.3 kg; see Dalgaard and Strulik (2010, Table 2).

12T his standard is documented in de Onis et al. (2007). It is worth observing that the basis for the weight-for-age
curve is solely US children. Since US children may not be an accurate description of less developed economies
we chose to use the 25th percentile, rather than the median. The choice of the 25th percentile is admittedly
a somewhat arbitrary choice. In any event, the calibrated parameter values are not very sensitive to the exact
choice of weight-for-age curve. For instance, v (and d below), only changes to a very minor degree if we use the
50th percentile instead.
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For calibration of d, the amount of energy used for cell maintenance relative to cell creation,
we turn to West et al.’s (2001) model on ontogenetic growth in continuous time, and investigate
the human growth process. For the calibration we need body size at three different points in
time. In addition to weight at age 18 months (end of weaning, 9.4 kg) and asymptotically (i.e.,
54.3 kg), we used the weight of a five year-old, which is 16.5 kg (again, at the 25th percentile).
This leaves us with d = 0.37.13

Table 1: Numerical Specification of the Economy

description notation value based on

human metabolism By 70 Kleiber (1932)

Kleiber’s law b 3/4  Kleiber (1932)

equilibrium body-size m* 54.3  avg. empirical sample

relative child size after weaning 1] 0.173 WHO, de Onis et al. (2007)
energy for pregnancy and lactation p 0.055 Mays (2010), Butte and King (2007)
energy requirement for body growth d 0.37  West et al. (2001)
standardized size of body cell a 0.84  implied

time requirement of child rearing T 0.06  Moe (1998)

labor share « 0.65  Clark (2007)

body size elasticity in production 0] 0.25  Strauss (1986)

utility weight for non-food 8 4.5 Deaton and Muellbauer (1986)
utility weight for children y 4.0 Brown et al. ( 2004)

length of a period in years ) 30 Clark (2007)

population density L* 1.0 normalized

life-time income per adult at subsistence g* 12,000 Maddison (2003)

productivity A 9415  implied

energy exchange rate € 0.076  implied

For the economic part of the model we set a = 0.65 according to Clark’s (2007) estimates.
We set v = 4 in keeping an evolutionary argument behind the utility function, which is given in
Appendix B. Deaton and Muellbauer (1986) estimate that in contemporaneous poor countries
children cost their parents about 30-40 percent of what they spend on themselves (ignoring
time costs). Assuming that children live with their parents during half of their parents life
this implies that a child costs about 35/2=17.5 percent of the parents’ own consumption. We
adjust the weight of parental non-food consumption in utility such that we match this estimate.

This provides 5 = 4.5. An implied prediction is that the total food share of expenditure is 85

13The continuous time ontogenetic growth equation is given by m = émb + dm, where d is the en-
ergy used for cell maintenance relative to cell creation (West et al. , 2001). From that we obtain d =

log ([1 — (mo/m*) V4 /[1 — (mv/m*)1/4]) -4/v. Accordingly, mo = 9.4, m, = 16.5,v = 3.5 and m* = 54.3.
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percent, which squares well with Clark’s (2007) observation of the food expenditure share for
poor societies in history .

To calibrate the impact of body size on productivity (i.e., ¢) we proceed in two steps. As a
first step, we observe that productivity can be related to nutritional needs. Using the production

function (10) and Kleiber’s law (1), we obtain:
log (31) = 108 (7) +  log (B) + (1 — o) log (X/1)

with log (Z) = log (A) + (¢/b)log (By). Assuming that energy needs are a reasonable proxy
for energy consumption we can employ Strauss’ (1986) estimates for the impact of nutrition on
farm productivity to calibrate ¢. Strauss finds that the elasticity of farm output with respect
to nutrition is about 1/3 (with a standard error of 0.11), which in theory reflects ¢/b. Since b is
3/4, it follows that a reasonable value for ¢ is 1/4, which we will use below.

We normalize the (initial) steady-state size of the population of adults to unity. Suppose
that steady-state output per capita is 400 (international dollars) per year as estimated for most
European countries during the early and high Middle Ages (Maddison, 2003). Then, during the
period of adulthood income is $ 12,000 = 30-400. Using the values for m*, L*, and y* we get an
estimate of (initial) factor productivity A of 9415. We determine the remaining two parameters,
a and €, by solving the numerically specified model at m* and L*. This provides the estimates
a = 0.85 and € = 0.076. Table 1 summarizes the notation, the numerical specification, and the

sources it is based on.

5.2. Dynamic Properties of the Model. In this section we investigate adjustment dynam-
ics by two numerical experiments: a drought and the black death. In both experiments the
economy rests initially (period 0) at the steady-state. The drought experiment temporarily re-
duces productivity A by three percent in period 1. In the phase diagram the parameter change
leads to a temporary upward shift of both the Am = 0-locus and the AL = 0-locus leaving
the intersection at m* unchanged. As a consequence the economy leaves the steady-state in
south western direction. People react on the deteriorated conditions by having less kids and by
providing less nutrition per child. Adjustment dynamics shown by solid lines in Figure 4.A set

in. The benchmark model is reflected by solid lines.
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Figure 4: Impulse Responses
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Left: temporary reduction of productivity A in period 1 by 3%. Right: reduction of population size
by 1/3 in period 1. Solid lines: benchmark economy. Dashed lines: alternative economy with body
size in the utility function (See Appendix C). All parameters values from Table 1.

Lower productivity leads to a temporary decline in body size and population density in the
following (“period 2”) generation.'* On less densely populated land the adults of period 2 are
relatively prosperous, and since they are also relatively small, income exceeds subsistence needs.
Consequently they can afford to increase fertility and nutrition per child, which then increases
density and body size in the following period. The economy thus adjusts in damped cycles
towards the steady-state.

Because the model allows adjustment in both nutrition and fertility it can produce and ex-
plain oscillating adjustment dynamics of income and population size. The standard Malthusian
model, in contrast, predicts monotonous adjustment dynamics (Ashraf and Galor, 2011). This
distinctive feature of the model thus allows us to capture Malthus’ (1888) original ideas on the
oscillatory nature of the adjustment of population after a shock (Lee and Loschky, 1987), and

provides an endogenous mechanism that explains the cyclical evolution of fertility, population

14Long—lasting effects of droughts and famines during childhood on adult height and weight have been established
in previous research; see e.g. Alderman et al. (2006); Meng and Qian (2009); Maccini and Yang (2009).
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size, and body size in medieval and early modern times (Duncan and Thomas, 2004; Woitek,
2004)

Impulse responses for the utility-from-body-size model (cf. Appendix C), based on the same
calibration as the benchmark model, are shown by dashed lines in Figure 4. The alternative
model produces only mildly overshooting behavior but otherwise quantitatively similar impulse
responses. The results of the baseline model are thus a fairly accurate approximation to the
results stemming from the utility-from-body-size model.

The numerical experiment displayed in Figure 4.B. show responses to an exogenous decline of
the population by 1/3 (i.e., the Black Death). In line with the standard Malthusian model the
drastic reduction of population leads to an increase of the marginal product of labor and thus
income. Higher income induces parents to increase fertility and to nourish their children better
implying that the next adult generation is more numerous and heavier. But since body size ex-
ceeds its steady-state level this situation is not sustainable. Pressured by high subsistence needs
parents reduce fertility and nutrition and the economy adjusts towards the steady-state from
above. The utility-from-body-size model produces a mildly overshooting response of population
size and thus a faster convergence of body size towards the steady-state but displays otherwise

similar adjustment dynamics to the baseline one.

6. UNDERSTANDING PRE-INDUSTRIAL DYNAMICS

In this section we gauge the ability of the model to account for the dynamics of Pre-industrial
development within Western Europe. For most of the preceding millennia, prior to the onset of
the industrial revolution, the growth trajectory of the European population was slightly upward
sloping with occasional disruptions, for example, those caused by the Black Death. Overall,
the Western European population increased by about a factor of four from the first to the 17th
century (Kremer, 1993). Interestingly, for average European body size, i.e. stature, there was
no visible trend during the Middle Ages. The study by Koepke and Baten (2005), drawing on
height data derived from European skeletal remains, find strong evidence in favor of oscillations
in stature around a constant trend level of height (circa 170 cm) during the last two millennia.
Statistical tests reveal that the deviations from trend are significant.

Taken together this evidence suggests that prior to the industrial revolution human societies

witnessed step-wise increases in population (punctuated by occasional declines), while at the
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same time height exhibited very little trend in either direction (see also Clark, 2007). Instead,
cyclical movements in height, around a constant trend, seem to have been the norm. We
know from the comparative statics in Section 4 that our theory is well situated to explain
these movements by gradual technological change (productivity growth). After any permanent
improvement of technology, population density is predicted to adjust to a higher level while
body size is predicted to fall back to the initial steady-state level.

In order to assess the quantitative predictive power of the model we design the following
experiment. We take the historical data on European population from Kremer (1993) and on
body size (height) from Koepke and Baten (2005). We then calibrate in any century productivity
A such that the model values for my, Ly, L;y+1 match the historical data. Subsequently, we use the
calibrated model (as specified in Table 1) along with the estimated time series for productivity

to predict myy1.

Figure 5: Predicting Average Stature in Europe
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Solid lines: historical time series according to Kremer (1993), Koepke and Baten (2005), and Morris
(2010). Productivity shocks are calibrated such that the model economy produces the historical
evolution of population size. Dashed lines: predicted body size and productivity.
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In order to compare with the historical data we have converted the historical height numbers
into weight using a constant body mass index (BMI) of 20. After the simulation, body mass is
re-converted by the same BMI into height and the predicted time series is compared with the
empirical data.'® Admittedly, the data on height should be interpreted with care, as they are
based on skeleton remains from a variety of archaeological excavations, which may not be equally
representative. Still, this is to our knowledge the only source of intertemporally comparable data
on body size, which spans the period of European history where Malthusian forces arguably were
of first order importance.

Figure 5 shows the result of this exercise. By construction, the imputed productivity series
fully explains the empirical population series and thus the secular increase of population size by
about a factor of four over the 17 centuries. These productivity changes induce the model to
predict mean-reverting fluctuations of body size that match the historical data reasonably well.
In particular, for most centuries the model correctly predicts the direction of change for body
size. The only period in history where the model fails drastically is around the time of the Black
Death episode. The explanation here is very intuitive. The big slump of population growth
in the 14th century was to a large extend caused by sharply increasing mortality (instead of
productivity changes). Since there is no explicit role for mortality in the model, it misinterprets
the slump as solely caused by declining productivity, which leads it to predict too few births
and too little nutrition in the century before the population decline. As a result, the model gets
the stature cycle wrong. After the Black Death episode the model resumes to predict changes
of body size reasonably well.

Dashed lines in the bottom panel in Figure 5 shows the calibrated series for productivity (A).
The model predicts a U-shaped path for A, with a minimum around the 7th century. Overall,
our imputed series for A suggests a 1.6 fold increase in productivity from year 0 to the end of
the period.

How plausible is the imputed productivity series? This is obviously a difficult question to
answer since A is unobservable, absent direct measurements of output and production inputs.
But a rough of idea of what the answer is likely to be can be obtained from the figure, where

the solid line in the lower panel of Figure 5 show the evolution of the “social development

15The body mass index is defined as height (in meters) divided by the square root of weight (in kg). Ideally we
would like to compare the models’ predictions directly to historical data on body size in the sense of weight; to
our knowledge such data does not exist, unfortunately.
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index” compiled by Morris (2010). This index is thought to capture (p. 144): “the bundle of
technological, subsistence, organizational, and cultural accomplishments through which people
feed, clothe, house, and reproduce themselves, explain the world around them, resolve disputes
within their communities, extend their power at the expense of other communities, and defend
themselves against others attempts to extend power”; it seems reasonable to expect that this
index ought to be positively correlated with A in our model. To construct the index, Morris
weighs four “traits” together: (i) the extent of energy capture; (ii) number of citizen’s in the
largest city; (iii) war making capacity and (iv) the state of information technology.'® The
solid line in Figure 5, however, only involves the average of (i), (iii) and (iv) as the size of the
largest city undoubtedly is correlated with over-all population density; had (ii) been included
in the index a positive correlation with our imputed A would follow almost by construction. To
facilitate a comparison between the imputed A and Morris’ index the series are normalized by
their value in the 7th century (roughly the minimum according to both series).

Bearing in mind that the social development index is best viewed as a proxy for productivity
it is unsurprising that there is a marked level difference to our imputed A series. The significant
question is whether the two series evolve in sync, which largely is the case. The exception
is the period from year 0 to 200 C.E., where our imputed series exhibits a slight increase
whereas Morris’ index declines. A simple explanation might be that Koepke and Baten’s data
on body size pertain to observations for Western and Central Europe (locations in contemporary
Germany, Benelux, Austria, Northern France, Switzerland and the UK), whereas Morris’ series
speaks to the Roman Empire in its entirety. It seem likely that there was a significant differences
in development between the core parts of the Roman Empire and Northern Europe during the
first few centuries C.E. This will cause our imputed series for A to be underestimated until the
Roman Empire starts its century long period of decline. As a result, the imputed series for A
will underestimate the decline in productivity from the zenith of the Roman Empire and into
the Dark Ages. But apart from the period 0-200 C.E. the two series do track each other to a

reasonable extent across the centuries.

16Details of the method are found at http://ianmorris.org/socdev.html.
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7. PRE-INDUSTRIAL COMPARATIVE DEVELOPMENT: REGRESSION ANALYSIS

7.1. Empirical Specification. The key steady state prediction of the model is that population
density should increase in response to greater productivity, whereas body size (weight) should
be unaffected by productivity in the long-run. Hence, productivity holds a differential impact
on the size and number of people. Provided a reasonable proxy for productivity can be obtained
along with data on population density and body weight this prediction can be tested.

From Propositions 1 and 2 it follows that steady state population density and body weight
can be written:

log (i) = g + aq log (A;) + B'Z; + &; (16)

where log (z;) is either population density or body size (kg), log (A;) is productivity, whereas
Z; contains additional controls. The unit of analysis ¢ is either ethnic groups or “regions”, as
described below. We cannot observe the steady state level of either variable so we follow Ashraf
and Galor (2011) and proxy it by observed counterparts.

The claim in Proposition 2 is that a; > 0 when the left hand side variable is population

density, but a; = 0 when body size is the dependent variable.

7.2. Data.

7.2.1. Ethnic group data. Our first sample involves societies present in the Ethnographic Atlas
(Murdock, 1967). The Ethnographic Atlas contains cultural, geographical, and economic char-
acteristics for roughly 1270 ethnic groups around the world, and has recently been employed
in several studies within the economic sciences (e.g., Alesina et al, 2012; Michaelopolous and
Papaioannou, 2012).

Unfortunately, the Atlas neither contains information about population density nor on body
size for which reason we have had to collect the data. The online Appendix lists the detailed
sources observation-by-observation. At this point we simply note, in the interest of brevity, that
two key sources for population density is Binford et al. (2012) and Marlowe (2005). Together
with other published studies referenced in the online Appendix we end up with a data set
covering 196 ethnic groups that also are found in the Ethnographic Atlas. The societies for
which we have data on population density are largely hunter-gatherers; only five societies with

data on population density subside chiefly on agriculture (i.e., 50% dependence or more).
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In terms of body size, measured by male body weight, we have been able to find data for 91
societies covered by the Atlas.!” Key sources are Binford et al. (2012) along with the compi-
lation in Eveleth and Tanner (1976), which we have supplemented with data from studies in
anthropology and ethnology, as laid out in the online Appendix. This sample comprises both
societies that subside on agriculture and via hunting and gathering. Regrettably, the overlap
with the “density sample” is minuscule preventing a meaningful “same-sample” check of the
productivity link. Fortunately, such a check is possible in our other sample, which we describe
below.

In proxying A we are mainly interested in “external” measures of productivity, which therefore
cannot be said to be influenced by our dependent variables; density and average body weight,
respectively. In the context of societies that subside on agriculture the most obvious measure
would be geographically determined “land quality”, as produced in e.g. Michaelopolous (2012).
This sort of measure combines information about soil conditions along with information about
precipitation, temperature and sun hours. However, in light of the fact that we are dealing with
both agricultural societies and hunter-gatherers (for which the agro-based land quality measure
may not be optimal) we have opted for a more parsimonious approach.

As a proxy for “A” we include a measure of soil conditions (“soil quality”) and (log) rainfall
(1000 mm), separately. Temperature is also found in the control set (as noted below), but it
might pick up other sources of influence on density and weight; e.g., via disease incidence. As
a consequence we do not focus on temperature when testing the link between A, density and
body size. Soil conditions are captured by the fraction of land area, in a 200 km radius around
the center of the ethnic group, where crop growth is feasible judged from factors such as soil
depth, fertility, drainage, texture, chemical and terrain slope agriculture (see online Appendix
for a global map). Precipitation is a similar (200 km) average, using weather data for the period
1901-2000. When testing the theoretical link between A and population density and body
size, respectively, we will examine the individual and joint significance of these two variables;
both variables are expected to be positively correlated with productivity. While this is our main

approach to the measurement of productivity in the ethnic-group sample, we also provide results

17Ideally, we would want data on female body weight. These data are, however, are a lot scarcer than male weight
for which reason we use the latter. Still, it is worth noting that male and female weight appears to be highly
correlated across ethnic groups. A regression of female body weight on male body weight (N=33)”returns a slope
estimate of 0.99, significant at the 1% level, and a statistically insignificant intercept of —0.15.
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from using “land quality”; these results are found in the online appendix along with a map that
depicts the global distribution of the variable.

The main concern is that omitted variable bias might be tainting our results; reverse causality
can safely be ruled out on a priori grounds. To control as best we can for potential confounders
we include an extensive set of additional productivity controls in our regressions. Inspired by
the literature on fundamental determinants of prosperity (Acemoglu, 2009, Ch. 4), we include
controls that fall in three broad groups: “Geography”, “Institutions” and “Culture”. The
controls are thus motivated by their potential auxiliary impact on productivity (beyond soil
quality and rainfall).

2

As “Geography” controls we include variables that speak to the location of the ethnic group:
distance to ocean, land area within 100 km of coast and settlement patterns. The latter variable
is a 1 to 8 indicator ranging from nomadic (1) to complex settlements (8), and is based on V30 in
the Atlas. We also include controls of a climatic nature: temperature, absence of frost, absolute
latitude and continent dummy’s. To control for ethnic institutions we follow Michaelopolous and
Papaioannou (2012) and employ “Jurisdictional Hierarchy Beyond Local Community”, which
is a 0 - 4 indicator in which a higher number testifies to greater institutional complexity. In
order to control for cultural sources of influence on productivity we employ language subfamily
fixed effects based on V99 in the Atlas. While the potential number of cultural fixed effects is
large, only 22-23 subfamilies are in practise represented in our samples. Finally, to deal with
the fact that our samples comprise both hunter-gatherers and agriculturalists we also control
for the mode of subsistence. Specifically: the ethnic group’s dependence on animal husbandry
and agriculture (V4 and V5 in the Atlas). The sources of the controls are provided in Appendix
D, along with summary statistics for density, weight, the environmental determinants of A as
well as latitude. The latter shows that societies in our samples range from the southern part of

Latin America to the Arctic North.

7.2.2. Pizel-level data. The ethnic-group sample involves societies that a priori should be de-
scribable by our model, which then allows us to potentially falsify key predictions of the theory.
Yet the question is whether the model is able to speak to more modern societies. To address this
question we have had to overcome two challenges. The first is the problem of data availability
on body size and the other is to identify contemporary societies where our model should be

relevant on a priori grounds.
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On the first front we have chosen to rely on Demographic Health Surveys (DHS), which
today covers about 90 countries. Of course, only a fraction of these countries have yet to
undergo the fertility transition, and our model only speaks to a pre demographic transition
setting. Since country coverage therefore inevitably will be small we resort to sub-national data
in the analysis. This is possible because DHS has begun to produce geo-referenced surveys,
which contains information about the location where the survey data was collected. With this
information in hand, we were able to construct estimates for average female body weight at
each of the reported DHS enumeration areas, which we subsequently use to calculate “regional”
(respondent weighted) averages. In our data set each “region” is a pixel of size one degree
latitude by one degree longitude.

In order to deal with the second obstacle, we began by consulting Reher (2004) who provides
estimates for the “year” of the fertility transition around the world based on Crude Birth Rates
(CBR). The advantage of using CBR is its availability for many countries and years. A drawback
is that the estimated transition year often deviates from one based on total fertility rates (or
marital fertility). For instance, whereas the English fertility transition is conventionally said
to occur in the 1880s (e.g. Hatton and Martin, 2010), Reher’s estimate is 1910. Hence, we
subsequently scrutinized the evolution of total fertility rates for the countries that Reher’s study
suggests underwent the fertility transition at the end of the 20th century (or not at all). This
allowed us to identify four countries that (also) exhibits non-decreasing total fertility rates until
1990 (or later), and for which geo-referenced data is simultaneously available: Ethiopia, Mali,
Niger and Uganda.'® This leaves us with a total of 233 pixel-level observations for population
density, and 159 observations for female weight.!'?

Needless to say, the countries are not randomly selected since they all are characterized by a
non-decreasing total fertility rate until the end of the 20th century. However, it is important to
observe that the sample is not selectively constructed at the sub-national level, which is where
we attempt to elicit information about the validity of the theory’s predictions.

As our key control for productivity we employ (log) land quality from Michaelopolous (2012).
We view this variable as a sensible proxy for A in the present sample, which comprises countries
that rely on agriculture to a considerable extent; as late as 1990 the share of GDP stemming from
18The DHS surveys that we employ were conducted around the year 2000, and contain information about the
weight of females in the age group 15-44. Accordingly, all the surveyed individuals were born prior to the fertility

decline.
195ee the online Appendix for further details.
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Agriculture was 54% in Ethiopia; 46% in Mali; 35% in Niger and 57 % in Uganda, according to
World Development Indicators.

As in the ethnic-group setting we include a list of controls for ”geography” (including controls
for location), “culture” and “institutions”. However, at a more detailed level some controls
inevitably differ from those employed in the ethnic-group analysis. Specifically, “Land area” is
a control in the pixel-level analysis, since the size of individual pixel’s (in square kilometers)
varies depending on their exact location on the globe. Moreover, since the countries in focus
are all from Sub-Sahara Africa, we include controls that previous studies have suggested to
be particularly important in this region: malaria ecology (e.g. Sachs and Malaney, 2002) and
terrain ruggedness (Nunn and Puga, 2010). To control for culture and political institutions we
invoke country fixed effects. Finally, as temperature now is implicit in the land quality index we
do not introduce it separately in our baseline regressions, so as to avoid collinearity. Yet, in our
robustness checks we introduce it along with additional geographic determinants of productivity,

as noted below. Details on sources, and summary statistics, are found in the Appendix.
7.3. Results.

7.3.1. Ethnic-group analysis. Table 2 reports our result for the ethnic-group sample. The first
six columns involve population density as dependent variable, whereas the last six columns
concern average weight. To conserve space we only report the estimates for the parameters of
interest; i.e., for the environmental proxies for A. We always control for continental fixed effects,
and language fixed effects. Moving from left to right in the table we progressively add controls
S0 as to gauge the stability of the estimates for our A-variables; column 6 and 12 thus includes
all controls simultaneously. At the bottom of the table we report the p-values associated with

the joint exclusion of soil quality and precipitation.

The general finding is that both productivity proxies are statistically significant determinants
of population density, regardless of the mix of controls. This is true for the variables individually,
and jointly. In our full specification we are able to account for about 70% of the variation in
population density across ethnic groups. The partial correlation between either proxy for A and
population density is depicted in the online Appendix; their significance do not appear to be

driven by outliers.
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It is obviously impossible to rule out that the significance of our environmental proxies for A
could be due to some (set of) omitted variable(s). But following Nunn and Wantchekon (2011)
we can provide a sense of how likely it is that unobservables can account for the observed link
between our productivity measures and density. The check consists of calculating a measure of
how strong selection on unobservables needs to be, relative to observables, in order to account
for the significance of either productivity proxy. In the present case we find that selection on
unobservables need to be five times greater than selection on observables, in order to explain
the rainfall - productivity correlation away. While the soil quality - density link appears more
fragile, by this metric, the former result suggests that omitted factors are unlikely to account
for the results in Column 1-6 in their entirety.2’

From Column 7 onwards we examine the productivity-body size nexus. Moving to the right
in the table it is apparent that the economic and statistical significance of soil quality and
precipitation is not much affected by the introduction of additional controls. In fact, the point
estimates are essentially the same in column 12 as in column 7. These results are not driven by
outliers as seen from the partial correlations depicted in the online appendix.

In two of the specifications, however, the two variables do appear as jointly significant, and
in one of these rainfall is significant, individually (see columns 9 and 10). But generally, and
in the setting were we add a full set of controls, soil quality and precipitation are (individually
and) jointly insignificant at conventional levels.

Taken together these results support the model. There appears to be a differential impact
of productivity on density and body size; whereas productivity supports population density it
is not statistically significant in promoting bigger people. Notice also that that the economic
significance of the productivity proxies diminishes visibly when moving from density being the
dependent variable to body size. This is most easily seen from the parameter estimates associated
with rainfall, as they are elasticities. The point estimate in Column 6 is 60 times larger than
the counterpart in Column 12. Hence the statistical insignificance of rainfall in Column 12 is

clearly not just a matter of an imprecisely estimated parameter.

20The measure discussed in Nunn and Wantchekon (2011) is calculated as the ratio between the point estimate
given a full set of controls (here: column 6 of Table 2), 8¢, and the difference in estimates between a restricted
set of controls, 3, and the full set of controls: B¢/(8r — Bf). To calculate the measure we ran a stripped down
regression of density on rainfall and soil quality, controlling only for language fixed effects and ensuring that the
sample is identical to the one from column 6 of Table 2 (N=190). This returns a point estimate for log rainfall of
0.97, and 1.67 for soil quality. The relevant measure for rainfall is thus 0.81/(0.97-0.81) = 4.8.
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Turning to the issue of robustness, one might start by observing that some of the ethnic
groups in our sample pertains to people from contemporary rich countries (e.g., Icelanders;
Dutch). Murdock (1967) notes that their inclusion in the Atlas might be debated but proceeds
to argue in favor of their inclusion based on (p. 101) “...his conviction that the exclusion of the
Western peoples and their cultures from the ethnographic universe is totally unwarranted.” Still,
in additional robustness checks we have tried omitting all European societies, as well as ethnic
groups that arguably identify as currently “rich” countries (e.g. the Japanese). Eliminating such
ethnic groups only reduces the sample to a minor extent, and has virtually no impact on the
results reported in Table 6 (see online Appendix).** Finally, as noted above, we also examined
the impact from an alternative productivity proxy (land quality) on density and body size. The

results are qualitatively similar, and discussed in the online Appendix.

7.3.2. Pizel-level analysis. Table 3 contains the main results for the pixel-level sample. The
structure of the table basically mimics that of Table 2; the first six columns concern population
density, whereas the following six relates to the productivity-body size nexus. In the present
context it is possible to check whether the differential impact obtains in the same sample, which

is examined in a final column 13.

The overall results are similar to those from the ethnic groups sample. Our external produc-
tivity measure is positively (and significantly) correlated with population density, but insignifi-
cantly correlated with body size. Moreover, the parameter estimates seem fairly stable despite
the progressive inclusion of plausible confounders. The partial correlations are depicted in the
online Appendix; it is clear that the results do not appear to be driven by outliers. The models
accounts for 50-70% of the variation in population density and body weight. Moreover, we can
confirm a positive link between population density and land quality in the same sample where
we obtain an insignificant correlation with body size (cf. column 13).

It is worth noting that there is considerable difference in the economic significance of the
two sets of estimates; whereas improvements in land quality by 1% increases density by about

0.3-0.4%, the similar figure for body weight is essentially zero. Hence, the differential impact

210ne new result, though, is that the joint significance of our productivity proxies in Table 2 (column 10),
evaporates in the more limited sample, demonstrating its non-robustness.
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from land quality is not simply a matter of imprecisely estimated parameters in the body weight
setting.

If we examine the measure of how strong selection on unobservable variables need to be to
account for the land quality/ population density link we obtain a factor of 2.2. While this is
a tall order it is a more modest requirement than what we attained above in the ethnic-group
sample, and our ability to motivate the variation in density and weight is slightly lower in the
pixel-level setting.

Hence, in an effort to further examine the robustness of our baseline results, we started by
including additional confounders. Specifically: temperature, topography (elevation) as well as
distance to the nearest country border. As expected, the inclusion of temperature reduces the
point estimate for land quality, but it retains statistical significance albeit at the 10 % level of
significance. In the full model with all controls added simultaneously the point estimate in the
population density model is about 0.2. Land quality remains uncorrelated with body weight
(see the online Appendix).

In another check we examined whether the results appear to be influenced greatly by one of
the individual countries; if they are, this too could be a sign of important omitted confounders.
The results do not appear to be fragile. Omitting countries one by one, with a full set of controls,
provides very similar results to those reported in Table 3 (see the online Appendix).

Finally, we also examined the correlation between body weight and economic activity at the
pixel level (reported in the online Appendix). Part of the motivation is that previous research
has established a positive link between body size and average income at the aggregate level,
for which reason it is of interest to see if a similar finding obtains regionally (see e.g., Steckel,
1983; Weil, 2007). Moreover, the proposed model predicts the existence of a positive correlation
between income and body size (cf. the corollary to Proposition 3).

In order to measure economic activity we employ the luminescence of individual pixel’s seen
from space at night, as proposed by Henderson et al (2012) and employed in an African context
in Michaelopolous and Papaioannou (2012). Conditional on our baseline controls from Table 3
as well as population density (to ensure we focus on per capita income; see Michaelopolous and
Papaioannou, 2012) we indeed uncover a positive correlation between weight and earth lights;

per capita income tends to be higher in regions where individuals are bigger.??

22Michaelopolous and Papaioannou (2012) document that the “lights data” predicts livings standards measured
by a wealth index available from DHS.
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Obviously, we can make no claims about causality in these regressions. Theory suggests a
positive bi-directional casual link between size and income, and the regression analysis cannot
identify (the magnitude of) each channel separately. Either way, however, the fact that a positive
correlation is detectable in the data is consistent with the predictions of the model. Taken
together with the results pertaining to the steady state determination of population density and
body size we believe the empirical analysis provides fairly strong support of the main predictions

of the proposed model.

8. CONCLUSION

The theory developed in the present paper proposes that child quality investments have been
made throughout history. These quality investments in child nutrition were productive and
served to elevate individual productivity. Nevertheless, in the long run income stagnated.

We hypothesize that stagnation persisted due to a “physiological check”: when body size
increases, subsistence requirements grow, which limits further nutritional advances and stabilizes
the economic system around an endogenously determined subsistence boundary. We argue
that this is a key mechanism in explaining the absence of per capita income growth, which
characterized most of human history, and represents a fundamental reason why episodes of
technological change did not instigate rising body size and productivity. In fact, as shown
above, with quality investments taking place the Malthusian positive check is not sufficient to
equilibrate the economy.

The two millennia that preceded the fertility transition in Europe witnessed gradually rising
population density, punctuated by occasional declines for disease related reasons. At the same
time, however, body size did not exhibit any upward or downward trend.

Our theory elucidates the mechanics behind this fact and the developed model is able to
quantitatively account fairly well for the periodic changes in body size over the period in question.
Similarly, key steady state predictions of the theory find support across ethnic groups as well
as across regions within countries at a pre-fertility-transition state of development. Specifically,
we document a differential impact from environmental richness on density and body size; higher
productivity spurs population density but does not lead to physically lager individuals.

We believe that the present study can form the basis for further research in a number of

different directions. One avenue of research would be to employ our framework in order to
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obtain a further understanding of the long-run historical growth record. A key stumbling block
for research in pre-industrial development is the paucity of reliable estimates for income per
capita over time and across countries.?> Our model can be helpful in this regard, looking
forward. While it is well known that skeletal remains can be used to provide height estimates
(e.g., Koepke and Baten, 2005), it is equally possible to produce weight estimates (e.g., Auerbach
and Ruff, 2004). With time series data in hand for body weight, it becomes possible to gauge
changes in income across time and space, with reasonable quantitative accuracy. This is feasible
as per capita income near subsistence is given by y oc m?, with b = 3 /4. Hence, a one percent
increase in body weight is associated with an increase in income by 3/4 percent. Similarly,
if cross country estimates for historical body weight are calibrated using skeletal remains it
becomes possible to examine the extent of comparative income differences, prior to the take-off,
and key determinants thereof.

Another line of inquiry could be to further our understanding of the long-run movements of
body size, before, during and after the demographic transition. In recent work we have taken a
first step in terms of studying the transition from stagnation into sustained growth. Specifically,
in Dalgaard and Strulik (2014) we augment the model above by endogenous human capital ac-
cumulation. In addition, technological change depends on human capital augmented labor, and
we allow for the feature that greater levels of technological sophistication increases the return
on skill accumulation (Galor and Weil, 2000). A key prediction of the theory is that societies
which historically were inhabited by bigger individuals are likely to undergo the demographic
transition, and thus the take-off to sustained growth, relatively early. The reason is that, due to
the higher physiological costs of child quantity, bigger parents needs less of an encouragement to
reduce family size and intensify quality investments; both in terms of nutrition and education.
Accordingly, the theory predicts that places where individuals were physiologically bigger in
pre-industrial times would experience the take-off to growth sooner. Accordingly, factors that
historically worked to increase (steady state) body size should therefore hold significant explana-
tory power vis-a-vis contemporary cross-country income inequality; differences in human body
size that have emerged due to positive selection, for example. The wealth of nations likely have

physiological foundations.

23The standard reference on pre-industrial development is of course Maddison (2003). Yet the accuracy of these
data are often questioned by economic historians. See e.g. Persson (2010) and references cited therein.
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APPENDIX A: PROOF OF PROPOSITION 3

The proof inspects the derivatives of (13) with respect to the physiological parameters a, d,
i, Bo, and p. For body size we observe immediately dm*/da > 0, 9m* /0By > 0, Om™*/Ou >
0, dm*/dp > 0, and Om*/dd < 0. For income we have dy*/0a = wbm’~1om*/da > 0,
oy* /O = wbmP~1om* /op > 0, dy*/dd = wbmb~'om*/od < 0, Oy* /0By = w/Bymb +
wbm®~1Om* /0By > 0, and dy* /0p = (B+7)7Bo/ [y — 1 — (B + 7)7] JemP +wbm®~tom* /0p >
0, in which we have defined w = [(8+7)p+~v—1]Bo/{[y —1— (8+~)7]€}. Notice the
positive relationship between potential income y* and income per capita g*.

For population density we have 9(L*/X)/0a = —0om="10m*/0a < 0, O(L*/X)/0u =
—0om =" 1om* /ou < 0, O(L*/X)/0d = —0om=°~Lom*/od > 0, O(L*/X)/0By = —0/[(1 —
a)Bolm ™ — fom~"'0m* /0By < 0, and O(L*/X)/dp = —(Afw)T= /(1 — a)(B +7)
[y=1—=B+N7] /[y =1+ B+y)p|m=7 —0om=""1dm*/dp < 0, with 6 = (A/w)/1-) >
Oand o= (b—¢)/(1 —a) > 0.

APPENDIX B: ON THE NUMERICAL ANALYSIS OF THE MODEL

Stability. We evaluate the Jacobian determinant of system (12) numerically. Given the
value of b fixed by nature, we have identified the elasticities o and ¢ whose change induces
the strongest reaction of dynamic behavior. Figure A shows the eigenvalues of the Jacobian
and alternative a. White dots on the left hand side demonstrate stability of our benchmark
calibration (parameter values from Table 1). Black dots reflect results for the case of ¢ = 1.5
indicating a strong violation of the physiological check (all other parameter values from Table
1). The Malthusian equilibrium is now unstable for a > 0.40, i.e. for any reasonable labor
share.

An Evolutionary Argument for the size of ~. In light of the models’ sensitivity to the
value of «y it is of interest to try to gauge a likely size of this parameter. As it turns out, the
weight of child quantity in the utility function can be given an evolutionary motivation, from
which a magnitude is implied.

Suppose nature maximizes genetic fitness, given by the total number of descendants produced.
Denote by m; the fraction of surviving children. Then genetic fitness of the current generation
is given by [];2, mn. As the solution of the maximization problem is invariant to a monoto-

nous transformation of the objective function, we let nature maximize the logarithm of genetic
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Figure A: Eigenvalues

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaa
uuuuuuuuuu
oo

aaaaaaa

0.5 X

°
-------
-----------------
-------

.o
-------------

000
coo
000
co0©
aaaaaaaa
c00©
0060
000
000

Parameters from Table 1 and alternative values of . White dots: benchmark case from Table 1.

Black dots: violation of the physiological check: ¢ = 1.5.
fitness so that the objective becomes max ) ;> logm + > ;o log ny. From the allometric lit-
erature we know that longevity (survival probability) of free living animals scales with body
mass at factor 1/4 (e.g., Brown et al., 2004), i.e. m o mff’,q/} = 1/4. Evaluating (6) at the
steady-state, we find that m; « ¢; and thus logm; o 1 - log ¢;. Inserting this information into
“nature’s objective function” and dividing through by ¢, we find that maximizing genetic
fitness is tantamount to maximizing .2 [log(c;) + (1/4) - log(ns)]. This is fulfilled when
parents’s of each generation maximize (7) for 5 = 0 and v = 1/¢. Note that evolutionary
considerations thus predict v = 4. This is the value we will use in our calibrations. Note that
this relatively high value for v serves to stabilize the economic systems (cf above).
Observe, finally, that this argument precludes that parents derive utility from own consump-
tion, beyond metabolic needs. In a previous version of this research (Dalgaard and Strulik,
2010) we show that all our key results go through if 8 = 0, i.e. if parents only care about

child nutrition and family size, but not about own consumption beyond metabolic needs.

APrPENDIX C: BoDY SizE OF THE GROWN UP CHILD IN THE UTILITY FUNCTION

This section develops a version of the model where parents derive utility from child body size

(instead of food expenditure for children). Parents now maximize (17) subject to (6) and (8).

Ulct,ne) = Blog(pe) + log(mu+1) + v log(ne) (17)

By contrast to the baseline model, sophisticated parents take the law of motion for body size
into account in their maximization of utility i.e. they understand how child nutrition affects

ontogenetic growth. Solving the first order conditions for the variables of interest leads to the
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solution (18) .

Blye — (Bo/€e)my]

bt = B+~ (18a)
_ ae[ry + p(Bo/e)my] — (1 — d)pmy

“= (3 Dyac e

= (v = 1) [yr — (Bo/e)m}] (180)

(B +lac(rye + p(Bo/e)mt] — (1 — d)pmy
Inserting nutrition expenditure (18b) into (6) provides the law of motion for body size (19a)

and inserting fertility (18c) into (11) provides the law of motion for population size (19b).

a(tey + pBom?) — (1 — d)pmy

e v—1 (19a)
- (v — Da(ey — Bomf) ‘
Ly = (v + B) [a(pB + Tey) — (1 — d)pmy] Ly, (19b)

with y determined by (10). At the steady-state, n, = n* = 1. Using this information in (18c)
and solving for y provides (20).

+ B
Yy = yre ﬁm* + —O(m*)b. (20)
ae €
The utility-from-child-size model thus preserves the positive association of income and body-
size. Since y* does not directly depend on a, d, or p, the model preserves the feature of a

positive association across steady-states when countries differ (genetically) in stature of their

inhabitants. Substituting (20) into (19a) provides body size at the steady-state.

: (7 + p)aBy rﬂkw

" :[7—1—(7+6)T+(1—d)u 2y

This expression looks very similar to the original m* from the baseline model. Inserting y*

into (19b) provides population density at the steady-state.

<)Lf> - ((’Y-I—,B)(m*)lf;i aBO(m*)b—qS)la' (22)

Note that population density does not directly depend on a, d, or p. This means that the

utility-from-child-size model preserves the feature of a positive association between body size
and income across country-specific steady-states when countries differ (genetically) in stature

of their inhabitants. The expression (22) is less compact than in the baseline model. But
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visual inspection reveals that the utility-from-child-size model preserves the features of the

baseline model stated in Proposition 2, 3 and in Corollary 1.

APPENDIX D: DATA SOURCES

TABLE C.1: SUMMARY STATISTICS: MAIN VARIABLES

variable obs mean stdev min max

ethnic group sample

pop density 196 0.32 0.51  0.00 5.05
male weight 91 59.78 8.03 43.40 77.30
soil quality 196 0.72  0.32  0.00 1.00
land quality 196 0.35 0.34 0.00 1.00
precipitation 196 0.08 0.06 0.01 0.26
latitude 196 35.10 26.60 -55.00 78.00
latitude 91 16.50 25.90 -39.00 78.00
pixel-level sample
pop density 233 4546 66.21 0.15 347.04
female weight 159 5298 4.43 44.33 71.2
land quality 233 0.32 0.33 0.001 0.99
absolute latitude 233 10.73 4.65 0 19

ETHNIC-GROUPS SAMPLE

e Population density Average population density. See online appendix for detailed
sources

e Body size. Average male weight (kg). See online appendix for details

e Rainfall Average precipitation for the period 1900-2000 in a 200 km radius around the
center of the ethnic group defined by lat/lon as reported in the Ethnographic Atlas (EA).
Source: http://www.cru.uea.ac.uk/cru/data/hrg/

e Soil quality. Fraction of land area (200 km radius around center of ethnic society)
which that is not “unsuitable” for crop growth based on soil conditions. Plate 27 of
FAQO’s 2002 GAEZ database http://webarchive.iiasa.ac.at/Research/LUC/SAEZ/

e Land quality. Share of total area, which is arable according to the impact class mea-
sure (impact classes 142+3+445). Source: Plate 47 of FAO’s 2002 GAEZ database:
www.iiasa.ac.at/Research/LUC/SAEZ/

e Temperature Average precipitation for the period 1900-2000 in a 200 km radius around

the center of the ethnic group. Source: http://www.cru.uea.ac.uk/cru/data/hrg/
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Continent dummies. Include Europe, Asia, North America, South America, Africa,
and Oceania.

Distance to coast or river. Distance to nearest coast or ocean from center of society.
Percent near coast Percent of total area which lies within 100 km of icefree coast or
navigable river, defined by Center for International Development, Harvard. Shapefile:
www.hks.harvard.edu/centers/cid

Days without Frost. Based on climate information during the period 1901-1930.
Source: http://www.ipcc-data.org/obs/cru_ts2_1.html.

Absolute latitude. V104 in the EA

Settlement patterns. 1-8 indicator, with 1 being nomadic and 8 being complex set-
tlement. V30 in the EA.

Jurisdictional Hierarchy Beyond Local Community Following Michaelopolous
and Papaioannou (2012), this is an ordered variable ranging from 0 to 4 indicating the
number of jurisdictional levels (political complexity) in each society above the local level.
Based on V33 in the EA.

Language fixed effects. Based on V99 in the EA.

Agricultural dependence. Dependence on animal husbandry and agriculture. V4 and

V5 in EA.

PIXEL-LEVEL SAMPLE

Body size. Average female weight (kg). The basic data is collected by Demographic
Health Surveys http://www.measuredhs.com/data/available-datasets.cfm. Some
of the surveys are labelled “GPS datasets”. Access can be obtained for the purpose
of research upon request. In these data sets the place of data collection is linked to
coordinates. With this data in hand we aggregated across enumeration areas to obtain
the (weighted) average female body weight by (1 degree latitude, 1 degree longitude)
pixel in the countries under consideration.

Population density, Land quality, Malaria ecology, distance to capital, dis-
tance to border, “earthlights” Source: Michaelopolous and Papaioannou (2012)

(MP). MPs data is found at a resolution of 0.125%0.125 decimal degrees. For present
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purposes the data was “aggregated” to a 1*1 resolution by taking an area weighted
average.

Latitude (degrees), elevation (m above sea level), temperature (average an-
nual level 1980-2008, C degrees), precipitation (average annual level 1980-
2008, 000 mm), area (sq km), distance to ice-free ocean or major navigable
river (km). Source: Yale UniversityGeographically based Economic (G-Econ) data

version 3.4. Data are available at http://gecon.yale.edu..
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