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Abstract

This paper addresses the timing of a location’s historical transition from rural to urban activ-
ity. We test whether urbanization occurs sooner in places with higher agricultural potential
and comparatively lower transport costs, using worldwide data that divide the earth’s surface
at half-degree intervals into 62,290 cells. From an independent estimate of each cell’s rural
and urban population history over the last 2,000 years, we identify the date at which each cell
achieves various thresholds of urbanization. Controlling for unobserved heterogeneity across
countries through fixed effects and using a variety of spatial econometric techniques, we find
a robust association between earlier urbanization and agro-climatic suitability for cultivation,
having seasonal frosts, better access to the ocean or navigable rivers, and lower elevation. These
geographic correlations become smaller in magnitude as urbanization proceeds, and there is
some variation in the effects across continents. Aggregating cells into countries, we show that
an earlier urbanization date is associated with higher per capita income today.
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1 Introduction

This paper addresses the role of physical geography in the timing and location of urbanization. Our
central hypothesis is that, for any given place, higher local agricultural potential and lower physical
barriers to transport facilitate the earlier establishment of cities and subsequent economic growth
in the associated region. This relationship could help explain late urbanization and the persistence
of rural poverty in geographically disadvantaged regions, and help guide intervention to overcome
agricultural and infrastructural obstacles to economic transformation.

Our focus on the initial formation and early growth of cities is consistent with new work that
links events in the distant past to countries’ current state of economic development (Galor} [2011;
Nunnl [2014). Many of these studies rely on variation in geography and climate to explain economic
outcomes, either directly or indirectly. Sokoloff and Engerman (2000) showed that climate and
soils favorable to plantation crops led to institutions that concentrated and preserved power among
landholding elites. Similarly, |Acemoglu et al.| (2001) linked differences in disease ecology and the
mortality of colonial settlers to the kinds of institutions they established in the New World, Nunn
(2008)) exploits variations in terrain and elevation to identify the impact of Africa’s historic slave
trade on modern outcomes, and Nunn and Qian (2011)) find that the parts of Europe and Asia
naturally more suitable for growing potatoes experienced accelerated rates of population growth
and urbanization after potatoes were imported from South America. Meanwhile, a related stream
of work focuses on people rather than places, looking for population traits acquired long ago, their
transmission across generations, and their persistent effects on economic development (Spolaore
and Wacziarg, 2013)). In this literature, the roots of economic growth are traced back to events
such as early technology adoption (Comin et al., 2010), ethnolinguistic diversity (Michalopoulos,
2008|) and genetic diversity (Ashraf and Galor, 2013)), which in turn may be traced back to physical
geography.

Jared Diamond’s Guns, Germs, and Steel is among the most popular expositions of geogra-
phy’s role in shaping human history (Diamond, 1997). Diamond focuses on soil fertility and the
presence of edible plants, potentially domesticated wildlife, and infectious diseases, tracing their
role in the development of ancient societies around the world. |Olsson and Hibbs (2005), in a direct
test of Diamond’s hypotheses, use continent size, east-west orientation, climate, and availability
of potentially domesticated plants and animals to explain the timing of a region’s transition into
sedentary agriculture. In their empirical results, they find significant evidence in support of Di-
amond’s hypothesis. [Putterman (2008)), in an extension of |Olsson and Hibbs| (2005), refines the
analysis by observing these variables’ effects on population density in the year 1500 as well as on
modern-day income, controlling for the transmission of agricultural technologies via migration. A
more formal test of the hypothesis of historic populations correlating with modern economic out-
comes appears in Putterman and Weil (2010). Additional evidence in support of the geography
hypothesis is presented in |Ashraf and Galor (2011), who show that the date of a population’s first
transition into agriculture, as determined by its location’s suitability for agriculture, helps explain
the level of population density and technological achievement thousands of years later. However,
more recently, Ashraf and Galor| (2013) show that the aforementioned hypothesized relationship
between the date of urbanization and present-day income does not hold when continent fixed ef-
fects are accounted for. This gives reason to suspect that it may not be the timing of urbanization
but rather, unobservable (or mis-measured observable) factors at the continent level that drive the



findings of the relationship between early urbanization and modern-day incomesE

Urbanization at a given location is a readily observed and particularly interesting aspect of eco-
nomic history. One can think of city formation as among the most visible manifestations of a break
from farm households’ Malthusian dependence on local natural resources, to increasing reliance
on man-made capital, specialization and agglomeration (Lucas, 2000)E| Variation in the timing of
urbanization has been linked to differences in institutional quality, total factor productivity, and
geography (Gollin et al.l 2002; [Ngai, 2004). Economic transition itself entails a variety of contem-
poraneous changes, including rising productivity in both agriculture and manufacturing; sectoral
shifts in employment, output and expenditure from agriculture to manufacturing and services; and
a demographic transition in mortality, fertility and the age structure of the population (Kuznets,
1973; [Williamson, [1988)). We focus on just one aspect of economic transition, which is the shift
from rural to urban residence.

Our approach to economic geography utilizes global grid cell data, disaggregating the whole
world into regular cells defined only by their latitude and longitude. One of the first papers on
economic growth to exploit such data directly is Masters and McMillan| (2001)), who test a variety
of possible influences on cell-level population density, and then aggregate cell-level attributes to
the country level to test their relationship with national per capita income growth. More recently,
Nordhaus| (2006) disaggregates all economic activity into 1° by 1° cells, and finds the level of activity
to be highly correlated with climate and topography.

FEconomic data rendered in grid cell units, as opposed to political, administrative, or other
geographic regions, offer important advantages for empirical analysis. Such regions are smaller
than most countries or even provinces, and thus offer a larger number of distinct observations. The
boundaries of each observation are defined arbitrarily in regular intervals of geographic coordinates
and not subject to the potential endogeneity of administrative boundariesﬂ The corresponding
challenge is to allocate socioeconomic activity across grid cells, with the underlying data originally
being collected on the basis of administrative boundaries.

We begin by motivating our model specification in terms of the broader literature on agri-

! The papers discussed here all focus on how physical geography might have influenced historical events and
institutions. A related but different literature looks at the contemporary effects of geography, including for example
the role of access to navigable waterways, frost prevalence, and malarial ecology (Gallup et al. [1999; Masters and
McMillan}, |2001} |[Sachs|, 2003). Some authors, such as|Easterly and Levine| (2003)), find that time-invariant geographic
variables influence modern incomes only through their historical effect on institutions, but climatic conditions could
play an ongoing role through a variety of other mechanisms (Dell et al., 2013).

2 Urbanization has been associated with higher productivity and more desirable living standards ever since an-
tiquity. Long before Adam Smith observed his pin factory, the ancient Greeks observed shoe-making. Xenophon’s
Cyropedia (1914)) contains this remarkable passage about the value of agglomeration for specialization and produc-
tivity, written in the early fourth century BC:

It is impossible that a single man working at a dozen crafts can do them all well; but in the great cities,
owing to the wide demand for each particular thing, a single craft will suffice for a means of livelihood,
and often enough even a single department of that; there are shoe-makers who will only make sandals
for men and others only for women. Or one artisan will get his living merely by stitching shoes, another
by cutting them out, a third by shaping the upper leathers, and a fourth will do nothing but fit the
parts together. Necessarily the man who spends all his time and trouble on the smallest task will do
that task the best.

3 For example, if economically successful societies tend to seek control over locations with attractive geographical
features (e.g., access to navigable waterways), their institutions would become correlated with geography even if their
initial wealth accumulation was caused by something else.



culture’s link to of urbanization and economic growth. We then present the data, whose spatial
autocorrelation rules out the null hypothesis that the timing of urbanization occurs in a spatially
random fashion. Spatial dependence can be due to spatially correlated omitted variables, or to
spatial interactions between cells through common institutions, trade, migration, investment and
other channels (McMillen, [2003)). To control for many different types of distance-dependent spatial
processes, we employ a very general spatial econometric approach that uses neighbors’ informa-
tion to provide a heteroskedasticity and autocorrelation consistent (HAC) estimator (see |Anselin),
2000, p. 931). The specific HAC-approach we use is a non-parametric estimator for spatial data
developed by Kelejian and Prucha, (2007). Using these statistical controls for unobserved influences
on the timing of urbanization, we find that each cell’s agro-climatic suitability for agriculture still
correlates closely with earlier city growth in a statistically significant way, with a particularly strong
link at early stages of urbanization. Access to low-cost transportation also facilitates city growth,
particularly in its later stages.

The remainder of this paper is organized as follows. Section 2 motivates the examination of ge-
ography’s relationship to economic transition. Sections 3—5 introduce the data and the econometric
model, and present and discuss the empirical results. Section 6 concludes.

2 Motivation

In the recent literature on economic growth, explanations for the extreme differences in present-
day national incomes initially focused on growth rates, which were shown to be associated with
disparities in national savings rates, technical change, human capital, institutions, and even ge-
netic distances between populations (Solow, [1956; North) 1990; Mankiw et al., [1992; |Spolaore and
Wacziarg, 2009). Later models have also focused on differences in income levels, which could be
primarily driven by the timing of transition from a Malthusian regime of low or zero long-run
growth into a modern regime of higher growth rates sustained over time (Lucas, [2000). If growth
paths within each regime are similar and differences are attributable to the date of transition, then
the most relevant research question may be historical: why did some places start modern economic
growth earlier than others.

Figure [1] suggests that both the start date and the pace of modern growth are important. For
each region, the development of per capita income has a clear structural breakE] Western Europe’s
income began to rise soon after 1800, Latin America’s approximately fifty years later, and Asia
about fifty years after that. Africa’s income appears to break more gradually, though it certainly
occurs at the end of the sequence.

( Figure 1 about here )

The start of sustained growth in per capita output has been associated with the interplay of
population and productivity in both the agricultural and non-agricultural sectors (Galor and Weil,
2000; Hansen and Prescott, 2002). Higher rural population densities can be linked to urbanization
Michaels et al. (2012), with farm productivity gains triggered by changes in rural property rights
(McCloskey, [1972; |Clark, 1992; (Clark and Clark, 2001) as well as improved soil fertility (Chorley,
1981; Allen, |2008]) or the introduction of entirely new crops (Nunn and Qian, 2011)).

4 The regions are grouped following [Maddison| (2001)), with the exception that we combine east and west Asia into
one category from which we exclude Japan.



Improvements in agricultural productivity can contribute to sustained growth of industry through
various channels (Johnston and Mellor} [1961)), starting with subsistence constraints and Engel’s Law
(Matsuyamay, [1992; |[Kogel and Prskawetz, 2001; |Gollin et al., [2002). Nutritional needs imply that
low farm productivity can trap workers in agriculture, until food availability per worker rises so
resources can shift to non-farm activities and sustained urbanization. With long-distance trade
the two sectors become separable, but people in unfavorable environments for either agriculture or
trade may have had difficulty sustaining the population densities needed to accumulate knowledge
and fuel economic growth (Galor and Weil, 2000; Strulik and Weisdorf, [2008).

A location’s successful agriculture does not guarantee industrialization and may not even be
necessary. Krugman| (1991)) demonstrated how scale economies interact with transport costs to
drive agglomerations of firms in a particular placeE] Murata| (2008) links Engel’s Law to the
spatial location of firms to show that falling transport costs can raise real wages and drive up
consumption, and lower transport costs help make capital investment and further accumulation
even more attractive, as described by |[Duranton| (1999).

In short, a rich and complex literature describes how higher agricultural productivity and ac-
cess to transportation can both pave the way for sustained urbanization. This paper tests for
the relevance and significance of both channels using worldwide grid cell data and a variety of
spatial econometric techniques to control for unobservable neighborhood effects and country-level
institutions.

3 Data

Our focus in this paper is on variation in physical geography and climate, exploiting grid cell data
on variables that could be associated with either rural productivity or transportation costs. Since
these variables are fixed in time, we can test their link to urbanization in terms of the historical
date at which each location’s urban population passed various urbanization thresholds, driven by
some exogenous source of demographic change or knowledge accumulation. Our goal is to explain
variation across grid cells in the timing of urbanizationﬁ

The unit of observation is an arbitrarily-defined geographic region, which in our case are grid
cells demarcated by lines at intervals of 0.5° latitude and 0.5 ° longitude. Such cells are largest at
the equator, where each cell covers approximately 3,000 square kilometers. At the Arctic Circle,
grid cells are about one-third that size. The total number of such half-degree cells in our data set
is 62,290.

Empirically, we are testing T' = f (G, Gy,), where T is the year at which a grid cell acquired an
urban population of a specific size, G, are the grid cell’s geographic correlates of rural productivity,
and G, are its geographic correlates of lower transport costs. To permit a causal interpretation of
any correlation between T and these geographic features G, we must choose features that are not
themselves influenced by urbanization, either directly or indirectly. The strengths and limitations
of each regressor are discussed in turn below, after we present the data on urbanization.

® Numerous variations on this model have appeared since then, including [Fujita and Krugman| (1995), Pugal (1999)
and [Fujita et al.| (2001)).

5 We use the History Database of the Global Environment (HYDE 3.1) developed by [Klein Goldewijk et al.| (2010]
2011)) to define the timing of urbanization. With this data set the selection of other outcome measures, such as the
size of the urban, rural or total population or their densities, would have been feasible as well. The analysis of these
measures is, however, outside the realm of the current paper.



3.1 Urbanization

Historical data on the location and population of cities have been collected and assigned to grid cells
and matched with estimates of the surrounding rural populations by Klein Goldewijk et al.| (2010,
2011). The authors used a wide range of census figures, historical records, scholarly publications,
and interpolations over time and space to construct an internally consistent time series of rural and
urban populations for each grid cell, from year 0 to 1600 in century intervals, and from 1700 to
2000 in decade intervals. The details underlying the construction of their data set can be found in
Klein Goldewijk et al. (2010} 2011) and its supplemental materials.

From those data we compute for each cell a time period T defined as the number of years
that have passed since year ¢ at which a cell reached a particular urbanization threshold. Thus,
T = 2000 — t[7] Urbanization thresholds can then be defined in either of two ways: as the absolute
number of urban people in that grid cell, or as the urban fraction of that cell’s total population.
Our tests compare results using both definitions, at various levels of the threshold.

First, in terms of the absolute number of urban people, we follow Acemoglu et al.| (2002), who
built on Bairoch| (1998) and judged urbanization to have started once a location could support over
5,000 urban inhabitants. Since grid cells closer to the equator are larger, we normalize by area and
define the Bairoch rule in terms of the smallest cell that supported an urban population greater
than 5,000 in the year 2000. That cell turns out to have had a size of 881 square kilometers, so our
threshold for the absolute number of urban people is actually 5.67 urban inhabitants per square
kilometerﬁ This value is then applied to grid cells of other sizes, offering a consistent measure
of economic activity for cross-sectional comparison purposes. For comparison, we also use a lower
threshold of one person per square kilometer. At the equator, this corresponds to approximately
3,000 urban inhabitants per grid cell.

For robustness, we compare results with the number of urban people against results based on
the fraction of people who are urban, for which we follow |Williamson| (1988) and many others and
consider a range of thresholds of 10, 25, and 50 percent. We note that there is a certain subtlety as-
sociated with the interpretation of these percentage measures. One may be inclined to think about
these measures as signaling the existence of bigger cities, but this is not correct. The percentage
measures are strictly concerned with the rate of urbanization, defined as the percentage of the pop-
ulation living in urban areas, observed at the grid cell level. In reality, a certain measurement may
therefore refer to multiple cities per grid cell, and the percentage measures do also not distinguish
between grid cells with different overall population sizes.

Figure [2| presents the geographic distribution of the duration since transition to the 5.67 urban
inhabitants per square kilometer level. Maps for the other thresholds have a similar appearance,
and formal summary statistics are presented at the end of this section. The long time period
and detailed spatial resolution of the data set raises potential concerns about inaccuracy in the
estimated population of each cell, particularly in earlier time periods and for rural people. In
practice, however, our results depend only on the urban counts in more recent years. Ninety-nine
percent of all cells that achieved 10 percent urbanization did so in the last 400 years. Among the
cells that reached 50 percent urbanization, 99 percent occurred within the past 170 years. In other
words, nearly all the historic urbanization addressed in this study occurred in the modern period

" We use the year 2000 as the base year, since that is the last year for which data are available.

8 This smallest of all urbanized grid cells lies above the Arctic Circle, along the northern coast of Norway. A
threshold of 5,000 urban people divided by its area of 881 square kilometers yields the 5.67 urban people per square
kilometer.



and has been relatively well measured. The grid cells around ancient civilizations, such as the
southern Mediterranean region or Central America, often did not reach the 5.67 urban population
density threshold until recently, and so they are shown lightly shaded in Figure

( Figure 2 about here )

A related concern arises from truncation of our urbanization data, which spans from 0 to 2000
AD. Truncation at 0 AD arises only for the lowest of our five urbanization thresholds, as a few
cells actually reached one urban person per square kilometer prior to our earliest observation. Such
locations appear as if they urbanized “only” 2000 years ago, whereas they actually passed the
threshold earlier. There are very few such grid cells, however, and our regressions use logarithms
which limits the influence of errors in the early years. Conversely, locations that have recently or
will soon pass each threshold are shown as not yet urbanized, reflecting the historical nature of
our analysis. The issue of truncation is also addressed econometrically using Tobit estimates. And
finally, a few locations passed back and forth across one of our urbanization thresholds during the
0-2000 time period, for example regions that reached 10 percent urbanization early, then slipped
back and may or may not have recovered. These are counted as of their first date to achieve that
level of urbanization, and our use of several different thresholds ensures robustness to such cases.

3.2 Cultivation Suitability Index

To capture soil and climate conditions associated with agriculture, we use an index of each grid
cell’s suitability for crop cultivation prepared by Ramankutty et al.| (2002). The index is based on
recently constructed global climate and soil maps, from which Ramankutty et al.| (2002) calculate
four types of agronomic constraints on crop growth involving soil temperature, soil moisture, soil
structure and soil chemistry. Each of the four constraints is derived from standard models of plant
physiology, and scaled from zero to one. The four variables are then multiplied together to form a
single zero-to-one index of agronomic suitability, where zero implies that plant growth is impossible,
and one implies that the entire grid cell could potentially be cultivated. Figure |3| presents a map
of these data.

( Figure 3 about here )

The four constraints in the Ramankutty et al.| (2002) index are: (1) the number of growing
degree-days (GDD) during a standard growing season, (2) the level of soil moisture available («) to
plants in a generic crop growth model, (3) the total carbon density (Csei) in the top 30 cm of soils,
and (4) the acidity (pHsy) of that soil. Each cell’s average annual level of GDD and « is computed
from underlying daily temperature, precipitation, and many other variables, while C.;; and pH e
estimates are computed from soil maps. Each variable is then transformed into a zero-to-one index
of suitability using sigmoidal or stepwise linear functional forms, whose parameters are calibrated
to fit around the fraction of land in each grid cell that was actually observed to have been under
cultivation in 1992.

The Ramankutty et al.| (2002) procedure uses a kind of envelope function, capturing the degree
to which any of the four agronomic constraints limits crop growth. The resulting index classifies
as agronomically suitable many areas that are not actually cultivated, presumably because other
constraints are binding. For the world as a whole, Ramankutty et al. (2002) find that in 1992 only
44 percent of agronomically suitable land was under crops. Most of this suitable but uncultivated



area was in the remote inland tropical woodlands of Africa and Latin America, where cultivation
is limited by factors other than plant growth potential. The authors also point out that South
Asia had much more cultivated area than its natural endowment of suitable land, presumably
due to widespread irrigation, fertilization and other investments that improve soils beyond their
naturally-occurring levels of moisture, carbon and pH.

Before using the Ramankutty et al| (2002) index to test whether suitability for crop culti-
vation facilitated urbanization, we must consider two possible kinds of endogeneity bias in that
relationship. First, the index might capture aspects of the environment, such as disease transmis-
sion, that affect urbanization independently from crop cultivation. Second, the index might have
been calibrated to aspects of the environment that capture modern but not historical agriculture,
and thereby reflect a consequence rather than a cause of urbanization. Both omitted-variable and
reverse-causality biases could mistakenly attribute to agriculture a causal effect on urbanization
that is actually due to something else. Such biases cannot be ruled out by statistical tests, and our
identification strategy therefore rests on the data generation process.

In our model, identification of a causal effect for agriculture relies on the way in which Ra-
mankutty et al.| (2002) fit their cultivation suitability index to natural constraints on the growth of
plants. These constraints differ from natural constraints on the growth of animals, insects, or other
life forms, and they differ from constraints that are specific to the growth of modern crops. Much
of the underlying data that are used to compute the Ramankutty et al. (2002)) index would also
appear in measures of other natural phenomena, but they would then take very different functional
forms. For example, the index for transmissibility of malaria computed by Kiszewski et al.| (2004)
also uses temperature and moisture, but mosquitoes and parasites respond to heat very differently
from plants, resulting in a very different spatial distribution than the map of cultivation suitability
in Figure 3] An index of suitability for modern agriculture in particular would also produce a very
different-looking map, if only because modern crops have been bred to succeed in temperate zones
whereas plants in general grow freely in the tropics.

Given that urbanization requires many factors other than plant growth, we might expect little
or no correlation between cultivation suitability and the location of cities at any given time. The
bivariate relationship between them is illustrated in Figure |4} plotting the mean |[Klein Goldewijk
et al. (2010) urbanization rate at each level of the Ramankutty et al. (2002) cultivation index in
selected years. Means are computed using a local polynomial regression to compute confidence
intervals at each level of cultivation suitability over all cells that were actually inhabited in that
yearﬂ The resulting bivariate relationships do not control for transport costs or other factors, and
omit all of the uninhabited cells where peoples’ subsistence needs are not met.

( Figure 4 about here )

Figure 4| reveals that there was indeed very little correlation between cultivation suitability and
urbanization in 1800, but that the bivariate correlation became steeper as urbanization rates rose
over time. Whatever was driving increased urbanization may have done so faster in the cells more
suitable for agriculture. It is this difference in upward trend that we exploit in our cross-sectional
tests, regressing the number of years since each individual cell crossed various thresholds on that
cell’s own cultivation suitability index and other factors described below.

9 The 95-percent confidence intervals around each line correspond to fitting a zero-degree polynomial with band-
widths of 0.12 for the year 1800, 0.1 for the year 1900, and 0.09 for the remaining years. Bandwidths are selected by
rule of thumb using Stata’s Ilpolyci command.



3.3 Transportation cost

In open economies, urbanization could arise independently of local farm productivity, perhaps using
low transport costs to support agglomeration. To capture this channel we use a grid cell’s distance
from a navigable waterway, for access to trade on the ocean or by river. Although transportation
cost can also be viewed as a feature of a population’s location relative to others (Bosker et al.,
2008]), we believe that ceteris paribus being situated on a coast or close to a river implies lower
transportation costs than being located farther inland. This hypothesis focuses on the “first-nature-
geography” aspect of transportation, and does not take into account the proximity of other markets
(“second-nature geography”). The efficiencies afforded by water transport, we hypothesize, help
accelerate a location’s urbanization since producers have cheaper access to markets relative to their
inland competitors[T]

Coastal access is measured by distance in kilometers from the centroid of each half-degree grid
cell to the nearest unbounded sea or ocean. Coastal transport is presumably most important for
long-distance trade, to enlarge the market for locally produced goods and to bring in goods from
elsewhere.

River access is measured by the highest Strahler order of streams in each grid cell (Vorosmatry
et al., [2000). The Strahler index is a categorical variable ranging from 1 to 6, with six repre-
senting the largest river into which all tributaries flow and one representing a small stream with
no tributaries; zero signals the absence of rivers and streams. We interpret larger order values
to reflect greater inherent navigability of a river. The location and Strahler order of rivers and
streams are observed in the 1990s, but these attributes rarely change and using them avoids the
potential endogeneity associated with measures of stream flow or actual navigability. Water flow
and navigability are more mutable, and could be influenced by human interventions such as water
use, dredging, locks, and the design of suitable boats. This problem is even more aggravated for
man-made investments in roads and railway infrastructure, which may obviously have played a role
in the process of urbanization. As an example one can think of the “Via Appia” in the Roman
Empire, or the railroad infrastructure built during Kenya’s colonial period in the twentieth century
(Jedwab et al., |2014)). Such measures are, however, endogenous and have therefore been excluded
in view of our desire to concentrate on strictly exogenous factors.

3.4 Seasonal frost and elevation

In addition to cultivation suitability and access to the coast or a navigable river, we also control for
seasonal frost and elevation. These capture additional dimensions of the physical environment that
could matter for urbanization, perhaps through disease transmission or other factors associated
with seasonality and altitude.

For frost, we follow [Masters and McMillan| (2001)) and use a dummy variable to capture whether
or not a cell receives frost in winter, after a frost-free summer. This measure is intended to capture
a specific aspect of seasonality, by which annual frosts help drive insects, micro-organisms and many

10 An additional complication that arises with the interpretation of transportation cost as reflecting access to
markets, such as in |Bosker et al.| (2008)), is that this approach takes the existence of cities as given, whereas our goal
here is to predict the actual formation of urbanization. One of the reviewers rightfully highlighted the importance
of more complex human geographies playing a role; for instance, the availability of a river may be correlated with
access to drinking or irrigation water. Our simple specification primarily attempts to compare the exogenous effect
of a trade-relevant feature of geography on the timing of urbanization, but we admit that access to rivers may be
partly confounded with availability of water for consumption and/or irrigation.



animals into a period of dormancy until the next warm season. This could help people control pests,
pathogens and disease vectors more easily than in places where the lack of frost allows more diverse
organisms to thrive year-round. The prevalence of ground frost is computed from IPCC] (2002) as
a dummy variable equal to one for cells that receive a significant level of frost in winter, conditional
on having no frost in summer. For this purpose, winter is defined as December-February in the
northern hemisphere and June-August in the southern hemisphere, and vice-versa for summer. The
cutoff number of frost days in winter we use is 2.11 frost days per month, corresponding to the
threshold estimated econometrically by |[Funke and Zuo| (2003)). All data correspond to averages
over the 1961-1990 period; the frequency of frost will have varied over the centuries due to climate
change, but its spatial pattern is more stable and is accurately estimated only for the modern
period.

For elevation, we use the average altitude of each grid cell from Hijmans et al. (2005). This
variable may be related to disease transmission and also the ease of surface transportation. More
complex measures of topography were considered for this paper, including a grid cell’s standard
deviation of elevation, its average gradient, and its ruggedness, but these are all highly correlated
with average elevation. For hypothesis testing we chose the simplest possible measure, so as to
avoid any concern about endogeneity due to ex-post selection from among a large pool of candidate
variables.

Including average elevation and winter frost alongside each cell’s cultivation-suitability index
and access to a coast or navigable river gives us several distinct dimensions of physical geography
that might influence a city’s initial location and subsequent growth. To keep the focus entirely on
physical geography our regressions control for country or continent fixed effects, and are subject to
a variety of tests for spatially correlated errors and heteroskedasticity.

3.5 Summary statistics

To test for links from physical geography to urbanization, we exclude cells that were entirely
uninhabited over the entire time frame. Also, to permit controls for spatial effects we exclude
isolated cells that have no immediate neighbors. The resulting sample consists of 52,143 grid cell
observations, summarized in Table [I] The dependent variables of interest are the number of years
since various thresholds of urbanization were reached. Their maximum values reveal that, at the
start of our data about 2000 years ago, some cells had already reached the first threshold of one
urban inhabitant per square kilometer. About 200 years later the first cells reached the threshold
of having 10 percent of their population in urban areas. The mean date of urbanization, however,
was much more recent and many cells have not yet passed any of our five thresholds.

( Table 1 about here )

4 Econometric Model
Our basic specification is to regress a grid cell’s time since its date of urbanization, as measured by

one of the five thresholds listed above, on our geographic variables plus country fixed effects:

InT;; = Bo + f1 In cultivj + B2 Incoast;j + Bsriver;; + Bafrosti; + Bs Inelevation;; + 65 + €;5, (1)

10



where T;; represents the number of years elapsed since grid cell ¢ in country j passed the given
level of urbanization, cultiv is the cultivation suitability index, coast is the distance from a grid
cell’s centroid to the nearest unbounded sea or ocean coast, river indicates the highest Strahler
order of streams of a river present in the grid cell, frost indicates the presence of frost in winter
after a frost-free summer, and elevation is the average elevation of the cell’s land area. All of the
continuous variables are in logarithmic form, so coefficients can be interpreted as elasticitiesE

Country fixed effects are captured by the parameters J;, using a year-2000 map of country
borders to absorb social or institutional variation at the country level in a consistent manner. Our
data set comprises 181 countries. Grid cells that span more than one country are assigned to the
country in which most of their area is situated. The bulk of observed urbanization occurred under
contemporary borders, but even locations that urbanized earlier and then changed nationalities
are well served by using the most recent country definitions, because over time the number of
countries increased, effectively leading to a less restrictive specification. As a result of the fixed
effects specification, our estimated coefficients refer only to within-country variation. Robustness
checks include regressions without these controls as well as regressions with artificial fixed effects
based on creating rectangular “super-grids” across the globe. Given the geographic location of
landmasses, we define 169 artificial fixed effects for the grid cells in our sampleE The artificial
fixed effects are comparable in number to the original set of country fixed effects, but they do not
suffer from the potential endogeneity that could be associated with country borders.

As described earlier, cells that have not reached a particular urbanization threshold receive
zero values for T'. In fact, across the different urbanization thresholds, more than two-thirds of
the observations have not experienced any urbanization; concurrently, there are very few grid cells
that were already urbanized over 2000 years agoﬁ This outcome can be interpreted in two ways.
First, the presently-observed sample may reflect a long-run equilibrium outcome; thus the rural or
urban character of a cell is no longer expected to change. Or, alternatively, the outcomes could
be understood to reflect a snapshot of a process that is not yet complete. In the future, some of
these zero-valued cells may reach some urban threshold, implying a presently negative value of T’
instead of the observed zero that is reported here. If T is censored at zero (and at 2000), naive
estimation of equation (1) could involve substantial attenuation bias, which we can address using
Tobit regressions as detailed below.

Our regression specification is highly stylized, omitting a wide range of variables, which could
lead to bias in estimating equation by ordinary least squares (OLS). We include country fixed
effects to mitigate this. However, modern country boundaries typically refer to smaller regions
sharing unobservable factors, which may cause spatial autocorrelation. In addition, we use only
the cell’s own values in the model, although one could expect there to be at least some interactions

" In applying the logarithmic transformation to the urbanization variables, In(0) is defined as zero. The logarithm
of distances shorter than 1 km is also fixed at zero, and negative elevations are set to the smallest positive elevation
in the data set. One of the reviewers suggested that the cultivation suitability index can also be interpreted as a
probability, and a logarithmic transformation may therefore not be necessary. We have experimented with this, and
it does not affect the qualitative conclusions of our empirical analyses in a meaningful way.

12 The borders of the super-grids are defined as the 5-percentile points of the entire longitude and latitude span of
the globe, which leads to 19x19 (= 361) super-grids. The spatial distribution of inhabited grid cells is such that they
are located in 169 of these super-grids.

13 The large probability mass at zero makes the distribution of the urbanization threshold variables very right-
skewed and leptokurtic (peaked). For instance, the 5.67 inhabitants per square kilometer urbanization variable has
a skewness of 8.4 and a kurtosis of 108. The logarithmic transformation results in a distribution that is more similar
to the normal distribution, with skewness (1.6) and kurtosis (4.1) indicators being much closer to zero.
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between cells that influence the timing of each others’ urbanization. As illustrated in Figure
urbanization outcomes appear clustered in certain parts of the world, including Europe, the eastern
seaboard of the United States, Central America, and Japan. To confirm this, Moran’s I statistics,
which measure the extent of a variable’s spatial autocorrelation, are reported in Table (1| for each
of the urbanization threshold variables.

To account for the spatial autocorrelation due to shared unobserved characteristics and/or
unmodeled interaction across grid cells we use a non-parametric heteroskedasticity and autocorre-
lation consistent (HAC) estimator of the variance-covariance matrix for spatial data, developed by
Kelejian and Pruchal (2007). This spatial variance-covariance matrix is estimated as:

Quac =n"" Y > miwséid; K (dij/d), (2)
i

where n refers to sample size, ¢ and j now both refer to grid cells, x corresponds to the explanatory
variables given in equation , ¢ are the estimated OLS residuals from equation (1), and K is a
kernel function to ensure that the estimated variance-covariance matrix is positive-definite. In the
kernel estimation, grid cells ¢ and j separated by a distance d;; smaller than the suitable cutoff-
distance d, are utilized to estimate the (co)variances. In the empirical analysis we use a Gaussian
kernel based on arc-distances between the geographical midpoints of the grid cells, with a maximum
of 48 neighbors (comparable to the contiguity matrix described in footnote b of Table [1)).

Alternatively, one can use a parametric approach based on explicitly modeled spatial processes,
which are typically introduced through the inclusion of a spatial lag of the dependent variable
and/or a spatially autoregressive error component. Lagrange Multiplier (LM) tests can guide the
choice of specification (Anselin et all 1996)). This approach is further detailed below.

In the following section we present and discuss the OLS/HAC results. We also report on various
robustness checks, including Tobit estimation, parametric spatial process models, and the introduc-
tion of various forms of spatial heterogeneity using fixed effects and spatially varying parameters.

5 Empirical results and discussion

5.1 Global effects

Table [2| presents the spatial HAC results with and without country-level fixed effects, which clearly
reject the hypothesis that urbanization’s timing is uncorrelated with our primary geographic vari-
ables, except for elevation in the case of the model without country fixed effects. The effects are
“global” in the sense that the coefficients are restricted to be constant across space, an assumption
that will be relaxed below. The use of HAC standard errors is clearly warranted, given the results
for the misspecification tests. The Moran’s I test on the residuals reveals a pattern of modest
spatial correlation, with values of the quasi-correlation coefficient ranging from 0.15 to 0.23, and
strong evidence that the null hypothesis of spatial randomness should be rejected. As is often the
case in spatial data analysis, the null hypothesis of homoskedasticity is rejected as well.

( Tables 2—4 about here )

As a robustness check for the spatial HAC results reported above we also performed regressions
based on a parametric spatial perspective. For all urbanization thresholds, using the third-order
queen contiguity weights, the Lagrange Multiplier (LM) test procedure outlined in |Anselin et al.
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(1996) revealed the spatial autoregressive error model as the most likely alternative speciﬁcation@
Since spatially correlated errors do not invalidate the OLS estimator in terms of unbiasedness and
consistency, but only affect the efficiency of OLS, the impact on the magnitude of the estimated
coefficients is negligible. The estimation results for these parametric spatial models do therefore
not meaningfully alter the conclusions drawn utilizing the non-parametric spatial HAC estimator.

Table |3 represents another robustness check and takes into account that the dependent variables
for the different urbanization thresholds are censored from below, and in one case also from above.
The table documents the estimated coeflicients using the Tobit estimator as well as the associated
average marginal effects. The magnitude of the marginal effects of the Tobit estimator and the
HAC estimator and their statistical significance are virtually identical; even although the Tobit
estimator is implemented with clustered standard errors by country, rather than with spatially
autocorrelated errors as in the HAC estimator.

In order to provide intuition with respect to the estimation results, we discuss the results in
terms of marginal effects. Consider, for example, the results for the 5.67/km? urbanization model
with country fixed effects from Table [2| noting that marginal effects at the sample mean, in years,
depend on the type of right-hand side variable (discrete or continuous) and whether a variable enters
the regression equation in logarithmic formE Based on the coefficient for cultivation suitability
in the 5.67/km? urbanization model, a 0.01-increase in the cultivation suitability index introduces
transition approximately 0.1 years, or nearly one to two months earlier. Increasing distance from
the coast by 100 km delays transition by half a year. Increasing elevation by 100 meters delays
transition by almost 0.1 year, or about 1 month. Raising a cell’s order of streams by one unit and
the occurrence of seasonal frost introduce urbanization slightly more than 3 and almost 5 years
earlier, respectively. Across all specifications, we find strong statistical significance for all of our
variables, with the exception of elevation in certain specifications and at certain thresholds.

An interesting feature of our results is that most geographic characteristics decline in importance
at higher urbanization levels. Specifically, cultivation suitability, river order, and frost exhibit
smaller absolute values of the coefficients going across the first two columns as well as across
the last three columns of the models including fixed country effects in Table These aspects
of physical geography are closely linked to the initial formation of urban settlements, but have
significant but lower correlation with further urbanization beyond that. This is also visible in the
Tobit marginal effects in Table|3] where the same downward trend appears for distance to the coast.

14 A spatial lag specification, comprising the spatially lagged dependent variable, is not well suited to these economic
data since it would assume that spillovers are global in nature. We also experimented with the addition of spatial
crossregressive variables, which measure the interaction with immediate neighbors and hence imply local spillovers,
but these estimated effects are difficult to interpret. Detailed results are not reported here for reasons of space, but
they are available from the authors upon request; see also the appendix in [Motamed et al.| (2014).

!5 The estimated coefficients for cultivation suitability, distance to the coast, and elevation are elasticities, and their
marginal effect at the sample mean, in years, therefore equals dy/0x = By/Z. The estimated coeflicient for order of
streams is a rate of change, with dy/dx = 37 as the corresponding marginal effect. Frost is a dummy variable and we
define its “marginal” effect as dy/8x = (exp” — 1)§o, where o is the sample mean of ¥ in grid cells without frost (see
Halvorsen and Palmquist, [1980)). To provide intuition about the magnitude of the effects we report “marginal effects”
as the number of years earlier a cell reaches the 10% urbanization threshold, based on a 0.01-change in cultivation
suitability, a 100 km increase in coastal distance, a 100 m increase in elevation, an increase in the Strahler index by
1 unit, and a unity switch for the frost variable. In judging these “marginal effects” one should keep in mind that for
large parts of the world, urbanization is a relatively recent phenomenon, and comparing the effects against the entire
development span of 2000 years would not be appropriate.

16 Although not a formal statistical test, it is easy to see that 99-percent confidence intervals for the estimated
coefficients across the models with different urbanization thresholds are frequently non-overlapping.
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Controlling for country fixed effects, the results reported above correspond to within-country
differences. Those country effects are themselves potentially of interest, since they capture impacts
of social, cultural, institutional and policy factors beyond the explicitly modeled geographic factors
and simple distance-dependent effects absorbed in the spatially correlated errors. Arguably, many
spatially diversified historical factors, such as colonization and disease incidence, are also outcomes
of geography. Table[2]shows that the effects of geography for the within-country results are generally
somewhat smaller than for the base model; in terms of statistical significance, the results are very
similar (except for the elevation variable). We report adjusted R2-measures for three different
specifications: the base model that only contains the geography variables, the model with country
fixed effects in addition to the geography variables, and a model including country fixed effects and
the unique cross-products of the geography variables. The latter can be seen as a specification that
maximizes the “impact” of the geography variables, but we do not report detailed estimation results
here because the interpretation of marginal effects of such a specification is cumbersome. Although
we do not formally address the geography—culture—institution debate (Acemoglu and Robinson)
2012)), the measures of fit demonstrate that the amount of variance explained by our geography
factors is generally bigger than the variance explained by “institutional” differences modeled by
means of country fixed effects, at all levels of urbanization except the highest 50-percent threshold.
The least restrictive specification, which also includes interactions among the geography factors,
increases the variance explained by the model even more, but only marginally SOE

There is of course the possibility that country borders as such are endogenous, and incorporating
country fixed effects would then invalidate our identification approach. Given the similarity of the
OLS/HAC results and the within-results this is rather unlikely, but we further investigated this
possibility by introducing fixed effects derived by means of exogenously determined rectangular
super-grid cells rather than countries (see footnote 12 for details). The results of these tests appear
in Table [4] and reveal no qualitative difference from the results with fixed effects defined by country
borders in the year 2000.

For illustration purposes, the effects of geography and (unobserved) country characteristics on
the predicted number of years since meeting the 10-percent urbanization threshold are presented in
Figures[§land [6] These maps show the effect on the timing of urbanization of differential geography
characteristics for the “average” country, and of differences in country characteristics for grid cells
with “average” geographical endowments@

17 An important question for future research is to investigate the interaction effects among geographical endow-
ments in more detail. Our regressions containing interaction terms generally show that access to transportation is a
complement rather than a substitute to agricultural suitability. We also experimented with an additional quadratic
term for cultivation suitability (without the logarithm used in the base model specification), which reveals a sta-
tistically significant diminishing effect of cultivation suitability on the timing of urbanization. However, interaction
and higher-order polynomial effects are easier to interpret for variables without logarithmic transformations, and an
interaction model should preferably also include threshold effects and non-linearities in addition to coefficients that
are allowed to vary over space.

8 The predictions are calculated using the OLS coefficients in column (3) of the second panel of Table [2] and the
associated unreported coefficients for fixed effects. Since the prediction is in years rather than in the logarithm of
years, two subtleties are important. First, assuming independence of the errors and the explanatory variables, it can
be shown that (Cameron and Trivedi, 2010):

E(T|X) = E(exp(e)) E(exp(InT)).

We can therefore calculate the predicted effect on the timing of urbanization in years as:

T = ao exp(lr/l—l?g + lr/ﬂ\“c),
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( Figures 5 and 6 about here )

The geographic variables alone predict urbanization to occur earliest in a handful of unsurprising
locations: the northern coast of Europe, including Amsterdam, the area around Venice in southern
Europe, the Mediterranean coast, eastern China around Shanghai, and the area around Dhaka in
South Asia. In the Western Hemisphere, this includes the deltas of the Mississippi River around New
Orleans, as well as the Rio de la Plata which terminates in Buenos Aires, Argentina. Interestingly,
the model predicts a large unrealized spatial concentration of early urbanizers around the Caspian
Sea, which is classed as a seacoast but had no outlet to the open ocean until completion of the Volga-
Don canal in 1952. Africa falls nearly entirely in the later half of the predicted urbanization period.
The only grid cell predicted to urbanize early corresponds to the city of Accra in Ghana. Similarly,
the interiors of Latin America and South Asia are predicted to lag in urbanization, relative to
Europe and the Asian and North American coasts. Locations predicted to experience urbanization
last are typically surrounded by deserts, mountains, or permafrost. Population densities in these
parts of the world are so sparse that they may never urbanize.

Figure [5| shows that the variation in the number of years ago since urbanization attributable
solely to our five geographic variables ranges from zero to 26 years. These values are small relative
to the full span of our data, but given that grid cells meeting the 10-percent urbanization threshold
did so on average approximately 100 years ago, our five variables can account for substantial
differences in the timing of urbanization over the relevant time period. Clearly some of the variation
is systematically absorbed by country dummies. Figure [6] shows earlier-than-average urbanization
primarily in Northwest Europe, but also the rest of Europe, the Near East, plus Argentina, parts
of Mexico and Uruguay, a few coastal countries in Africa, Mongolia and New Zealand.

5.2 Continent-specific effects

The results presented above summarize the global effects of selected geographic features on a
location’s date of urbanization. A concern arises, however, that these global effects might be driven
by one continent (in particular, Europe) and that the selected geographic variables might not
similarly explain outcomes in other continents. To address this question, we describe the variation
in urbanization outcomes and geography at the continent level, and subsequently subject our model
to a variety of restrictions on the continental coefficients to test whether the geographic variables
behave similarly across different continents.

Table [b| presents continent-specific average values for each of the urbanization thresholds and the
selected geographic features. Certain broad patterns emerge from the table. On average, Europe
experiences urbanization, across all thresholds, much earlier than any other continent. Meanwhile,
Europe’s average grid cell has the highest cultivation suitability, the lowest distance to the coast,
the second-highest order of streams (just slightly behind South America), the highest occurrence

where the subscripts refer to the geography and the country fixed effects parts of the specification, and ag is the
expected value of exp(e). A consistent estimate of ap can be obtained from the auxiliary regression:

T=owo exp(ﬁ) + .

In our case, the OLS estimate for ap equals 1.45. Second, in the maps we show TE and 7/“5 at the mean sample value
for InT¢ and InT¢, respectively. Our results should therefore be interpreted as showing the global distribution of the
number of years since a grid cell belonging to an “average” country reaches the 10-percent urbanization threshold due
to its geography. Similarly, we show the global distribution of the number of years since a country with “average”
geographical endowments reaches the 10-percent urbanization threshold due to its country characteristics.
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of winter frost, and the second lowest elevation (after Australia). In contrast, Africa is among the
latest urbanizers, rivaling only sparsely-populated Australia. Africa’s geography is unfavorable,
with its average grid cell possessing the lowest cultivation suitability, the second-highest distance
to the coast, the second-lowest order of streams, the second-lowest occurrence of winter frost, and
the second-highest elevation.

( Tables 5 and 6 about here )

The gap in urbanization outcomes and geographic traits between Europe and Africa raise the
question whether the global patterns detected in the earlier section also operate within continents.
Using the 5.67 inhabitant per km? threshold model as our test case, we introduce continent-level
interactions with each of the geographic variables. Table [6] presents the results using the spatial
HAC estimator for the base model including continent fixed effects. Cultivation suitability, distance
to the coast, elevation, and order of streams appear statistically significant in all six continents.
Perhaps surprisingly, frost does not exert a significant effect on the timing of urbanization in
FEurope and South America. Apart from the robustness across continents, we test the restriction
of parameter equality across all continents using a spatially-explicit Chow test (Anselin, [1988).
Results from the test on the model parameters reveal systematic variation across continents, for
each variable separately as well as overall.

The estimated coefficients for the continuous explanatory variables are elasticities, describing
how sensitive the onset of urbanization is to various factors. The cultivation suitability elasticity
of the onset of urbanization is highest in Europe and South America. Concurrently, Europe has
the lowest coastal distance elasticity. The elevation elasticity is negative in Europe, Africa, and
North America, but interestingly positive in Asia, South America and Australia. The effect of the
order of streams is relatively similar across continents, and the impact of frost is felt most in North
America.

The effects described above might be more intuitively interpreted if we recast them in terms of
their original units of measurement and calculated continent-specific marginal effects at the sample
means of each continent. The bottom of Table [6] presents the number of years earlier a location
reaches the 5.67/km? inhabitant threshold based on the parameters presented in the top half of the
table, and the mean sample values from Table [5l The results show that large differences appear
across the continents. Except for frost, marginal effects at the sample mean are invariably highest
in Europe. Although many of the effects, measured in years, appear small, one should note that
the vast majority of cells that reached 5.67/km? inhabitants, did so less than 200 years ago, and
that cells outside of Europe reached this threshold on average between only 4 and 17 years ago.

5.3 Transition and modern national income

We have shown that physical geography is closely linked to the date at which populations urbanize.
Recall Figure [1] in which incomes are plotted over time for different regions. A similar pattern
holds with urbanization for different geographies. For example, Figure [7] shows the time path of
average urbanization rates for the universe of all grid cells that eventually achieved at least 10%
urbanization by the year 2000, divided into two samples: one line traces average urbanization
for those cells whose cultivation suitability index is above the median value, 0.41, and the other
traces the average of all grid cells whose cultivation suitability index is below that value. Figure
[7 illustrates the idea that locations with higher agricultural land quality may have, on average,
urbanized earlier than areas with lower agricultural land quality.
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( Figures 7 and 8 about here )

Since urbanization plausibly links geography to modern income, we ask whether the historic
date of a country’s urbanization matters to income today. Following Olsson and Hibbs| (2005,
Putterman| (2008) and Putterman and Weil (2010), and recognizing the conflicting evidence in
Ashraf and Galor| (2013), we investigate the hypothesis that the earlier a country was able to
urbanize, the higher its present-day income will be. Figure [§ illustrates this possibility, plotting a
country’s real per capita income against the number of years since any of its grid cells first reached
10 percent urbanization@ There is a strong positive correlation between current income and the
time spell since urbanization began across countries, but it is also evident that there are three
distinctive time periods. On the right hand side of the graph we find China and India, representing
old civilizations with a substantial degree of urbanization already 1,500 and more years ago. The
plurality of countries are “late” urbanizers, with urbanization at the 10% level occurring less than
400 or 500 years ago. In the middle part of the graph we find many European countries, including
the older city-states of the Ancient Greeks and Romans, as well as Japan.

We test the relationship between national income and cell-level urbanization more formally in
a regression framework, again accounting for spatial dependence using the non-parametric spatial
HAC estimator. The dependent variable here is per capita national income in PPP prices in 2000
taken from the Penn World Table (Heston et al.| 2006)@ We regress the logarithm of per capita
income on the number of years since at least one of a country’s grid cells passed each of the
urbanization thresholds:

In(income;) = Bo + Pitrans; + €, (3)

where income; is country ¢’s per capita income in the year 2000 and the variable trans; represents
country 4’s duration since transition of at least one grid cell to the various urbanization thresholds.
Table [7] presents the results of the estimation and shows, as before with the grid cell analysis,
clear evidence of spatial correlation as measured by Moran’s I applied to the regression residuals.
In reference to Figure [§] we provide results utilizing the spatial HAC estimator for a linear and a
quadratic version of the hypothesized relationship between per capita income and time since first
urbanization, as well as for the linear model using a subsample of countries which first urbanized
during the last 400 years@ Tableshows that the relationship between the time since transitioning
to a certain degree of urbanization robustly correlates with present-day per capita income even if
one controls for continent fixed effects. In comparison the effect of the time of transition becomes
smaller, but it is statistically significant in almost all cases. Additional robustness tests, which are
not reported in terms of numerical results here, include regressions based on a parametric spatial
approach (see the appendix in [Motamed et al. (2014) for details).

( Tables 7 and 8 about here )

19 We use the country’s first cell to urbanize, rather than the average date of a country’s cells, to capture the start
of a country’s transition wherever it may occur.

20The Penn World Table Version 6.2 has 188 countries. In order to facilitate the spatial analysis and correct
for missing data we excluded small island economies (Antigua, Bahrain, Barbados, Bermuda, Dominica, Grenada,
Kiribati, Macao, Maldives, Malta, Micronesia, Netherlands Antilles, Palau, Seychelles, St. Kitts & Nevis, St. Lucia,
St. Vincent & Grenadines, Tonga) as well as Serbia and Montenegro, leading to a sample of 169 countries.

21 The latter regression basically only takes into account the left hand side of the scatterplot in Figure 8] In the
case of subsampling we used the OLS rather than the spatial HAC estimator, because subsampling creates artificial
spatial “holes” in the data set.
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Across all urbanization criteria, the historical transition date is a statistically significant corre-
late of incomes today, when controlling for spatial dependence among neighbors and using a linear
or quadratic specification. From Table [7], reaching the 10 percent urbanization threshold one year
earlier is associated with nearly 0.1 percent higher per capita income in 2000, and reaching the
50 percent urbanization one year earlier is associated with a 0.4 percent higher per capita income,
assuming a simple linear model. Corresponding figures for the specification including continent
fixed effects, reported in Table 8 are 0.06 and 0.2 percent, respectively. In Table [7| we also show
that if we restrict the sample to countries that have first met an urbanization threshold during
the last 400 years, the effects are slightly smaller, but clearly still significantly different from zero.
Alternatively, using the quadratic specification to accommodate the distinct pattern among “early”
and “late” urbanizers shown in Figure [§, we find statistically significant correlations of early tran-
sition dates and GDP per capita for extended periods of time. Moreover, all transition durations
in the sample exhibit positive correlations with per capita income, and at the sample mean of the
transition variable the effect of early transition is more strongly associated with modern per capita
income than in the linear model.

As robustness checks, in addition to the controls for spatial autocorrelation and heteroskedastic-
ity described above, we also subjected our model to additional continent-level controls. The results
were robust to these added variables, with estimated coefficients that closely matched the results
from the base model in both linear and quadratic forms. Results for the specification including
continent fixed effects are presented in Table

In sum, for regions where sizeable levels of urbanization have yet to be achieved, the transition
effect can account for economically important differences in present-day incomes. The results
presented here confirm that a country’s income is correlated with having had an earlier start
of urbanization, demonstrating the importance of our finding that geographic variation in the
start of urbanization is correlated with a grid cell’s agro-ecological characteristics and transport
opportunities. Our regressions at the country level demonstrate the relevance of our findings, but
are not a full account of the many influences on national income. An extended investigation of
the links between grid-cell geography and countries’ national income would require more data and
different econometric methods, such as nested hierarchical level models.

6 Conclusion

A growing body of research is concerned with the role of physical geography in shaping historical
events associated with modern economic outcomes. This paper focuses on one of the most important
and highly visible of such events, namely the formation and growth of cities. We motivate our
work from the idea that the extent of urban population (or employment) might depend on crop
production closely around that city, and transport costs between the city and elsewhere.

We test this theory with independent data from Klein Goldewijk et al. (2010, |2011) on urban
and rural populations around the world over the past 2000 years, from which we derive the number
of years that have elapsed since each of the world’s 62,290 half-degree grid cells passed various
thresholds of urbanization. Most of the world’s grid cells have never urbanized by any measure,
but over time an increasing fraction of cells passes our thresholds of 1 and then above 5 urban
people per square kilometer, or the thresholds of 10, 25 and then 50 percent of the population
living in urban areas. Our central finding is that, controlling for country fixed effects and spatially
correlated omitted variables, cells urbanize earlier when their land is more suitable for cultivation
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or is exposed to seasonal frost, using the Ramankutty et al.| (2002) index of cultivation suitability
(based on growing degree days, soil moisture, soil carbon density and soil pH) and the IPCC| (2002)
data on frost in winter (after a frost-free summer). We also find that cells urbanize earlier when
they are closer to the seacoast, or have larger rivers. Our results for the influence of elevation
are much more mixed, although the influence of elevation can not be ignored in certain parts of
the world. The major effects are of similar magnitude within each continent, so our results are
not driven by European history or other distinctive regional experiences. We go on to show that
countries with earlier urbanization dates now have higher incomes, again controlling for spatially
correlated omitted characteristics.

An additional finding is that most geographic factors, specifically cultivation suitability, distance
to the coast, frost and rivers, were more closely linked to urbanization in the early stages of city
formation and initial growth, rather than its later stages. At this junction we do want to stress
that our results have been derived exploiting cross-sectional variation across grid cells of the world.
An interesting and necessary next step would be to use spatial panel data to identify the dynamics
of urbanization processes, for instance, along the lines of [Bosker et al.| (2013).

Our results are historical in nature, aiming to help explain why cities arose where they did.
Geography is not destiny, of course: new technologies and new institutional arrangements can of-
fer man-made substitutes for geographic amenities observed elsewhere. Identifying which factors
mattered historically is helpful to focus these efforts on factors such as disease control, transport
and access to agricultural products, but other kinds of evidence would be needed to estimate likely
impacts and economic rates of return from specific investments. The data analyzed here show only
that over the long span of history, urbanization and economic development have occurred sooner
in places more suitable for crop production as well as closer to oceans and rivers.
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Table 1: Summary statistics for all variables.®

Urbanization threshold Mean Std. Dev. Min. Max. Moran’s I?
1 inhabitant per km? 35.30 118.98 0 2000 0.31
5.67 inhabitants per km? 18.83 67.25 0 1600 0.32
10% urbanization 40.64 102.38 0 1800 0.23
25% urbanization 23.51 57.84 0 1100 0.26
50% urbanization 11.42 33.50 0 700 0.23
cultivation suitability index 0.31 0.32 0.0001 1.00

distance to coast (km) 566.49 525.71 0 2514.70

Strahler order of streams 1.04 1.03 0 6

seasonal frost 0.41 0.49 0 1

land elevation (m) 630.84 821.49 -29.33 5717.11

Source: Authors’ calculations from sources detailed in the text.

¢ The number of observations equals 52,143.

b Moran’s I measures the degree of spatial correlation in the time of urbanization be-
tween a grid cell and its surrounding grid cells. Neighboring grid cells are defined on
the basis of third-order queen contiguity, implying that a grid cell and its immedi-
ate neighbors share a common border (including a single point), and neighbors of the
neighbors as well as their neighbors are also included. Each cell has a maximum of 48
neighbors, which corresponds to an area of 385x385 km at the Equator and 196x196
km at the Arctic Circle. The null hypothesis of spatial randomness is rejected at
conventional significance levels in all cases. Results are similar, with slightly higher
correlation coefficients, for a first-order contiguity matrix, which only includes direct
neighbors.
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Table 2: Timing of urbanization, spatial HAC results.®
(1) Base model

Urbanization threshold 1/km? 5.67/km? 10% 25% 50%
In(cultivation suitability) 0.312*** 0.225*** 0.216*** 0.149*** 0.071***
(0.007) (0.006) (0.009) (0.008) (0.007)
In(distance to coast) —0.250***  —0.239***  —0.243*** —0.228"**  —0.176***
(0.012) (0.011) (0.014) (0.012) (0.010)
order of streams 0.249*** 0.218*** 0.274*** 0.229*** 0.156***
(0.013) (0.011) (0.014) (0.013) (0.010)
frost 0.693*** 0.667*** 0.524*** 0.529*** 0.394***
(0.039) (0.033) (0.040) (0.036) (0.027)
In(elevation) 0.026 0.020 —0.016 —0.011 —0.015
(0.016) (0.014) (0.016) (0.014) (0.011)
constant 2.763*** 2.137*** 3.070*** 2.486*** 1.686***
(0.088) (0.080) (0.093) (0.084) (0.071)
(2) Base model with country fixed effects
In(cultivation suitability) 0.285*** 0.197*** 0.219*** 0.165*** 0.092***
(0.008) (0.006) (0.011) (0.010) (0.008)
In(distance to coast) —0.147*** —0.148*** —0.164***  —0.164***  —0.144***
(0.012) (0.010) (0.016) (0.014) (0.011)
order of streams 0.186*** 0.161*** 0.201*** 0.164*** 0.119***
(0.012) (0.010) (0.013) (0.011) (0.009)
frost 0.552*** 0.419*** 0.472%** 0.405*** 0.297***
(0.038) (0.031) (0.043) (0.037) (0.029)
In(elevation) -0.019* —0.030** —0.030* —0.001 0.013
(0.015) (0.013) (0.016) (0.014) (0.011)
constant 2.414*** 1.767** 2.345*** 1.489*** 0.757***
(0.183) (0.148) (0.165) (0.124) (0.088)

Goodness of fit’ and misspecification tests®

R?-adjusted

Model (1) 0.24 0.22 0.14 0.12 0.08
Model (2) 0.37 0.37 0.26 0.25 0.20
Model (3)¢ 0.39 0.39 0.27 0.26 0.21
Moran’s 1 0.21*** 0.18*** 0.23*** 0.20%** 0.15%**
Breusch-Pagan T657*** 9396*** 3377 4435*** 6110***

% The number of observations equals 52,143. HAC standard errors are in parentheses. Coef-
ficients are tagged with *** ** and * for the 0.01, 0.05, and 0.1 statistical significance level,
respectively. The dependent variable is the logarithm of the time since a grid cell first met a
certain urbanization threshold.

b Likelihood Ratio tests for jointly adding fixed country effects and/or interaction terms are in-
variably statistically significant.

¢ The misspecification tests are performed for Model (2). The result for the Breusch-Pagan test
is the y2-value with random coefficients as the alternative hypothesis. The Koenker-Bassett
version of the test is reported if the null hypothesis of normally distributed errors is rejected
according to the Jarque-Bera test.

4 Model (3) represents the base model specification augmented with 181 country fixed effects
and interaction terms among the above reported geography variables. Results are not presented
in detail here, but are discussed in the main text.
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Table 3: Timing of urbanization, Tobit results.®

Tobit coefficients including country fixed effects

Urbanization threshold 1/km? 5.67/km? 10% 25% 50%
In(cultivation suitability) 1.227*+* 1.277%** 0.661***  0.621***  0.555***
(0.115) (0.130) (0.136) (0.136) (0.166)
In(distance to coast) —0.414***  —-0.588***  —0.416"** —0.492*** —0.616***
(0.136) (0.161) (0.128)  (0.123)  (0.116)
order of streams 0.458*** 0.587*** 0.449***  0.459***  0.511***
(0.094) (0.095) (0.065) (0.060) (0.052)
frost 1.343%** 1.602*** 0.958** 0.915* 0.939*
(0.337) (0.395) (0.444) (0.474) (0.495)
In(elevation) —0.001 —0.018 —0.058 —0.014 —0.074
(0.178) (0.191) (0.152) (0.148) (0.151)
constant 2.849%** 1.623*** 2.046*** —0.137 —4.965"**
(0.513) (0.546) (0.562) (0.378) (1.236)
Pseudo-R?? 0.16 0.19 0.09 0.09 0.10
Left-censored observations 35,387 40,507 31,280 35,017 40,912
Uncensored observations 16,749 11,636 20,863 17,126 11,231
Right-censored observations 7 0 0 0 0
Tobit marginal effects®
In(cultivation suitability) 0.435*** 0.309*** 0.291***  0.222***  0.127***
(0.039) (0.029) (0.061) (0.050) (0.039)
In(distance to coast) —0.147**  —0.142**  —0.182*** —0.176™** —0.142***
(0.048) (0.038) (0.056) (0.044) (0.026)
order of streams 0.162*** 0.142%** 0.198***  0.164***  0.117"**
(0.033) (0.022) (0.029) (0.022) (0.012)
frost 0.476*** 0.387*** 0.422** 0.328* 0.216*
(0.119) (0.093) (0.193) (0.168) (0.113)
In(elevation) —0.0003 —0.004 —0.025 —0.005 —0.017
(0.063) (0.046) (0.067) (0.053) (0.035)

¢ The number of observations equals 52,143, and all regressions include fixed effects for 181
countries. Standard errors adjusted for 181 country clusters are in parentheses. Coefficients
are tagged with *** ** and * for the 0.01, 0.05 and 0.1 statistical significance level, respec-
tively. The dependent variable is the logarithm of the time since a grid cell first met a certain

urbanization threshold.

b The reported R2-value is the squared correlation between the predicted and the actual time
since meeting a specific urbanization threshold.
¢ Average marginal effects for the expected value of the latent variable, conditional on the
observed dependent variable being greater than zero.
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Table 4: Timing of urbanization, spatial HAC results, base model with fixed
effects for artificial super-grids.®

Urbanization threshold 1/km? 5.67 /km? 10% 25% 50%
In(cultivation suitability) 0.259*** 0.184*** 0.241***  0.182***  0.106***
(0.009) (0.008) (0.010)  (0.009)  (0.007)
In(distance to coast) —0.178***  —-0.169***  —0.168*** —0.173*** —0.146™**
(0.012) (0.011) (0.013)  (0.012)  (0.010)
order of streams 0.191%** 0.159*** 0.203***  0.176***  0.130***
(0.011) (0.009) (0.012)  (0.011)  (0.009)
frost 0.175%** 0.156*** 0.152***  0.142***  0.120***
(0.036) (0.020)  (0.041)  (0.035)  (0.027)
In(elevation) 0.004 —0.004 —0.012  —0.008 —0.004
(0.017) (0.015) (0.016)  (0.013)  (0.010)
constant 21737 1.580*** 2.104***  1.498***  (0.875***
(0.111) (0.095) (0.114)  (0.097)  (0.078)
R?-adjusted 0.40 0.39 0.30 0.29 0.23

@ The number of observations equals 52,143. HAC standard errors are in parentheses.
Coefficients are tagged with ***, ** and * for the 0.01, 0.05, and 0.1 statistical significance
level, respectively. The dependent variable is the logarithm of the time since a grid cell
first met a certain urbanization threshold.
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Table 5: Means of continent-specific variables.

Urbanization threshold Europe Africa  Asia North South  Australia
America America
1 inhabitant per km? 171 20 31 26 20 8
5.67 inhabitants per km? 99 7 17 14 10 4
10% urbanization 150 26 31 45 39 16
25% urbanization 87 10 16 33 27 12
50% urbanization 41 3 6 19 15 8
cultivation suitability index 0.47 0.27 0.28 0.32 0.40 0.29
distance to coast (km) 171 664 685 431 514 284
Strahler order of streams 1.23 0.83 1.14 0.97 1.28 0.28
seasonal frost 0.71 0.35 0.46 0.41 0.12 0.59
land elevation (m) 323 637 743 596 575 275
Number of observations 3,401 9,353 21,978 8,865 6,268 2,278

Source: Authors’ calculations from sources detailed in the text.
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Table 7: Income and date of first urbanization.®
Urbanization threshold 1/km? 5.67/km? 10% 25% 50%

Entire sample, linear, HAC results

transition 0.001** 0.002** 0.001***  0.003***  0.004***
(0.0003) (0.001) (0.0004) (0.001)  (0.001)

constant 8.184*** 8.131*** 8.079***  7.928***  7.993***
(0.209) (0.210) (0.210)  (0.199)  (0.202)

Entire sample, quadratic, HAC results

transition 0.003*** 0.006*** 0.005***  0.006***  0.009***
(0.0008) (0.001) (0.001)  (0.001)  (0.002)
transition?® —0.001***  —0.004***  —0.003*** —0.004*** —0.011***
(0.0005) (0.0006) (0.0007) (0.001)  (0.002)
constant 7.739%** 7.525%* 7.480%**  7.624***  7.767**
(0.203) (0.210) (0.222)  (0.202)  (0.185)
Top (in years) 1,166 815 948 745 399
Sample mean transition 368 199 278 188 110

Restricted sample, transition < 400 years, OLS results

transition 0.001 0.005*** 0.003***  0.004*** 0.006***
(0.001) (0.001) (0.001) (0.001) (0.001)
constant 8.045*** 7.577** 7.659***  7.701***  7.877***
(0.259) (0.171) (0.221) (0.163) (0.133)
Number of observations 143 157 154 162 168
R?-adjusted 0.05 0.09 0.08 0.14 0.13
Moran’s I¢ 0.43*** 0.40*** 0.40*** 0.35%** 0.36***
Breusch-Pagan? 0.04 13.62*** 2.05 0.46 7.95%**

% The number of observations in the entire sample equals 169. Spatial HAC and OLS
standard errors are in parentheses. Coefficients are tagged with ***, ** and * for the
0.01, 0.05, and 0.1 statistical significance level, respectively. The dependent variable is
the logarithm of per capita income in 2000. Measures of fit and misspecification tests
pertain to the linear model using the entire sample.

b For ease of exposition the coefficients and standard errors are multiplied by 1,000.

¢ The weights matrix used for testing is a (row-standardized) inverse distance matrix con-
taining distances between the geographical midpoints of countries, with a cutoff point
of 2,876 km. The latter ensures sparsity of the weights matrix as well as each country
having at least one neighbor. The average number of neighbors per country is 25, which
is also the number implemented in the kernel estimation for the spatial HAC results.

4 The result for the Breusch-Pagan test is the y?-value with random coefficients as the
alternative hypothesis. The Koenker-Bassett version of the test is reported if the null
hypothesis of normally distributed errors is rejected according to the Jarque-Bera test.
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Table 8: Income and date of first urbanization, spatial HAC results with

continent fixed effects.®

(1) Base model, linear

Urbanization threshold 1/km? 5.67/km? 10% 25% 50%
transition 0.0004***  0.0006 0.0006**  0.0014*** 0.0021***
(0.0002) (0.0004) (0.0003) (0.0004) (0.0009)
Asia 0.961*** 0.954*** 0.966***  0.944*** 0.973***
(0.225) (0.224) (0.224)  (0.227)  (0.230)
Oceania 1.721%** 1.674%** 1.696***  1.650***  1.554***
(0.365) (0.360) (0.361)  (0.337)  (0.319)
Europe 1.962*** 1.916%** 1.914***  1.837*** 1.877"**
(0.252) (0.270)  (0.258)  (0.246)  (0.241)
North America 1.441*** 1.403*** 1.414***  1.364***  1.328***
(0.224) (0.223) (0.224)  (0.218)  (0.213)
South America 1.298*** 1.267*** 1.252***  1.145**  1.067***
(0.177) (0.179) (0.181)  (0.189)  (0.210)
constant 7.366%* 7.398*+* 7.356***  7.300***  7.325%**
(0.152) (0.148)  (0.154)  (0.150)  (0.151)
R%-adjusted 0.39 0.39 0.40 0.41 0.41
(2) Base model, quadratic
transition 0.001* 0.003*** 0.003**  0.003**  0.005***
(0.001) (0.001)  (0.001)  (0.001)  (0.002)
transition®® —0.001* —0.002***  —0.001** —0.002* —0.006***
(0.0004)  (0.001) (0.001)  (0.001)  (0.002)
Asia 0.943*** 0.846*** 0.949***  0.925***  (0.975***
(0.223) (0.228)  (0.221)  (0.230)  (0.230)
Oceania 1.781*** 1.647*** 1.729***  1.628***  1.506"**
(0.347) (0.307)  (0.325)  (0.314)  (0.295)
Europe 1.871*** 1.634*** 1.776**  1.780***  1.807***
(0.245) (0.260)  (0.252)  (0.247)  (0.241)
North America 1.453*** 1.329*** 1.385***  1.319*** 1.282***
(0.227) (0.220)  (0.223)  (0.219)  (0.213)
South America 1.270*** 1.149*** 1.140***  1.053*** 0.987***
(0.181) (0.185) (0.194)  (0.210)  (0.214)
constant 7.148*** 7.137* 7.051%**  T.A72%* 7.208***
(0.235) (0.182)  (0.244)  (0.176)  (0.162)
R2-adjusted 0.40 0.42 0.41 0.41 0.42

% The number of observations equals 169. Spatial HAC standard errors are in paren-
theses. Coefficients are tagged with ***, ** and * for the 0.01, 0.05, and 0.1 statistical
significance level, respectively. The dependent variable is the logarithm of per capita in-
come in 2000. Oceania includes Australia, New Zealand, and two islands in the Pacific;
the omitted fixed effect category is Africa.

b For ease of exposition the coefficients and standard errors are multiplied by 1,000.
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Figure 1: Regional per capita GDP, 1600-2000, in 1990 international dollars, with Asia category

excluding Japan.
Source: |Maddison| (]2001|>

Year
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Figure 4: Local polynomial regressions of the rate of urbanization on cultivation suitability with
shaded 95 percent confidence intervals around each line.
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Figure 7: Average urban population density across grid cells with above and below median culti-
vation suitability, 1500-2000.
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Figure 8: Log per capita income in the year 2000 and the number of years since at least one of a
country’s grid cells reached 10 percent urbanization.
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