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Abstract 

Since the seminal works of Malthus and Boserup, scientists have long debated the impact of population 
growth and land constraints on the wellbeing of rural people. Today these concerns are particularly 
relevant to Africa, with its rapid population growth, very small farms, and chronic food insecurity. In this 
paper we therefore explore adaptation to falling land-labor ratios using a simple but comprehensive 
theoretical framework in which households faced with binding land constraints can respond in one of 
three ways: intensifying agricultural production, diversifying out of agriculture, and reducing fertility 
rates. We then explore the magnitude of these three responses using a rich cross-country data set. On the 
first of these responses we find that land constraints are strongly associated with agricultural 
intensification, although shrinking farm sizes are still predicted to have large adverse impacts on 
agricultural incomes. With respect to fertility rates, we find evidence that African households desire fewer 
children in land constrained settings, though they do not achieve these desired fertility rates because of 
inadequate access to family planning services. Finally, we find relatively weak evidence of successful 
non-farm diversification in response to land pressures, particularly in Africa. Our concluding section 
discusses the implications of these findings for Africa’s development strategies. 

Keywords: Population density; land constraints; agricultural intensification; fertility rates; rural nonfarm 
economy; migration. 
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“The potential problems of declining labor productivity and environmental degradation are not 
problems of levels of population densities. Given sufficient time, it is likely that a combination of farmer 
inventions, savings, and the development of research institutions . . . will be able to accommodate much 
more than the current population in most countries . . . However, if all of these changes are required 
quickly and simultaneously because of rapid population growth rates, they may emerge at too slow a pace 
to prevent a decline in human welfare.” p. 51 of Pingali and Binswanger (1988) 

1. Introduction 

Since the pioneering work of Malthus (1798), the relationship between demography and agricultural 
development has been the subject of important research in a number of literatures. Following Boserup 
(1965), the literature in the 1980s and early 1990s focused on testing the important prediction that rising 
population density in rural areas induces farmers to intensify agricultural production (Binswanger and 
McIntire, 1987; Binswanger and Rosenzweig, 1986; Lele and Stone, 1989; Pingali et al., 1987; Pingali 
and Binswanger, 1988; Ruthenberg, 1980; Turner et al., 1993). In the 1990s research in this area 
gradually shifted to assessing the implications of rural population growth for natural resource degradation 
(Bilsborrow, 1992; Carswell, 1997; Clay and Reardon, 1998; Krautkraemer, 1994; Mortimore, 1993; 
Pingali, 1990; Scherr, 1999; Tiffen, 1995). And since the Green Revolution successes in Asia, there has 
emerged a more generic literature on intensification and technology adoption (Diao et al., 2008; Djurfeldt 
et al., 2005; Evenson, 2004; Evenson and Gollin, 2003; Hazell, 2009; Johnson et al., 2003; Mosley, 
2002), with population pressures being treated as an underlying theme. 

Despite some important research on the linkages between demography, land availability and 
agricultural development, the recent development literature has rarely revisited or extended the theory and 
evidence that emerged in earlier decades. This knowledge gap persists despite renewed concerns that 
rapid rural population growth – particularly in sub-Saharan Africa (hereafter Africa or SSA) – could 
potentially have disastrous consequences on rural welfare and food security (Lipton, 2009, 2012). Indeed, 
it could be argued that population pressures pose a far more severe challenge for African agriculture than 
the related threat of adverse climate change. For while the magnitude and impacts of climate change 
remain very uncertain, rapid population growth in Africa will be inevitable for many decades to come, 
and in many large African countries this growth will take place against already constrained land 
resources. 

Tables 1 and 2 motivate this concern. Table 1 reports estimates of rural population density (defined as 
the rural population relative to total crop land), and projections of rural population growth for the 
developing world.1 While rural population density in Africa is still relatively low on average, twelve 
African countries constitute a high density group with rural population densities above 100 people per 
square kilometer. Moreover, this list includes Africa’s three largest countries (Nigeria, Ethiopia and the 
DRC),2 and other large African countries, amounting to 58 percent of sub-Saharan Africa’s rural 
population. Table 2 reports both FAOSTAT and census/survey data showing that farm sizes in these high 
density countries declined sharply from the 1970s to the 2000s. The census/survey data suggest that over 
this period the average landholding in high density Africa declined from about 2 hectares to 1.2 hectares, 

1 We will discuss our operational definitions of population density further below, but we note here that if we want density 
measures that are good proxies for “land pressures”, then using total land area or even total agricultural area (including livestock 
grazing area) is not very desirable. Much non-agricultural or livestock area is very sparsely populated, meaning that countries 
with populations heavily clustered in cropping areas but with extensive non-crop areas would appear land abundant. Egypt – with 
100% of its cropland irrigated, and almost all of the non-cropland area being desert – is an extreme example, but Ethiopia, Kenya 
and other African countries share this characteristic of population clustering in areas of good cropping potential. 
2 Data for the Democratic Republic of Congo (DRC) are notoriously sketchy, and it is indeed surprising that farm sizes and land 
per capita are so small in such a land abundant country. We therefore consider the DRC a very borderline case. On the other hand 
there are counties like Madagascar which the FAO data suggests is land abundant, despite average farm sizes of under 1 hectare. 
Thus the classification of high and low density does indeed depend on which indicator or data source is used. 
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on average, but stayed the same in low density Africa. On top of this trend of declining farm sizes in high 
density Africa, the rural populations of these countries are perhaps conservatively expected to increase by 
a further 163 million people in the next 40 years (Table 1).3 Low density rural Africa will also face a 
substantial surge in its rural population of some 142 million people. And in contrast to Africa, rural 
populations in the rest of the developing world are actually expected to have declined by 2050. We should 
also add that, if anything, projected population growth rates underestimate the demand for land in Africa 
since demographic pressures, higher food prices, urban growth and natural resource conservation are also 
driving up demand. 

[insert tables 1 and 2 about here] 

The retrospective and prospective statistics in Tables 1 and 2 point to what is potentially a very 
disturbing scenario: rapid population growth, amidst already declining land endowments in high-density 
African countries, which are already typified by severe rural poverty, and which make up a large share of 
Africa’s total population. Faced with that pressure, it is surely crucial to ask whether and how rural 
Africans are adapting to rising land constraints, and to consider the potential implications for public 
policy, which may be quite wide ranging and multisectoral. 

To address these questions, we first integrate prior strands of the literature into a single framework 
which identifies the distinct means by which rural people (and their governments) may adapt to or 
mitigate emerging pressures on agricultural land (Section 2). Our starting point is an agrarian economy 
with farm income per capita as the key welfare variable. A simple disaggregation of farm income per 
capita demonstrates three possible means of responding to rapid rural population growth under binding 
land constraints4: (1) growth in the value of farm output per hectare (agricultural intensification); (2) 
reductions in rural fertility rates; and (3) exits from the farm sector to rural nonfarm, urban or overseas 
labor markets. Of note is that the vast majority of the existing literature on population pressures has 
focused on the need to transition from land expansion to land intensification, with fertility reductions and 
nonfarm diversification being largely the subject of very separate literatures on demography, the rural 
nonfarm economy and migration. We redress this omission by explicitly integrating fertility reduction and 
nonfarm diversification into our theoretical framework and empirical tests. 

Empirically, we focus on the big picture by providing cross-country tests of the strength of these 
responses. While cross-country analysis has well known limitations – particularly causal identification 
(Durlauf et al., 2005) – this technique has two advantages in this context. First, a comparative approach 
can reveal “stylized facts” worthy of further investigation (Pritchett, 2001). Second, a multi-country 
empirical analysis has the potential scope to add external validity to some of the country-specific 
conclusions generated in the more detailed case studies contained in this special issue, and in the existing 
literature (e.g. Pender et al. (2006)). To these ends, Section 3, 4, and 5 explore the three different means 
of responding to land constraints using an unusually large and rich set of data on rural demography and 
farm sizes, agricultural inputs and production, rural fertility rates and income diversification indicators. 
The strengths and weaknesses of our data and techniques are discussed in more detail in Appendix A, 
while Appendix B provides additional results and robustness checks. 

While a more detailed summary of our results is provided in our concluding section (Section 6), we 
note here the study’s three main conclusions. First, the theories of agricultural intensification developed 
by Boserup, Binswanger and others certainly receive very strong support from the data. Surprisingly, 
however, we do not find that cereal yields are responsive to rising density, though many other inputs are 
highly responsive (capital, cattle/oxen, non-cereal outputs). Moreover, when intensification is broadly 

3 These estimates may be conservative for several reasons. First, they assume a size reduction in fertility rates, which has thus far  
been sluggish in much of Africa, particularly the DRC. Second, they assume reasonably rapid urbanization, which is often  
exaggerated in Africa (Potts, 2012).  
4 A companion paper in this special consider the scope for land expansion and rural-to-rural migration. See Chamberlain et al.  
(2013).  
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defined as an increase in gross agricultural value per hectare, the response to population density is quite 
substantial, with an elasticity of around 0.28 to 0.35. This implies that when farm sizes shrink by 1 
percent, gross farm income per hectare rises by around a third of a percent, such that gross farm income 
per capita falls by around two-thirds of a percent, on average. Although this indicates responsiveness to 
land pressures, the response is not enough to offset a substantial welfare loss; all the more so since the 
reduction in net farm income is surely larger given increasing input use in land-constrained countries. 

Second, we find novel evidence that desired fertility rates in rural decline in response to higher rates of 
population density, but achieved fertility rates do not. In other words, high density countries in Africa 
face large gaps in unmet contraception needs, suggesting that family planning policies would be more 
efficacious in these countries than in more land abundant regions. That said, even very effective attempts 
to reduce fertility rates would only slowly and partially mitigate the pressure on African land use. 

Finally, we find little evidence of successful nonfarm diversification in Africa. Rural nonfarm 
employment does not automatically increase as land pressures rise, but instead seems more directly 
influenced by the usual suspects, such as agricultural productivity, education and infrastructure. 
Urbanization rates are not higher in more densely populated African countries. And while overseas 
remittance earnings seem strongly and positively linked to population density outside of Africa, many 
high-density African countries do not seem to be tapping into overseas labor markets. It therefore appears 
that, in general, rural Africa is only very slowly diversifying out of agriculture, much more slowly than 
might be considered desirable giving rising land constraints in heavily populated rural areas. 

These conclusions clearly raise cause for concern. As we show in our concluding section (Section 6), 
many of these findings link to existing concerns in the development literature. It is certainly well known 
that cereal intensification in Africa has been less successful than in Green Revolution Asia (Evenson and 
Gollin, 2003; Johnson et al., 2003), yet surprisingly little literature focuses on land constraints and what 
these constraints imply for agricultural development paths. It is likewise well documented that Africa’s 
demographic transition has been much slower than other regions (Dudley and Pillet, 1998; Kohler, 2012), 
though no previous work has demonstrated the heightened potential for family planning policies in land 
constrained rural areas. And while there is both an existing and emerging literature on economic 
diversification and transformation in Africa, this literature is rarely linked to underlying land constraints 
(see de Brauw and Mueller (2012) for an exception). The contribution of this paper is therefore to 
conceptually and empirically link these diversification and transformation processes to land constraints, 
which appear to be an under-emphasized obstacle to rural development in Africa. We argue that these 
findings hold important multi-sectoral implications, e.g., for education and fertility, as well as for land 
and agricultural policies and programs. 
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2. Theoretical and methodological frameworks 

As a departure point for understanding the relationship between rural population density and 
household welfare, we consider rural income per capita adopted as the welfare maximand of principal 
interest (we drop country and time period subscripts for the sake of simplicity). Aggregate income (Y) in a 
rural economy can be derived from either farm income (subscript f) or nonfarm income (subscript nf): 

(1) l ≡ lt + lnt 

In per capita terms (where N refers to the rural population), income is the sum of the shares of labor in the 
farm and nonfarm sector multiplied by each sector’s labor productivity. 

Y Nt Yt Ynt(2) ≡ etYt + (1 − et)Ynt, where et = , Yt = and Ynt = N N Nt Nnt 

In autarkic subsistence economies (the subject of Malthus’ and Boserup’s analyses) the nonfarm sector 
is non-existent, such that et = 1 and all rural income is farm income (we will return to the nonfarm sector 
below). Farm income per capita can then be decomposed into the product of farm income per hectares of 
land, and per capita land endowments (L): 

Yt Yt L(3) ≡ .
N L N 

Taking the log and first differences, we observe that growth in agricultural output per capita is the sum 
of growth in income per hectare and growth in per capita land endowments. 

Yt Yt L(4) ∆ln ≡ ∆ln + ∆ln 
N L N 

Since the land to population ratio is the reciprocal of agricultural/rural population density (d), growth 
in farm income can also be expressed as growth in value per hectare less growth in agricultural population 
density: 

Y Yt(5) ∆ln t ≡ ln − ∆ lnÆ 
N L 

An alternative disaggregation shows that changes in average farm income are the sum of changes in 
output per hectare and farm land, less agricultural population growth. 

Yt Yt(6) ∆ln ≡ ∆ln + ∆ ln Æ − ∆ lnÆ 
N L 

Agricultural population growth is the sum of the percentage change in the net birth rate (b, birth rates 
less death rates) and the net migration rate out of agriculture, which is et: 

(7) ∆ lnÆ ≡ ∆ ln Æ + ∆ ln et 

Substituting (7) into (6) we obtain the following key identity: 
Yt Yt(8) ∆ln ≡ ∆ln + ∆ ln Æ − ∆ ln Æ − ∆ ln etN L 

Whilst purely a decomposition, this identity is nevertheless instructive insofar as it provides a 
description of the four possible means of adapting to or mitigating agricultural land pressures: 

• Land expansion (∆ ln Æ); 
• Agricultural intensification, defined here as increases in agricultural output (value) per 

Ythectare (∆ln ). 
L 

• Reducing rural fertility rates (∆ ln Æ); 
• Diversification into nonfarm sectors (∆ ln et), be it local, urban or international. 
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It should also be apparent that different and often competing theories of rural development are 
embedded in these equations. For example, in Malthus’ theory, population growth and value per hectare 
are exogenous, and land is in fixed supply. These assumptions predict a decline in farm income per capita 
as the rural population expands. In Boserup’s hypothesis, however, agricultural intensity is itself a 
function of land constraints. If ÆÆ is the elasticity of agricultural value per hectare with respect to 
population density, then equation (5) can be expressed as: 

(9) ∆ln 
Yt = (ÆÆ − 1)∆ ln Æ 
N 

Thus the impact of population density on farm income per capita could be negative (ÆÆ < 1), zero 
(ÆÆ = 1), or conceivably even positive (ÆÆ > 1). This magnitude clearly matters. If ÆÆ is zero or close to 
zero, then equation (9) implies that net farm income per capita declines almost proportionately to the 
decline in land per capita. If ÆÆ is closer to 1, on the other hand, then the agricultural intensification 
response to declining farm sizes may be strong enough almost fully offset the loss of farming land. More 
generally, there may, of course, be other factors exogenously raising agricultural output per hectare, such 
as farm policies, and improved infrastructure and market access conditions. And insofar as shrinking 
land-labor ratios reduce farm labor requirements, we would also expect reductions in desired fertility rates 
and increased demand for nonfarm labor employment. In effect then, each of the right hand side terms in 
equation (8) could be a function of existing population density. 

Measurement and estimation issues 

The theoretical framework above suggests that various adaptive behaviors may be causally affected by 
land pressures, measured above as agricultural land per capita or its inverse, agricultural population 
density. Whilst there is a substantial literature exploring some of these relationships – particularly the 
relationship between land pressures and agricultural intensification -- there are some significant (and 
under-discussed) methodological challenges to estimating the impact of land pressures on agricultural 
intensification and other adaptive behaviors.5 

In terms of data, many of the variables referred to in the equations above are difficult to measure. 
Appendix Table A1 outlines our attempts to measure some of the adaptations to population density, as 
well as relevant control variables. Many caveats are also discussed in the text, but here we note 
measurement issues regarding our key explanatory variable, population density. At the national level, 
there is an important aggregation problem associated with differences in land quality and market access 
conditions. Population clustering within a country means that using total land area in the denominator is 
unwise. An extreme example of this problem is Egypt, with almost the entire rural population living in 
densely populated irrigated areas, surrounded by vast expanses of sparsely populated arid deserts. Using 
total area would not reflect the real conditions in which an average rural Egyptian lives.6 Whilst this is an 
extreme example, there are similarly stark differences between low-density lowland areas and high-
density highland areas in countries like Ethiopia and Kenya. In these countries one might be tempted to 
use both crop and livestock grazing areas in the denominator, but extensive pastoralism in the lowland 
areas means that estimated grazing areas are huge, while the population capable of being supported on 
these lands is relatively small. And since Boserupian theories largely apply to systems that have already 

5 Previous analyses of Boserupian intensification tended to use cross-sectional correlations between population densities and 
farming systems to draw strong inferences, without explicitly recognizing the various challenges to drawing causal inferences. 
6 There have been previous attempts to standardize countries’ land endowments, but advances in remote sensing technologies 
now provide the potential for more accurate assessments. Binswanger and Pingali (1988) show that after accounting for soil and 
climate conditions, it is possible to compute standardized agroclimatic population densities for various countries measuring the 
number of people per million kilocalories of production potential. They report that when countries are ranked conventionally by 
population per square kilometer of agricultural land, Bangladesh comes first, India comes seventh, Kenya falls somewhere in the 
middle, and Niger is near the bottom. When ranked by agro-climatic population density, the rankings change dramatically: Niger 
and Kenya are more densely populated than Bangladesh, and India ranks only twenty-ninth on the list. 
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moved beyond extensive livestock production, we have an additional reason to focus on the 
rural/agricultural population per unit of total crop land, rather than total agricultural land. 

Finally, one could argue that potential crop area might be the appropriate definition of land area, rather 
than cultivated area. For example, FAO and IIASA (2009) produce such an estimate. While we run some 
sensitivity tests using rural population per unit of estimated cultivable land,7 this measure has two 
problems. The first is conceptual. The definition of potentially cultivable area refers to biophysical 
potential, not economic or institutional potential. In many African countries there are reasons to believe 
that smallholders cannot exploit unused land for a variety of economic and institutional reasons: climatic 
differences, disease burdens, infrastructure constraints, or institutional factors (language differences, 
environmental protections, or various tenure issues). A companion paper by Chamberlain et al. (2013) 
discusses these issues in more detail. Second, there are indications that the data produced by FAO and 
IIASA (2009) have some important constraints for our purposes. Their estimates do not factor in 
irrigation adequately, or that various land investments can increase the potential for cropping on steep 
slopes. For example, we find that the ratio of already cultivated land (from FAOSTAT) to potential 
cultivable land (from FAO-IIASA) is around 430% for Egypt (because of irrigation), and around 320% 
for Rwanda (because of cultivation on steep slopes). Thus we would argue that the ratio of the rural or 
agricultural population to already cultivated land per capita is the best measure of the latent variable of 
interest here, “land pressures”. If there is unused land available in a country, we also expect this factor to 
be picked up by fixed effects, which we can control for or eliminate in our panel. 

In econometric terms, an important challenge is simultaneity biases pertaining to unobservables. 
Specifically, population density and agricultural intensification are clearly simultaneously influenced by 
agroecological potential, access to markets and other policies. If these kinds of variables are omitted from 
a regression equation, then the coefficient on population density may well be biased. Some of these 
variables will be fixed or quasi-fixed effects (e.g. agroecological potential), which can be purged by fixed 
effects or first differencing to remove such effects. Of these, first differencing is arguably preferred in that 
it eliminates fixed effects altogether. 

A disadvantage of first differencing or fixed effects approaches is that removes time-invariant 
variables which may still be of interest. In our data, market access variables are only measured for a 
handful of years, and hence are, by necessity, treated as time-invariant (agroecological factors are also 
time invariant but of less policy relevance). A panel technique that still permits time-invariant variables, 
whilst still producing (potentially) unbiased within-cluster coefficients, is the correlated random effects 
model (see Schunck (2013) for a good description of this model in comparison to related panel models). 
This model takes the form: 

(10) Y = + + + ̅ + + Æ 

where y and x are time-varying variables (e.g. intensification and land constraints, respectively), c is a 
time-invariant variable (e.g. market access, agroecological potential), ̅ is the cluster (country) mean of x, 
and v is a time-invariant error. Unlike other mixed models, the CRE model relaxes the assumption of zero 
correlation between time-invariant errors and time-variant variables. The cluster mean of x picks up any 
correlation between this variable and the latent time invariant error. Including the cluster mean of a time-
varying variable in a random-effects model is therefore an alternative to cluster mean centering. Thus 
from equation (10) is the within-country estimate (equivalent to the estimates produced by fixed effects or 
first differencing), while represents the difference between the within-cluster and between-cluster 
effects.8 

7 
Although the correlation between crop land per capita and potentially cultivable land per capita is nevertheless quite high 

(0.79), we find that quite a number of our results are not very robust to using this indicator. 
8 If is significantly different from zero, this suggests that between and within-cluster effects differ significantly. If that is the 
case, then this is indicative of time-invariant unobservables inducing an omitted variable bias in the between-country estimates. 
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The CRE and first differences models (hereafter FD) do a good job of controlling for unobserved time-
invariant factors, but the estimates of may still be biased by other unobserved time-varying omitted 
variables. In our context, there are two particular time-varying factors that we might be concerned about. 
The first pertains to farm policies (or time varying institutions) that have substantial effects on 
intensification and or population density (e.g. by influencing migration). One example here would be 
fertilizer subsidies. These subsidies might influence fertilizer use per hectare (one of our intensification 
variables), and might also be correlated with population density. Another policy of real concern is public 
irrigation investments. Across regions, we know that high density Asian countries have a great deal of 
irrigated area, while many low density countries do not. Moreover, while irrigation’s attractiveness is no 
doubt strongly determined by hydrological potential as well as land-labor ratios (as per Boserup’s theory), 
irrigation expansion may partly be the result of exogenous policy decisions. Moreover, irrigation can have 
such a large impact on agricultural income that it might even influence migration decisions, and hence 
population density. The potentially multidirectional causation between intensification, irrigation and 
migration decisions makes it unclear as to whether irrigation belongs on the right hand side of an 
intensification regression (i.e. as a policy determinant of intensification), or on the left hand side (as an 
indicator of Boserupian intensification). Adding irrigation to the right hand side therefore numbers among 
our sensitivity tests, although we do not necessarily regard the results of this test as a “deal breaker”. 
Ideally, it would also be good to test sensitivity to other farm policies, like fertilizer subsidies, but our 
efforts in this regard were constrained by lack of data.9 

A second time-varying factor of some concern is urbanization. Larger urban agglomerations can 
simultaneously induce agricultural intensification (von Thünen, 1826) and encourage rural-to-urban 
migration (i.e. if there are agglomeration economies), thereby reducing rural population density. It is also 
conceivable that some forms of agricultural intensification promote migration by releasing farm labor. 
Hence it is again unclear as to whether urban agglomeration effects belong on the right hand side or not, 
so we again add a sensitivity test with the percentage of the population in million-plus cities as an 
addition time-varying factor. 

Based on these considerations, we run four different sets of model specifications in which we regress 
intensification indicators against agricultural or rural population density and other control variables. 
These model-specifications are as follows: 

(1) Parsimonious first differenced models estimated with a robust regressor to control for 
outliers (FD model); 

(2) A parsimonious CRE model with time-invariant market access indicators (CRE model); 
(3) A CRE model with the percentage of the population in million-plus cities as an additional 

market access indicator (CRE-cities model); and 
(4) A CRE model with the percentage of land cultivated (CRE-irrigation model). 

However, in Sections 4 and 5 we are unable to use these panel techniques because of the smaller 
sample sizes of the data on fertility rates and rural non-farm employment. For those sections we instead 
used pooled OLS regressions with regional dummy variables, to hopefully control for some of the 
potentially confounding fixed effects. 

3. Agricultural intensification 

Theoretical expectations 

As such, has no specific theoretical interpretation, except insofar as it informs us as to the extent to which the observed 
relationship between intensification and land constraints is due to unobserved heterogeneity across land abundant and land 
constrained countries. 
9 In some robustness tests we did use data on nominal rates of assistance to agriculture (which includes subsidies), from 
Anderson (2008). Use of this data reduced the sample size, and did not materially alter the results, except for increasing standard 
errors. Moreover, the coefficients on NRAs were typically of an unexpected sign: high rates of assistance to agriculture seemed 
to reduce agricultural intensification. For these reasons, and for the sake of brevity, we do not report these results here. 
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Boserup (1965) is regarded as the original proponent of the idea that as rural population density 
increases and land constraints become binding, farming households gradually switch from an extensive 
production system (where land is continually expanded or infrequently rotated) to more intensive systems 
in which the diminished availability of land is substituted by other inputs. At early stages of this 
evolution, intensification may simply involve a reduction in the period in which land is left fallow. As 
fallow land is increasingly exhausted, however, the substitution to non-land inputs accelerates, including 
substitutions of labor effort, fertilizers (initially organic, and then chemical), pesticides/herbicides, 
traction (animal, and then machine), land structures (e.g. terraces), increased use of water control 
techniques (irrigation), and increased cropping intensity. While Boserup’s theory was the most well 
developed and extensive statement of the evolution of farming systems at that time, it is also worth noting 
that 140 years earlier von Thünen (1826) derived a related hypothesis that proximity to markets (towns 
and cities) also induces a switch to higher value commodities, in order to increase the value per hectare.10 

In the 1980s, Binswanger, Pingali and others extended the theoretical and empirical analysis of 
agricultural intensification (Binswanger and McIntire, 1987; Binswanger and Rosenzweig, 1986; Lele and 
Stone, 1989; Pingali et al., 1987; Pingali and Binswanger, 1988; Ruthenberg, 1980; Ruttan and Hayami, 
1984; Ruttan and Thirtle, 1989).11 While the insights from this literature are vast, we emphasize three 
important hypotheses. 

First, while the Boserupian intensification process generally holds, “material” determinants (i.e. 
agroecological factors) can substantially influence the form and speed of intensification. Animal traction 
may be a highly effective substitution for labor effort in many areas, but may be inhibited by the disease 
environment (e.g. Tsetse fly) in other areas. In some countries we also observe high degrees of cereal 
intensification (e.g. Bangladesh), but in other regions high density areas specialize in cash crops (e.g. 
coffee in the East African highlands). 

Second, access to both domestic and foreign markets can drive agricultural intensification even in the 
absence of greater population density (in effect, an extension of von Thünen’s hypothesis). That said, 
market access may influence the form of intensification, and may also interact with agroecological 
conditions. For example, proximity to cities may encourage the production of high value perishable 
commodities, but non-perishable cash crops can be grown in conditions of relatively poor market access. 

Third, there is no guarantee that rapid population growth – of the kind seen in developing regions over 
the last century or so – will automatically induce agricultural intensification. Subsequent research raised 
analogous concerns about the impact of rapid population growth on environmental sustainability of 
agricultural production, or “involution” instead of evolution (Bilsborrow, 1992; Carswell, 1997; Clay and 
Reardon, 1998; Krautkraemer, 1994; Lele and Stone, 1989; Mortimore, 1993; Pingali, 1990; Sanchez, 
1998; Sanchez, 2002; Scherr, 1999; Tiffen, 1995). In this regard, policy-induced intensification may be an 
important means of “nudging” endogenous Boserupian intensification, although Binswanger and Pingali 
(1988) also argue that intensive technologies are much more likely to be adopted in high density areas. 

Core results 

These considerations motivate our tests of the responsive of agricultural intensification indicators to 
land pressures. Being exploratory, our analysis tests a wide variety of indicators described in Appendix 
Table A1. In Table 3 we present our core results based on first differenced regressions in which we 
regress the log of the first difference of various intensification variables against the log of the first 
difference of agricultural population density, and initial values of the intensification and density variables 
to capture possible “convergence” dynamics. In all cases, bar one (non-food output shares), the dependent 

10 Moreover, both Boserup and von Thünen focused considerable attention on the increasing value of land (and formalization of  
land markets) as population density or proximity to markets increases. However, that implication is not directly testable with the  
cross-country data used here.  
11 The induced innovation hypothesis of Hayami and Ruttan (1984) can also be thought of as a more general theory of farmers’  
adaptation to changing endowments.  
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intensification indicators are measured relative to total cropland. The data are structured as five decades 
for the years 1967, 1977, 1987, 1997 and 2007. We do this chiefly because the annual data reported on 
FAOSTAT is somewhat illusory since most of the variables are not, in fact, measured annually (e.g. 
population density). And while we use quite a large sample of developing countries, we exclude small 
countries (less than 400,000 people in 1990), and also hyper-arid countries, unless they have 5% or more 
of their crop land irrigated. Also note that while first differencing removes fixed effects, we add regional 
dummies and time period dummies to the differenced regression in order to pick up idiosyncratic regional 
trends and global time period effects (such as changes in international food prices or global economic 
growth). However, in addition to these different dummies (which are not reported for the sake of brevity), 
we also include an interaction term between the log of agricultural population density and a sub-Saharan 
Africa (SSA) dummy, in order to see if intensification is significantly faster or slower in Africa. 

[insert table 3 about here] 

In Table 3 we find several striking results. First, cross-country data clearly provide strong support for 
the Boserupian hypothesis overall. Reading from left to right, we first look at total farm capital per 
hectare. Farm capital includes land structures, irrigation, plantation crops, livestock and livestock 
structures, machinery and other farm equipment. As such, it is a good catch-all indicator of long-term 
farm investments. We find an elasticity of 0.16 attached to this variable, with a relatively small standard 
error of 0.03. In the next regression we exclude land capital, since this includes irrigation investments that 
may drive population density rather than vice versa (Section 2). However, the result is largely unchanged, 
although the interaction term with the SSA dummy is now significant though fairly small in magnitude. 

In regression 3 we look at cattle, oxen and buffaloes per hectare, which we use as a proxy for animal 
traction. While animal traction is important for land expansion, it is also very important for land 
intensification because of its importance to power-intensive activities related to multiple cropping, soil 
preparation, transport and other miscellaneous tasks. Of course, cattle per hectare may also be a proxy for 
dairy-led intensification as well. In support of these predictions, regression 3 shows a very large elasticity 
of 0.48. The standard error of 0.09 suggests some variation around this average effect, but the elasticity 
for the African dummy shows no substantially different response of this animal traction in this region. 

In regression 4 we look at nitrogen (fertilizer) use per hectare. As cropping intensity increases it is 
obviously important to replenish soil nutrients, and it is often argued that chemical fertilizers are the most 
effective way to achieve this. Unsurprisingly, then, the elasticity between fertilizer use and population 
density is a high 0.99. However, in this case there are two additional findings of interest. First, the 
standard error on this elasticity is large (0.32), indicating tremendous variation in the responsiveness of 
fertilizer application to land pressures. We speculate that this is most likely related to differences in 
transport costs (most countries need to import fertilizers and these are bulky), policies (e.g. fertilizer 
subsidies), and agroecological factors (soil quality, irrigation, et cetera). We will provide some support for 
these conjectures below. Second, the SSA dummy variable in regression 4 is large and negative (-1.14), 
suggesting fertilizer use in SSA has declined sharply relative to the base region, East Asia. Thus we find a 
nuanced result: while there is a link between rising population density and fertilizer use in Africa, Africa 
as a whole has had very sluggish growth in fertilizer use. 

In regression 5 we find perhaps the only surprising result in Table 3: cereal yields are not responsive to 
rising population density. This is a striking result because in many agricultural intensification programs 
yield growth is one of the main indicators of success. Yet our results suggest it is not a systematic 
response to rising density. 

The remaining regressions shed some light on why this might be the case. Regression 6 shows that 
cereal cropping intensity is highly responsive to population pressures, with an elasticity of 0.35. The 
result holds in African and non-African samples, though in Africa the increased cropping intensity 
appears to be driven by reductions in fallow land and fallow periods, whereas in some other regions 
cropping intensity is more related to irrigation expansion. In any event, regression 6 is entirely consistent 
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with one of Boserup’s main hypotheses, that increased cropping intensity is one the main responses to 
population density. 

In addition to increased cropping intensity, it appears that another strategic response to land pressures 
is to shift output out of cereals into higher value crops. Regression 7 shows a positive but imprecisely 
estimated elasticity with respect to the nonfood output share (a proxy for cash crops like coffee, tea, 
cocoa, cotton, tobacco). Moreover, this elasticity is slightly larger in Africa. Regression 8 shows that non-
cereal output per hectare is similarly responsive to land pressures. In combination, regressions 5 through 8 
perhaps suggest that there may be too much emphasis on cereal yield growth as an adaptation to land 
pressures. 

Finally, regressions 9 and 10 focus on two variables that we have previously argued to be the most 
welfare-relevant indicators of intensification: crop output per hectare, and total agricultural output per 
hectare. The two indicators yield virtually identical point elasticities of 0.36 and 0.35 respectively. These 
results suggest that when crop land declines by 1%, farm income increases by about a third of a percent. 
In other words, farm income per capita declines by about two-thirds of a percent. In reality, farm income 
per capita probably declines by more than two-thirds, because our two measured indicators are only net of 
seed and feed, and not of other inputs. Yet the results in regressions 1 through 4 in Table 3 suggest that 
the monetary value of non-labor inputs rise substantially in the intensification process, while the 
unobservable labor inputs are also highly likely to increase with greater population density. Hence, 
without substantial supplementation through nonfarm income, declining farm sizes pose a very serious 
welfare loss for the rural poor. Sensitivity tests with market access variables added to a CRE model 

Table B1 summarizes results from adding further variables to the model, including time-invariant 
indicators of access to markets: road density (“roads), number of ports (“ports”), and the percentage of the 
population in million-plus cities (“cities”). Although time-invariant indicators of market access provide us 
with weaker tests for these variables, it is at least important to explore whether these indicators bear 
similarly strong associations with intensification as population density. Readers can peruse Table B1 in 
more detail, but here we summarize some of the most striking findings. 

First, the within-country elasticities on agricultural population density are materially unaffected by 
adding market access indicators. In some cases, the point estimates decline marginally, but the basic 
conclusions are unchanged. 

Second, the associations between market access indicators and intensification outcomes are quite 
strong for agricultural and crop output per hectare (indeed, all three variables are significant), but the 
associations across other intensification indicators are more variable. In terms of the size of the 
elasticities, roads, ports and cities all have elasticities with respect to agricultural and crop output per 
hectare to suggest that market access might be as important a driver of intensification as population 
density. However, since these inferences rely on cross-sectional relationships only, our inferences in this 
regard must be cautious. 

The results of some sensitivity tests 

In Appendix B we report the results of three types of sensitivity tests: (1) adding market access 
indicators (access to roads, ports and cities) to the model in CRE regressions; (2) adding irrigation to the 
model as a potential determinant of both population density and agricultural intensification; and (3) 
measuring population density using potentially cultivable land rather than currently cultivated land. Here 
we briefly summarize the key findings of these results, but we encourage readers to peruse Appendix B in 
more detail. 

Does the addition of market access indicators to the model materially affect our core results? The 
answer is typically no. In some cases, the point estimates decline marginally, but the basic conclusions are 
unchanged. However, the CRE regressions do show that market access is often a strong predictor of 
agricultural intensification, as Binswanger and others strongly emphasized in research conducted in the 
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1980s. With respect to crop and agricultural output per hectare, for example, we find that road density, 
port access and access to large urban cities, all predict greater intensification. However, since these 
inferences rely on cross-sectional relationships only, our conclusions in this regard are cautious. For 
example, from these results it is not obvious that increasing road density will greatly increase agricultural 
intensification in the short run. 

Does the addition of irrigation to the model materially affect our core results? Given the very low rates 
of irrigation in SSA we would not expect any of the SSA results to be substantially affected by irrigation, 
but high rates of irrigation in Asia, Egypt and some other non-African regions could affect migration 
decisions, and hence irrigation might cause population density, rather than vice versa. Somewhat 
consistent with these arguments, we do find that adding irrigation to the model affects a few of the results, 
but only in two cases does qualitatively change the interpretation. First, we find that irrigation is a strong 
driver of yield growth, and that controlling for irrigation, population density actually predicts declines in 
yield growth with an elasticity of -0.24.12 Second, changes in non-cereal output per hectare is no longer 
significantly associated with changes in population density at the 10% level once irrigation is included. In 
addition to these two substantive effects, in a number of regressions we observe that adding irrigation to 
the model slightly reduces the magnitude of the population density elasticities. For example, for the key 
variable of total agricultural value per hectare, the point estimate falls by almost a quarter, from 0.36 to 
0.28. Of course, it is not clear whether or not irrigation really belongs in the model, especially if causality 
runs from population density to irrigation, but these results do point to a potential identification challenge 
in testing the Boserup hypothesis. 

Finally, does the use of an alternative the indicator of “land pressures” materially affect the results? 
For the most part, the answer is no. The correlation between the density indicator using potentially 
cultivable land and that using actual cultivated land is a high 0.79 in first differences (presumably because 
population growth is a common driver of changes in both indicators). With such a strong correlation, it is 
not surprising that the results are reasonably similar irrespective of which indicator is used. However, we 
typically find that switching to population per area of potentially cultivable land reduces the elasticities 
somewhat, which would be consistent with attenuation bias due to measurement error. 

Summary of findings 

Overall, the evidence in this section provides strong support for Boserupian intensification, including in 
Africa. At the same time, there is some indicative evidence that Africa’s agricultural development path is 
quite different to Asia’s. First, although population density is correlated with fertilizer use in Africa, 
fertilizer use is much lower in Africa than other regions. Results including market access variables 
suggest that transport costs may be an important explanation of this, particularly access to ports 
(Appendix A). Second, while cropping intensity does appear to be responsive to land pressures in Africa, 
these increases are largely the result of reducing fallow land. In contrast, increased cropping intensity in 
Asia has been much more driven by irrigation expansion (in recent decades, at least). Given the 
exhaustion of cultivable land in many densely populated African countries, as well as their limited 
potential for irrigation (You et al. 2012), it is highly unlikely that Africa can reach the cropping intensities 
observed in many Asian countries. Third, in Asia cereal intensification has been a dominant feature in 
most countries, and cereals in Asia made up larger shares of total crop production prior to the Green 
Revolution (e.g. 75% in Bangladesh and Cambodia, 55% in Indonesia, China and Thailand, 45% in 
India). In many high-density African countries, however, cereals account for much lower shares of crop 
output (50% in Ethiopia, 20% in Kenya and Malawi, 15% in Nigeria and less than 10% in Uganda, 
Rwanda and Burundi). In high density Africa, these lower shares reflect the greater importance of both 

12 We do not explore this result further, but there are number of factors which might explain this result. For example, it may be 
that in the absence of irrigation, rising population density leads to soil degradation and nutrient depletion, which reduces yields. 
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non-cereal staples (banana, cassava, enset, beans) and high value crops (coffee, tea, cocoa, dairy in 
Kenya).13 

Thus, while Boserup’s theory seems alive and well in Africa, it is quite unlikely that Africa’s 
intensification path will closely resemble Asia’s. Moreover, the lack of substantial irrigation potential in 
much of high density Africa suggests that there are more binding limits on agricultural intensification in 
these regions. 

4. Reducing rural fertility rates 

Along with fixed agricultural technologies, the inexorable growth of rural populations in 
underdeveloped settings was a key assumption of Malthus’ original model. Whilst Malthus himself 
subsequently retracted this assumption, very little research has explicitly advanced the idea that 
households might voluntarily reduce fertility rates in response to rising land pressures (Bilsborrow (1987) 
is an exception, as is Clay and Reardon’s (1998) study of Rwanda). 

Even so, the economic analysis of fertility decisions (Becker and Lewis, 1973; De Tray, 1973; 
McCabe and Rosenzweig, 1976; Rosenzweig, 1977) provides strong expectations that fertility reductions 
may be quite an important means of adapting to such pressures. These theories advanced the notion that 
fertility outcomes are largely a function of choice; namely rational appraisals of the costs and benefits of 
additional children. Benefits include consumption utility, the value of child labor, and informal old age 
insurance that grown-up children can provide in the absence of formal welfare systems. Amongst the 
costs, the majority of theoretical emphasis focuses on the opportunity costs of child-bearing and rearing 
that women incur, such as forgone education and wage incomes. A more demographic literature has 
largely accepted these tenets, but also argues that supply side failures nevertheless create gaps between 
desired and achieved fertility rates. Such failures include lack of contraceptive knowledge and access, and 
female empowerment (Kohler, 2012). 

Given this general theoretic framework, the next question is how rising land pressures might influence 
the cost-benefit analysis of the demand for children, as well as the supply of family planning services. 
There are three important mechanisms that one would expect to link these processes. The first pertains to 
the child labor requirements of agricultural intensification. At one extreme, extensive pastoralist and 
agro-pastoralist systems have high demands for child labor and are therefore typically associated with 
very high desired fertility rates (Binswanger and McIntire, 1987; Randall, 2008). At the other extreme the 
most intensive agricultural systems involve small farms and a relatively high degree of mechanization, in 
which child labor plays a minimal role. More ambiguous is the transition between these two extremes, 
since at early stages of intensification labor requirements are typically quite high, especially during peak 
seasons (Pingali et al., 1987). Moreover, labor market failures make family labor relatively productive in 
comparison to hired labor (Binswanger and Rosenzweig, 1986). Thus one might expect a non-linear 
relationship between agricultural intensification and fertility rates, with fertility rates only reducing 
substantially after farm sizes fall below a certain limit, or once labor-saving technologies are profitably 
adopted. 

13 Another point of note is Africa’s high density countries may be more vulnerable to land degradation than Asia. Because of the 

immense challenges of measuring land degradation this issue is controversial, and also clearly influenced by policy and 

technological factors (Bai et al., 2008; Pender et al., 2006). Moreover, a recent study of land degradation by remote sensing noted 

high rates of net primary productivity loss in some parts of Africa, but also observed high rates of loss in many Asian countries, 

such as Indonesia (Bai et al., 2008). 
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A second expectation is that female labor requirements change as population density increases. As we 
argue below, when farm sizes fall below a certain threshold it becomes profitable for households to 
allocate a portion of household labor to nonfarm activities. Whilst female participation in the wage labor 
force may vary for other reasons, rural nonfarm employment among women in developing countries is 
surprisingly high, and often linked with lower fertility rates (Schultz 1997). The emergence of labor 
markets also tends to reduce fertility rates. 

Finally, insofar as one would expect increased population density to be associated with greater access 
to fertility-reducing health, family planning and education services, then these supply-side factors may 
reduce both desired and achieved fertility rates. Female education is particularly strongly linked to 
fertility outcomes (Schultz 1997), though family planning policies have also shown some efficacy 
(Kohler, 2012), but less so in Africa. 

These considerations lead us to test whether various achieved and desired rural fertility rates respond 
to land pressures, and whether the size of the response is comparable to other well-known drivers of 
fertility rates, such as female education and household income. Our hypotheses are given by equation 
(11), in which rural fertility rates are modeled as a function of population density, female education or 
human capital (hf), female nonfarm employment (ef) and rural incomes (y).14 

(11) = Æ, ℎt, t, Y , (Æ) < 0, (ℎt) < 0, ( t) < 0, nÆ (Y) < 0 

In Figure 1 we plot rural fertility rates from the Demographic Health Surveys (DHS, 2012) against 
rural population density. The graph shows, at best, a very modest negative gradient, but a large intercept 
difference between the African and non-African predictions, with the former lying some two children 
above the non-African sample. The relationships are also heteroskedastic, suggesting that many other 
factors play a role in determining rural fertility rates. 

[insert Figure 1 about here] 

[insert Figure 2 about here] 

In Figure 2 we instead look at desired fertility rates, which is based on questions about optimal number 
of children, asked of women aged 20-34. Here the results are strikingly different, at least for the African 
sample. For while the relationship remains heteroskedastic, at the lowest levels of population density in 
Africa the predicted number of desired children is 6, but this drops substantially to just 4 children 
countries like Rwanda and Burundi. The difference between actual and desired fertility rates (Figures 1 
and 2) is defined in the demographic literature as “unmet contraception needs” for women, which we 
report in Figure 3 for an African sub-sample. The slope is strikingly positive and steep. 

[insert Figure 3 about here] 

These results suggest that higher rural population density may indeed reduce desired fertility rates, but 
that inadequate access to contraceptives have thus far inhibited the achievement of those fertility 
reductions. In Table 4 we explore these issues in a multivariate setting by estimating log-log regressions 
both realized and desired fertility rates as the two dependent variables of interest. The regressions use 
regional fixed effects and a robust regressor to minimize the influence of outliers in what is a relatively 
small sample,15 but as above we always introduce interaction terms with an African dummy to test if 
adaptation processes are somehow different. We also estimate both linear models and log-log models. 

14 Since population density may partly determine some of these control variables, we will also test more parsimonious models. 
15 This small sample and more limited time span of the DHS (most of which were conducted in the last 15 years or so) imply that 
estimating country fixed effects models may be unwise given that population density and other control variables will have 
changed very little over this period. When we did run fixed effects, the results were qualitatively similar (same signs), but the 
coefficients were implausibly large. 
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In regressions 1 and 2 in Table 4 we regress actual fertility rates against our control variables. 
Although Figure 1 did not give much suggestion of a significant negative gradient, the addition of control 
variables suggests that, in the non-African sample at least, higher population density is significantly 
associated with lower fertility rates. The marginal effect is fairly small, however. An increase of 100 
people per square km is predicted to introduce a fertility reduction of 0.14 children (or in percentage 
terms, the elasticity is just -0.09). Moreover, population density seems unassociated with actual fertility 
rates in the African sample, consistent with Figure 1. 

In regressions 3 and 4 however, we see that higher population densities in Africa are quite strongly 
associated with lower desired fertility rates, and the marginal effect is quite large (consistent with Figure 
4). A 100 person increase in population density predicts a 0.45 child reduction in desired fertility in 
Africa (but just a 0.11 child reduction in the nonfarm sample). In percentage terms (regression 4) the 
elasticity appears fairly modest (-0.07). However, not only is the density elasticity highly significant, it is 
also commensurate in size to other well-known determinants of fertility such as female education and 
income. 16 

This result has quite strong policy implications inasmuch it indicatively suggests that governments in 
high density African countries should consider focusing more resources on family planning, given the 
greater unmet demand for these services (by women at least) in land-constrained settings. 

16 These results are also highly robust to measuring desired fertility rates for different age groups and to different specifications. 
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5. Nonfarm diversification 

Whilst the work of Boserup and others has demonstrated the importance of agricultural intensification 
as an important response to population density, that literature devoted very little attention to 
diversification out of agriculture as an alternative means of adaptation. Indeed, in their simplest forms, 
both Boserupian and Malthusian models are closed subsistence economies where nonfarm activities (local 
or migration-based) are precluded. The neo-Boserupian work of the 1980s also focused little attention on 
nonfarm diversification, even though economists were starting to realize the sheer size of the nonfarm 
economy in rural areas (Anderson and Leiserson, 1980). This omission is potentially an important one: if 
there are limits to agricultural intensification, then perhaps nonfarm diversification provides an escape 
route for densely populated areas. In this section we look at a mix of fresh and existing evidence on the 
extent to which land pressures induces three means of diversifying out of agriculture: the rural nonfarm 
economy, the domestic urban economy, and overseas migration. Unfortunately, both cross-country data 
and standard household surveys are poorly suited to studying these forms of “migration”, particularly 
because of self-selection issues (de Brauw and Carletto, 2008). Hence, the analysis of this section is quite 
exploratory. 

The rural non-farm economy 

Since Anderson (1980), economists have increasingly realized that rural nonfarm income and 
employment shares in developing countries are large, and in some contexts even exceed agricultural 
employment and income shares. This cognizance consequently led to quite a large literature on the rural 
nonfarm economy (RNFE), particularly on the drivers and constraints to RNFE growth. The literature 
generally concludes that the main factors underlying RNFE expansion are agricultural productivity 
growth triggering demand and supply multipliers (Haggblade et al., 1989; Mellor, 1976), industry-led 
growth (Foster and Rosenzweig, 2004; Ghani et al., 2012), and expansion in education and infrastructure 
(roads, electricity). Nevertheless, some of the literature has referred to population density (and a related 
factor, road density) as a close correlate of rural nonfarm activity, while much of the microeconomic 
literature on the RNFE has identified farm sizes as a correlate of RNFE activity. As an example of the 
latter, Pender et al. (2006) argue that the favorable market access and high agricultural potential of 
densely populated areas in the central Kenya and Ugandan highlands involves a virtuous circle of farm 
and nonfarm activities supporting each other, whereas other studies find that low road density and poor 
access to major urban centers is associated with low RNFE shares. Similarly, studies from South Asia 
have found that population and road density are closely associated with rural nonfarm employment shares 
(Haggblade et al., 2007; Headey et al., 2011). Household surveys often also show that farm sizes have a 
U-shaped relationship with RNFE activity, with small farmers or landless people appearing to be pushed 
into the RNFE, while the largest farmers use the RNFE for positive income diversification (Haggblade et 
al., 2007). This would imply that shrinking farm sizes and emerging landlessness would result in greatly 
increased demand for RNFE activities. Nevertheless the general equilibrium welfare implications of this 
push are unclear: unaccompanied by increased labor demand, the greater supply of RNFE activity would 
be expected to either reduce wages or create unemployment. 

As we noted above, a major obstacle to identifying these relationships is data. Even abstracting from 
causality issues such as self-selection, measuring RNF employment or income in a consistent way across 
countries is particularly problematic. In an effort to overcome these issues we use primary employment 
data from the rural components of the Demographic Health Surveys used in the previous section, 
following Headey et al. (2010). Descriptive data from this source is presented in Table 5 for men and 
women in low and high density SSA countries, and in selected non-SSA countries. While the DHS 
follow a common methodology, we do note some problems with the data. For women, we observe some 
sensitivity as to whether women (or survey enumerators) classify themselves as working in sales/services 
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(a nonfarm activity) or in agriculture or domestic work (farm activities).17 For men, an unemployment 
category presents some problems for selected countries, particularly Nigeria. And of course, income 
shares would be preferable to employment shares. Nevertheless, the pattern of results in Table 5 are 
consistent with many other survey-based cross-country estimates of RNFE activity, such as Pender et al. 
(2006), Haggblade et al. (2007) and FAO (1998). 

[insert table 5 about here] 

Interestingly, we observe no systematic cross-sectional relationships in a graphical analysis of the 
DHS data, with the possible exception of a negative gradient for female RNFE in Africa. In particular, 
both male and female RNFE shares are strikingly low in Rwanda, Ethiopia and Burundi. Less than 10% 
of women in Rwanda and Burundi and less than 10% of men in Ethiopia primarily work in the RNFE. 
However, other large and reasonably densely populated African countries like Nigeria, Malawi and 
Kenya have much larger RNFE shares. Moreover, the correlation between male and female RNFE shares 
across countries is reasonably low (0.51) and in some countries female RNFE is more common male 
RNFE, suggesting we do indeed need to analyze these indicators separately. 

In Table 6 we aim to test for a density-RNFE relationship more systematically with multivariate 
regressions. Data constraints again prevent us from using panel techniques, so our approach broadly 
follows that adopted in the fertility regressions above, with roads, electricity, education and income per 
capita added as key control variables. In regressions 1 and 2 we see positive but insignificant coefficients 
for the non-Africa women’s sample in both a parsimonious and a more expansive model, and negative 
and significant interaction terms for the African women’s sample. However, in regression 2 the net effect 
of population density on RNFE shares for women is not significantly different from zero. In regressions 3 
and 4 there are no significant density effects for the men’s sample. Hence, in these admittedly small 
samples, population density does not appear to have independent effects on RNFE shares. In contrast, the 
control variables in the model do lend substantial support to the other hypotheses outlined above. 
Depending on the sample and on whether or not agricultural output per worker is included (this variable is 
highly correlated with the other control variables), we see some significant, positive and reasonably large 
elasticities for education, road density, electricity, and agricultural output per worker. It would therefore 
appear that there is no endogenous process by which rising land constraints automatically generate rural 
nonfarm employment. Instead, it appears that there are specific drivers of RNFE activity, such as 
infrastructure, human capital or growth linkages from other sectors. 

[insert table 6 about here] 

Migration to urban centers 

Does urbanization offer a viable exit out of land-constrained African agricultural sectors? There is 
considerable debate about the potential for rural-urban migration to alleviate poverty reduction, but it is a 
debate poorly informed by rigorous evidence. On the one hand, rural-urban welfare comparisons 
consistently show that urban areas are better off than rural areas in terms of poverty levels, malnutrition, 
and access to education and health services (Headey et al., 2010; Ravallion et al., 2007). Rare dynamic 
studies on migration in Africa also show that migration appears to be welfare-enhancing (Beegle et al., 
2008; Mueller et al., forthcoming). Studies from various continents also suggest that there may be 
systematic under-investment in migration (and rural education) because of both market failures 
(information asymmetries, risk aversion) and government policies that implicitly or explicitly inhibit 
migration (Bryan et al., 2012; Jensen and Miller, 2011; Mueller et al., forthcoming). And rapid 

17 Specifically, for different DHS rounds in the same country we observed some jumpiness in the data for RNFE employment 
shares seemingly pertaining to reclassifications between domestic workers and sales workers. It may be the result of women 
working part time or seasonally in sales work, such as roadside vending. 

17 
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urbanization in Africa is often taken as evidence of a successful coping mechanism against the generally 
poor and volatile performance of the agricultural sector. 

On the other hand, these conclusions come with important caveats. First, there is substantial evidence 
that Africa’s rapid urbanization is overstated by UN statistics (Potts, 2012), and that urban poverty 
reduction in Africa has been slower than elsewhere (Headey et al., 2010; Ravallion et al., 2007). Second, 
the empirical literature on migration and subsequent income growth in Africa seems confined to two 
studies, neither of which can satisfactorily account for self-selection biases. Third, whether migration can 
be successfully scaled up depends on macroeconomic and general equilibrium factors. Africa’s 
performance in manufacturing has been very poor, and accounts for a paltry share of national 
employment. Instead, much of the employment in urban areas is in low skill-low return services sectors, 
leading to what Gollin et al. (2013) term “consumption cities” as opposed to “production cities”. 

Perhaps as a reflection of the more pessimistic general equilibrium constraints to job creation outside 
of agriculture, we also observe no empirical link between rural population density and urbanization in 
Africa. Nigeria and Kenya have densely populated rural areas and large urban population shares on the 
order of 50 percent, but Ethiopia, Uganda, Malawi and Rwanda remain highly rural, with urban 
population shares of 25 percent or less. Table 8 confirms the lack of a link with some simple regressions 
of 10-year changes in urban population shares against initial population density and initial urbanization 
levels. In non-African samples higher initial densities seem to drive urban growth, but in Africa there is 
no systematic effect. Thus it would be appear that many high density countries are not experiencing rapid 
urban growth, though the regressions admittedly offer no insights into why this might be the case. 

Clearly, the role of rural-urban migration in Africa is controversial and not well informed by 
substantive evidence. Perhaps a reasonable middle position may well be that although more urbanization 
in Africa is desirable (and that constraints to migration should be removed), it will be difficult to generate 
remunerative employment without a more successful industrialization process. How such a process might 
come about is clearly beyond the scope of the present paper, of course. 

[insert table 7 about here] 

International migration 

If domestic industrial or services growth is failing to create sufficient nonfarm employment, then 
overseas labor markets offer a potentially important means of diversifying out of farm. Moreover, World 
Bank (2012) data show that remittances to developing countries grew by around 1600 percent from 1990 
to 2010, and now constitute a much larger source of inward financial flows than foreign aid. But while 
remittances have been growing in some African countries, they generally remain much lower than in 
other regions. Senegal and Togo have remittance shares as high as the Philippines and Bangladesh (10% 
of GDP), and Kenya and Nigeria also have relatively large and fast-growing remittance earnings (5-6% of 
GDP), as does Uganda (4% of GDP). But in all other high-density African countries formal remittances 
remain below 2% of GDP (e.g. Ethiopia, Malawi and Rwanda). Admittedly, informal remittances 
constitute a significant caveat for these statistics. 

In Table 8, however, we test for relationships between remittances and population density more 
systematically. We again use regressions in both levels (log-log) and first differences, and in regressions 1 
and 2 we use agricultural density, whilst regressions 3 and 4 use rural density (since in this case, the 
choice makes some difference). Apart from a full set of regional and time period dummies, the only 
control we include is total population, since smaller countries are known to have higher remittance 
ratios.18 

18 Note that although we tested other controls (such as infrastructure, passport costs and travel restrictions), but these were 
insignificant once the population variables were included. 

18 

http:ratios.18


 

 

                
              

               
                 

                 
             
                 

            
                   

              
          

      

               
                    

             
               

               
               

              
                   

                 
          

 

  

In all the regressions the elasticity of remittances with respect to population density in the non-Africa 
sample is highly significant, but the differenced regressions (which remove fixed effects) invariably show 
much larger elasticities than the levels regressions (and larger standard errors). In the levels regressions 
the elasticities vary between 0.25 and 0.31, while the elasticities derived from first differences are 0.97 for 
agricultural density and 1.17 for rural density (note the larger standard errors in both cases, however). The 
relatively large magnitude of these coefficients is encouraging for viewing access to international 
remittance earnings as an important response to rising land pressures, but there are two important caveats. 

First, while the remittance-density elasticities are large and positive, the elasticities between 
remittances and the size of the total population are also large, but negative. To a large extent, then, these 
two related effects cancel each out: population growth typically raises population density, which increases 
remittance earnings, but population growth also independently constrains remittance earnings. 

[insert table 8 about here] 

Second, remittance levels in Africa are low, and there are some indications that the remittance-density 
elasticity in Africa is much lower than the rest of the sample. In the levels regressions there are no signs 
that African density-remittance relationship is significantly different, although it is notable that the 
coefficients on the African regional dummies are all negative and fairly significant, except for southern 
Africa, which has access to remittances from South Africa. However, in the differenced regressions it 
appears that that remittance growth is unresponsive to rising land pressures in the African sample. 
Admittedly this density-Africa interaction term is only statistically significant in regression 4, but in 
regression 2 we at least observe that the point estimate of the interaction term is large and negative. Thus, 
as with the results for rural nonfarm income, there are strong signs that nonfarm adaptation to land 
pressures in Africa has thus far not been very successful. 
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6. Conclusions 

This paper has explored the means and magnitudes by which rural populations, and their governments, 
adapt to rising land pressures, with a particular focus on whether Africa’s adaptations to land pressures 
systematically differ from those of other developing regions. Our approach has departed from the existing 
literature in several ways. First, our theoretical framework went beyond Boserupian intensification of 
agriculture to focus on fertility changes and “migration” into nonfarm sectors as two other potentially 
important means of responding to land constraints. Second, rather than using household or village survey 
data, we focused on cross-country evidence. Third, unlike the previous literature on these topics, we made 
an effort to reduce some potential biases in OLS-type estimates of density-intensification relationships. 
While this ambitious approach comes with a number of caveats related to aggregation issues, 
measurement error, misspecification problems, and endogeneity biases, some reasonably firm conclusions 
can be drawn from our results (though many undoubtedly warrant more research). In this concluding 
section we briefly summarize these conclusions, and draw out some key policy implications of our 
findings.19 

First, consistent with Boserup and others, we find strong support for agricultural intensification as an 
important means of adapting to shrinking farm sizes. Agricultural and crop output per hectare are 
particularly responsive, as is cropping intensity, the adoption of cattle/oxen/buffaloes, and farm 
investment per hectare. For these responses we also find no evidence that Africa’s intensification is 
substantially different from other developing countries. Yet strikingly, we find no response of cereal 
yields to land pressures in both the African and non-African samples, and evidence of a highly varied 
fertilizer responses, with Africa’s being particularly weak. We also find evidence that non-cereal crops, 
particularly cash crops, make up a much larger share of total crop production in Africa relative to many 
Asian countries. Moreover, while cropping intensification has increased in Africa in response to land 
pressures, this trend appears to be related to reduced use of fallow land rather than irrigation expansion. 
Given Africa’s limited potential for cost-effective irrigation expansion relative to Asia (You et al., 2012), 
our results raise the question of whether international agricultural research might be placing too much 
emphasis on the intensification of cereals production in Africa, especially in countries that may have a 
comparative advantage in cash crops. 

Second, going beyond the Boserupian framework, we found strong evidence that population density is 
strongly and negatively correlated with desired fertility rates (particularly in Africa), but not with 
achieved fertility outcomes. Though this result is, to the best of our knowledge, quite novel, it is 
nevertheless consistent both with economic theories of purposive fertility decisions, and with 
demographic theories that emphasize the importance of proactive family planning policies. From a policy 
perspective, the unmet demand for contraception in more densely populated areas suggests there is 
underinvestment in family planning in these countries. Whether this is really the case depends on the 
costs and benefits of family planning. With regard to benefits, lower fertility rates would gradually 
alleviate land pressures, but reduced fertility rates have also been linked with reductions in poverty and 
substantial improvements in maternal and child health (Cleland et al., 2012; Eastwood and Lipton, 2004). 
On a more positive front, several high-density African countries have indeed scaled up family planning 
efforts in recent years – seemingly to some effect (Pörtner et al., 2012) – and several African leaders seem 
to have started prioritizing family planning in their development agendas (as well as related investments, 
such as female education).20 

19 Further discussion of the policy implications of this paper and the other papers in the special issue can be found in the 
concluding article of the issue, by Jayne, Headey and Chamberlain (2013). 
20 Indeed, the Prime Ministers of Rwanda and Ethiopia recently published an editorial in a special issue of The Lancet in which 
they place family planning initiatives as an important priority for their governments (Habumuremyi and Zenawi, 2012). On the 
other hand, President Museveni of Uganda called the country’s population growth – which is the fastest in the world – “a great 
resource”, and argues that development itself will suffice to reduce population growth, rather than vice versa. 

20 
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Third, nonfarm diversification presents a potentially very important avenue for adapting to land 
constraints, particularly when diversification involves a transition from physical to human capital. Our 
analysis of this issue was necessarily very exploratory given immense data constraints on each of the 
three forms of diversification we analyzed. Nevertheless, a quite consistent picture emerges from this 
qualified exploration of the available data: rural Africa is not doing well at diversifying out of agriculture, 
particularly those densely populated rural areas that are in greatest need of nonfarm diversification. 
Relative to their low density peers, high density African countries are no more likely to have high rural 
nonfarm employment shares, no more likely to experience faster urbanization, and no more likely to have 
larger remittance earnings. Explaining these outcomes is well beyond the scope of this current paper, but 
we have at least made note of the usual suspects (lack of education and infrastructure, and the poor 
performance of the industrial sector). 

Finally, one implication of our findings is the need for some serious reappraisal of land issues in 
Africa. Standard agricultural development strategies in Africa are heavily focused on other inputs (seeds, 
fertilizers, water), with the land endowments of smallholders largely treated as a given. Yet even setting 
aside possibilities for land expansion or redistribution, appropriate rural development strategies very 
much depend on what smallholders can achieve, given land and other resource constraints. In situations in 
which land constraints are binding, achieving much higher returns to household labor may require a 
coordinated agricultural intensification strategy and industrialization policy that induces rural-urban 
migration into productive non-farm sectors. To what extent can yields and cropping intensity be 
increased on very small and mostly rainfed farms? Should policies instead focus more effort on high 
value crops and the value chains that support them? Or are their simply higher returns to getting young 
Africans out of agriculture, through education and other human capital investments? These are issues that 
ought to be central to the appropriate design of development strategies and policy experiments in land 
constrained African countries. Yet if anything Africa’s apparent land abundance at a continental scale 
appears to have fomented a neglect of the seriousness of land constraints in high density Africa, and the 
important consequences of these constraints for this region’s development. Indeed, it is striking that in 
land-scarce South Asia terms that the research and policy narratives are heavily focused on landlessness 
as a key dimension of poverty, while they have not in land constrained African countries, even in regions 
where many farms are inadequately small and landlessness surely exists and is growing. 
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Tables and Figures 

Table 1. Rural population patterns and trends, 2010 

Population Rural population (millions) 
# densitya 

2010 2010 2050 Change 
Africa 41 117 505 810 305 

High density Africab 12 172 294 457 163 
Low density Africab 29 49 211 353 142 

South Asia 7 528 1132 1120 -12 
East Asia 9 199 975 524 -452 
Middle East & North Africa 10 506 157 159 2 
Eastern Europe, Central Asia 21 58 98 75 -22 
Latin America 21 53 125 100 -24 

Source: Authors’ construction from FAO (2012) data for the year 2010. 

Notes: a. Rural population density is the estimated rural population divided by land devoted to arable land and 
permanent crops. b. High density Africa consists of countries with rural population densities in excess of 100 people 
per square kilometer. This includes Rwanda (420 people per sq. km), Burundi (339), Comoros (309), Malawi (209), 
Uganda (201), Ethiopia (194), DRC (187), Benin (152), Kenya (113), Gambia (108), Nigeria 106), and Sierra Leone 
(104). 
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Table 2. Alternative indicators of land endowments in developing regions, 1970s and 2000s 

Hectares per Hectares per 
Hectares per ag. rural capita holding Farmland Gini 

Region Period worker (FAO) (FAO) (surveys) coef. (Gini, 0-1)a 

Africa - high 
densityb 1970s 0.84 0.35 1.99 
(n=5) 2000s 0.58 0.25 1.23 0.46 

Africa - low 
densityb 1970s 1.65 0.64 2.65 
(n=11) 2000s 1.37 0.53 2.82 0.53 

South Asia 1970s 0.78 0.22 2.01 
(n=5) 2000s 0.55 0.15 1.19 0.53 

China & S.E. Asia 1970s 0.80 0.30 2.08 
(n=4) 2000s 0.68 0.28 1.58 0.55 

Middle East 1970s 5.52 1.02 9.86 
(n=6) 2000s 7.44 0.83 5.62 0.65 

North Africa 1970s 3.60 0.74 6.90 
(n=4) 2000s 3.10 0.72 6.35 0.61 

Central America 1970s 2.13 0.57 28.78 
(n=7) 2000s 2.44 0.56 14.83 0.76 

South America 1970s 5.67 1.77 112.59 
(n=9) 2000s 5.42 2.43 140.86 0.85 

Sources: Hectares per capita are derived from FAO (2012) population and crop land estimates, where crop land is 
arable land plus permanent crop land. Hectares per holder are principally drawn from FAO World Census of 
Agriculture data from 1996-2005 and augmented by the authors with results from various household surveys (mostly 
for 2005-2010). Gini coefficients of land inequality are calculated by the authors from these sources 

Notes: a. Farm inequality refers to Gini coefficient of land holdings, but since fewer observations were available for 
this indicator so we simply report an average over time. b. "Africa-low density" includes Botswana, Cote d'Ivoire, 
Ghana, Madagascar, Mali, Senegal, Sierra Leone, Tanzania, Togo and Zambia. "Africa-high density" includes 
Ethiopia, Kenya, Malawi, Rwanda and Uganda. 
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Table 3. First differenced regressions of intensification indicators against agricultural population density, with SSA interaction terms 

Regression No. R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
Dependent Capital Non-land Cattle Nitrogen Cereal Crop Nonfood Non- Crop Total 
variables (in per capital per ha yields intensity output cereal output output 
ha terms) (%) output 
# obs. 245 246 326 300 328 330 329 330 330 330 

∆ln density 0.16*** 0.17*** 0.48*** 0.99*** -0.04 0.35*** 0.25* 0.24** 0.36*** 0.35*** 
(0.03) (0.06) (0.09) (0.32) (0.10) (0.10) (0.13) (0.11) (0.10) (0.09) 

∆ln density*SSA 0.00 -0.03* 0.04 0.08 -0.04 -0.02 0.07* -0.01 0.00 -0.03 
(0.01) (0.02) (0.03) (0.11) (0.03) (0.03) (0.04) (0.03) (0.03) (0.03) 

Density, t-1 0.01 0.03*** -0.01 0.03 0.03 0.01 0.01 0.01 0.01 0.02 
(0.01) (0.01) (0.02) (0.07) (0.02) (0.02) (0.03) (0.02) (0.02) (0.02) 

y variable, t-1 0.02 -0.01 -0.04*** -0.25*** -0.11*** -0.16*** -0.11*** -0.06** -0.05* -0.05* 
(0.02) (0.02) (0.01) (0.03) (0.03) (0.02) (0.02) (0.02) (0.03) (0.03) 

SSA dummy -0.03 0.09 -0.17 -1.15** 0.00 -0.02 -0.32 -0.16 -0.18 -0.07 
(0.05) (0.08) (0.14) (0.50) (0.15) (0.16) (0.20) (0.16) (0.15) (0.13) 

R-squared 0.30 0.13 0.20 0.35 0.09 0.19 0.15 0.14 0.16 0.17 
Notes: * p<0.10, ** p<0.05, *** p<0.01. Standard errors are in parentheses. This is a robust regression with regional and period effects, where East Asia is the 
omitted regional effect. Regional and period effects are omitted for the sake of brevity, though full results can be found in appendix Table A4. Data are structured 
as 10-year intervals from 1967 to 2007. See Table A1 for definitions. 
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Figure 1. Rural fertility rates and rural population density 
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Full sample gradient 

African sample gradient 

Sources: Rural fertility rates are from the DHS (2012) and rural population density is from the FAO (2012). 

Notes: The fitted curves are based on Lowess regressions. See Table A1 for definitions. 
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Figure 2. Desired rural fertility rates and rural population density 
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Sources: Desired rural fertility rates are from the DHS (2012), and pertain to women aged 20-34. Rural population 
density is from the FAO (2012). 

Notes: The fitted curves are based on Lowess regressions. See Table A1 for definitions. 
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Figure 3. Unmet contraception needs (% women) and rural population density in Africa 
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Sources: Unmet contraception needs is sourced from the DHS (2012), and pertain to women aged 20-24. Rural 
population density is from the FAO (2012). Unmet contraception needs refers to who are fecund and sexually active 
but are not using any method of contraception, and report not wanting any more children or wanting to delay the 
birth of their next child. 

Notes: The fitted curves are based on Lowess regressions. 
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Table 4. Estimating elasticities between rural fertility indicators and rural population density 

Regression number 1 2 3 4 
Dependent variable Actual fertility Actual fertility Desired fertility Desired fertility 
Model Linear Log-log Linear Log-log 

b/se b/se b/se b/se 
Population density (per 100 m2) -0.14*** -0.09*** -0.11*** 0.00 

(0.04) (0.02) (0.03) (0.02) 
Density*Africa 0.05 0.09*** -0.34*** -0.07*** 

(0.10) (0.03) (0.10) (0.02) 
Female secondary education (%) -0.02*** -0.05*** -0.01** -0.08*** 

(0.01) (0.02) (0.01) (0.01) 
Ag. output per worker, log -0.58*** -0.13*** 0.01 0.06*** 

(0.13) (0.03) (0.12) (0.02) 
Africa dummy 1.25*** -0.15 2.13*** 0.67*** 

(0.3) (0.15) (0.29) (0.12) 
South Asia dummy -0.32 -0.05 -0.43 -0.12** 

(0.34) (0.08) (0.33) (0.06) 
MENA dummy 1.15*** 0.25*** -0.06 -0.05 

(0.41) (0.09) (0.40) (0.07) 
E. Europe, C. Asia -0.24 -0.40*** -0.71* -0.17** 

(0.42) (0.10) (0.41) (0.07) 
L. America, Caribbean 0.72** 0.11 -0.59** -0.12** 

(0.31) (0.08) (0.30) (0.06) 
Muslim dummy 0.55*** 0.07 0.84*** 0.12*** 

(0.20) (0.05) (0.20) (0.04) 

Number of observations 165 165 164 164 
R-square 0.75 0.76 0.77 0.81 

Sources: Actual and desired rural fertility rates and female education are from the DHS (2012), and pertain to 
women aged 20-34. Rural population density is from the FAO (2012). See Table A1 for definitions. 

Notes: * p<0.10, ** p<0.05, *** p<0.01. Standard errors are in parentheses. These are robust regressions. 
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Table 5. Rural nonfarm employment shares for men and women in the 2000s 

High density Africa Low density Africa Other LDCs 
Country Women Men Country Women Men Country Women Men 
Benin 50.4 23.7 Burkina Faso 12.9 8.1 Bangladesh 53.4 44.5 
Congo (DRC) 14.0 23.5 Chad 13.7 9.6 Bolivia 71.4 25.9 
Ethiopia 34.3 9.7 Cote d'Ivoire 31.7 22.1 Cambodia 36.0 n.a. 
Kenya 47.1 37.3 Ghana 50.1 26.6 Egypt 69.4 n.a. 
Madagascar 17.8 15.3 Mali 44.6 16.0 Guatemala 79.1 n.a. 
Malawi 41.5 36.0 Mozambique 5.2 23.0 Haiti 24.0 19.0 
Nigeria 65.5 37.0 Niger 60.2 35.8 India 22.4 n.a. 
Rwanda 7.3 14.2 Senegal 63.7 37.1 Indonesia 59.2 39.5 
Sierra Leone 25.2 20.1 Tanzania 7.2 10.5 Nepal 90.5 34.2 
Uganda 15.5 20.3 Zambia 30.1 19.5 Philippines 16.2 42.6 

Sources: All data are calculated from the DHS (2012). n.a. means not available. 
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Table 6. Estimating elasticities between rural nonfarm employment indicators and rural population 
density for women and men 

Regression No. R1 R2 R3 R4 R5 R6 
Sample Women Women Women Men Men Men 

Population density 0.47 0.09 0.15 -0.33 -0.32 -0.31 
(0.31) (0.37) (0.32) (0.41) (0.50) (0.52) 

Density*Africa -0.19** -0.22** -0.15* 0.03 -0.02 -0.02 
(0.09) (0.10) (0.08) (0.12) (0.12) (0.12) 

Africa dummy -0.25 0.10 0.04 -0.43 0.09 0.09 
(0.2) (0.23) (0.20) (0.30) (0.32) (0.33) 

Secondary educ. by gender 0.03 0.11 0.35*** 0.35*** 
(0.08) (0.07) (0.12) (0.12) 

Road density 0.14* 0.15** 0.17* 0.17* 
(0.07) (0.06) (0.09) (0.10) 

Electricity 0.20** -0.07 0.09 0.09 
(0.08) (0.09) (0.08) 0.11) 

Ag. output per worker, log 0.46*** 0.01 
(0.12) (0.16) 

Number of observations 162 122 95 74 74 74 
R-square 0.2 0.53 0.24 0.55 0.55 0.55 

Sources: All variables worker are calculated from the DHS (2012), except rural population density and agricultural 
output per worker, which are calculated from the FAO (2012). See Table A1 for definitions. 

Notes: * p<0.10, ** p<0.05, *** p<0.01. Standard errors are in parentheses. These are robust regressions with 
regional fixed effects, which are not reported for the sake of brevity. 
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Table 7. Regressing changes in urban population shares against initial rural population density and 
initial urbanization levels 

Regression No. R1 R2 R3 R4 R5 R6 
Sample Full SSA Non-SSA Full SSA Non-SSA 
Dependent variable 10-year change in population of 10-year change in population of all 

million-plus cities (%) urban areas (%) 

Initial rural pop. density -0.12* 0.47 -0.12* -0.35*** -0.30 -0.34*** 
(people per 100 sq. m.) (0.06) (0.50) (0.07) (0.11) (0.51) (0.13) 

Initial urbanization (%) -0.01 0.08*** -0.02 0.01 0.06** 0.01 
(0.01) (0.03) (0.01) (0.01) (0.03) (0.01) 

Number of observations 251 80 171 351 132 219 
R-squared 0.09 0.16 0.11 0.07 0.09 0.09 

Sources: The dependent variable is the change in the share of the urban population over the 10 year period (t-1 to t). 
The two right hand side variables reported are measured in logs at time t-1. The data cover four decades from 1967 
to 2007. All regressions include time period dummies. All variables worker are calculated from the FAO (2012). See 
Table A1 for definitions. 

Notes: * p<0.10, ** p<0.05, *** p<0.01. Standard errors are in parentheses. These are robust regressions with 
regional fixed effects, which are not reported for the sake of brevity. 
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Table 8. Elasticities between national remittance earnings (% GDP) and population density 

Regression No. 1 2 3 4 
Estimator OLS Robust OLS Robust 
Structure Levels (logs) First difference Levels (logs) First difference 
Density variable Agricultural Agricultural Rural Rural 

Population density 0.25*** 0.97** 0.31*** 1.17*** 
(0.07) (0.47) (0.07) (0.43) 

Population density*Africa 0.05 -0.94 0.04 -1.22** 
(0.08) (0.71) (0.08) (0.57) 

Total population -0.24*** -1.31** -0.23*** -0.82 
(0.04) (0.6) (0.04) (0.51) 

Lagged remittances -0.21*** -0.24*** 
(0.05) (0.05) 

Lagged population density 0.06 0.06 
(0.04) (0.04) 

West Africa dummy -0.67* -0.49 
(0.36) (0.36) 

Central Africa dummy -1.55*** -1.40*** 
(0.4) (0.4) 

East Africa dummy -0.90** -0.74* 
(0.39) (0.39) 

Southern Africa dummy 0.14 0.24 
(0.35) (0.36) 

1977-87 dummy 0.15 0.12 
(0.17) (0.17 

1987-97 dummy 0.33* -0.09 0.28* -0.06 
(0.17) (0.12) (0.16) (0.12) 

1997-2007 dummy 0.79*** 0.19 0.72*** 0.24* 
(0.16) (0.13) (0.16) (0.13) 

Number of observations 231 147 231 159 
R-square 0.39 147 0.4 0.22 

Sources: Remittance data are from the World Bank (2012), while population density data are calculated from the 
FAO (2012). See Table A1 for definitions. 

Notes: * p<0.10, ** p<0.05, *** p<0.01. Standard errors are in parentheses. Note that the levels regressions include 
regional effects for all regions, but for the sake of brevity only African coefficients are reported. Notes: * p<0.10, ** 
p<0.05, *** p<0.01. 
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Table A1. Definitions of key variables used in this study 
Short variable name (sources) 
FAO variables 
Agricultural population density 
Rural population density 
Rural population per hectare of 
suitable crop land (FAO, IIASA) 
Agricultural output 
Crop output 
Cereal yields 
Crop intensity 
Non-cereal output 
Non-food output (%) 
Capital 
Non-land capital 
Cattle 
Nitrogen per ha 
Irrigation (%) 
Agric. output per worker 
DHS variables 
Fertility rate (DHS)  
Desired fertility rate (DHS)  
Rural nonfarm employment share  
(DHS), men and women  
Secondary education, by gender  
Electricity (%)  
World Bank 
Ports  
Road density  
Urbanization (%)  
Pop. in million-plus cities (%)  
Remittances as % of GDP (WB).  

Definition 

Population estimated to be primarily dependent upon agriculture divided by crop land.  
The population estimated to be rural divided by crop land.  
This is the rural population relative to the area estimated to possess some suitability for agricultural production.  

Value of total agricultural production in 2005 international dollars, net of fee and seed inputs, divided by crop land.  
Value of total crop production in 2005 international dollars, net of feed and seed inputs, divided by crop land.  
Value of cereal production in 2005 international dollars, net of fee and seed inputs, divided by total cereal area.  
Area harvested to cereals in a year (including multiple harvests) divided by total crop land.  
Value of non-cereal output (net of seeds) per hectare of crop land.  
Value of non-food products as a percentage of total agricultural output (used to examine non-food cash crops).  
Value of farm capital per ha: land, livestock and livestock structures, plantation crops, machinery and farm equipment.  
As above, but excluding land capital (which includes irrigation).  
Number of head of cattle, oxen and buffalo relative to total crop land. This is a proxy for animal traction & dairy.  
Nitrogen (N nutrients) per hectare  
Percentage of crop land irrigated.  
Value of total agricultural production in 2005 international dollars per agricultural worker.  

This is the total fertility rate, or the average number of children born to a women over her lifespan.  
This is the number of children a woman aged 20-24 would ideally like to have over lifespan.  
This is the percent of men or women reporting nonfarm occupations as their primary form of employment. “Farm  
employment” includes domestic work, and the unemployed are excluded from the numerator and the denominator  
The percentage of adult men and women have attended secondary school.  
Percentage of households reporting access to electricity.  

The number of ports and terminals a country has  
Road km per 100 km2 (measured in around the year 2000).  
Percent of the population estimating to be urban.  
Percent of the population estimated to live in cities of more than 1 million residents.  
Net remittances received as a % of GDP.  

Notes: Data sources are FAO (2012), FAO-IIASA (2009), DHS (2012), and World Bank (2012). 
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Table A2. Correlations between rural fertility rates and other rural development indicators, Africa 
sample 

Fertility Desired 
fertility 

Pop. 
density 

Fem. 
Educ. 

Fem. 
Emp. Ag output Contracep 

tion 
Rural fertility rates 1.00 
Desired fertility 0.58 1.00 
Rural population 
density -0.05 -0.36 1.00 

Female 2nd education -0.63 -0.49 -0.17 1.00 
Female rural nonfarm 
employment -0.13 0.02 -0.25 0.32 1.00 

Ag output per worker -0.28 -0.09 -0.13 0.46 0.39 1.00 
Rural contraception -0.61 -0.75 0.12 0.63 0.10 0.08 1.00 

Sources: Rural fertility rates are from the DHS (2012) and rural population density and agricultural productivity are from the 
FAO (2012). 

Notes: All variables are in logs. 

35 



 

 

          

   
 

 
 

 
 

 
 

 
 

 
  

 
 

 
 

          
          

          
          

          
          

         
   

         

                
                  

  

Table A3. Correlations between RNFE shares and various explanatory variables 
Ag. 

Female 
RNFE 

Male 
RNFE 

Pop 
density 

Female 
educ. 

Male 
educ. 

Road 
density Electricity output 

per 
worker 

Female RNFE 1.00 

Male RNFE 0.64 1.00 

Pop density -0.19 0.01 1.00 

Female educ. 0.50 0.72 -0.06 1.00 

Male educ. 0.43 0.71 -0.03 0.97 1.00 

Road density 0.11 0.28 0.71 0.22 0.21 1.00 

Electricity 0.39 0.63 0.01 0.80 0.79 0.23 1.00 
Ag. output per 
worker 0.54 0.58 -0.27 0.70 0.67 0.10 0.80 1.00 

Sources: All variables except rural population density and agricultural output per worker are calculated from the 
DHS (2012). Rural population density and agricultural output per worker data are calculated from the FAO (2012). 
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Table A4. Full results for first differenced regressions of agricultural intensification variables against population density 
Regression No. R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 

Cereal Nonfood Non-
Non-land Cereal crop output cereal Crop Total 

Dep. Var. Capital capital Cattle Nitrogen yields intensity (%) output output output 
# obs. 245 246 326 300 328 330 329 330 330 330 

∆ln density 0.16*** 0.17*** 0.48*** 0.99*** -0.04 0.35*** 0.25* 0.24** 0.36*** 0.35*** 
0.03 0.06 0.09 0.32 0.1 0.1 0.13 0.11 0.1 0.09 

∆ln density*SSA 0.00 -0.03* 0.04 0.08 -0.04 -0.02 0.07* -0.01 0.00 -0.03 
0.01 0.02 0.03 0.11 0.03 0.03 0.04 0.03 0.03 0.03 

ln density, t-1 0.01 0.03*** -0.01 0.03 0.03 0.01 0.01 0.01 0.01 0.02 
0.01 0.01 0.02 0.07 0.02 0.02 0.03 0.02 0.02 0.02 

ln dep. var., t-1 0.02 -0.01 -0.04*** -0.25*** -0.11*** -0.16*** -0.11*** -0.06** -0.05* -0.05* 
0.02 0.02 0.01 0.03 0.03 0.02 0.02 0.02 0.03 0.03 

SSA -0.03 0.09 -0.17 -1.15** 0 -0.02 -0.32 -0.16 -0.18 -0.07 
0.05 0.08 0.14 0.5 0.15 0.16 0.2 0.16 0.15 0.13 

South Asia -0.01 -0.04 0.03 -0.1 -0.08 0.02 -0.1 -0.10* -0.09* -0.09* 
0.02 0.03 0.05 0.18 0.06 0.06 0.07 0.06 0.05 0.05 

North Africa -0.02 -0.02 -0.20* -0.01 -0.12 0.02 -0.23** 0.03 -0.01 0.01 
0.04 0.05 0.11 0.28 0.09 0.09 0.12 0.09 0.08 0.08 

Middle East 0.05** 0.08* -0.06 0.03 -0.08 -0.03 -0.13 0.07 0.03 0.04 
0.02 0.04 0.07 0.23 0.07 0.07 0.09 0.08 0.07 0.06 

South America 0.01 0.06 0.07 0.04 0.08 -0.02 -0.09 -0.05 0.00 0.03 
0.03 0.04 0.07 0.24 0.08 0.08 0.1 0.09 0.08 0.07 

C. America -0.02 -0.02 0.06 -0.23 -0.08 -0.14** -0.05 -0.13** -0.13** -0.06 
0.02 0.03 0.05 0.18 0.06 0.06 0.07 0.06 0.05 0.05 

C. Asia -0.16*** -0.02 -0.39*** -0.34 -0.06 -0.25 -0.03 -0.12 -0.13 
0.05 0.08 0.15 0.52 0.18 0.22 0.18 0.16 0.15 

East Europe -0.07** -0.03 0.05 0.02 -0.08 -0.06 -0.12 -0.23*** -0.21*** -0.13* 
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0.03 0.04 0.07 0.26 0.08 0.08 0.11 0.09 0.08 0.07 
Period 1977-87 0 0.02 -0.04 -0.35*** 0.02 0.01 -0.01 0.02 0 0.01 

0.01 0.02 0.03 0.12 0.04 0.04 0.05 0.04 0.03 0.03 
Period 1987-97 -0.06* -0.36*** 0 0.03 -0.01 0.05 0.05 0.08** 

0.03 0.12 0.04 0.04 0.05 0.04 0.03 0.03 
Period 1997-07 0.01 0.02 0 -0.23* 0.04 0.03 -0.14*** 0.11*** 0.08** 0.10*** 

0.01 0.02 0.03 0.12 0.04 0.04 0.05 0.04 0.04 0.03 
Constant -0.01 -0.08 0.37*** 1.44*** 0.70*** 0.56*** 0.15 0.55*** 0.54*** 0.47*** 

0.04 0.06 0.13 0.37 0.19 0.15 0.16 0.15 0.16 0.16 

R-squared 0.3 0.13 0.2 0.35 0.09 0.19 0.15 0.14 0.16 0.17 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A5. Correlated random effects (CRE) and first difference (FD) estimates of agricultural out per hectare against population 
density and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 125 85 123 128 195 159 195 202 320 244 318 330 

Agric. pop density 0.32** 0.26* 0.29* 0.38** 0.33*** 0.40*** 0.19* 0.29*** 0.07 0.12 0 0.16* 

0.15 0.15 0.16 0.15 0.11 0.11 0.11 0.11 0.08 0.08 0.08 0.09 

Agric. pop density, µ -0.25 -0.27 -0.17 -0.26** -0.13 -0.14 -0.02 0.14 -0.03 

0.17 0.18 0.18 0.12 0.13 0.13 0.1 0.1 0.09 

Road density 0.25*** 0.33*** 0.21** 0.1 0.08 0.1 0.24*** 0.16** 0.18*** 

0.1 0.1 0.09 0.07 0.07 0.08 0.06 0.07 0.06 

No. of ports 0.05 0.28*** 0.11 0.12 0.06 0.11 0.17** 0.06 0.09 

0.1 0.11 0.1 0.09 0.09 0.09 0.08 0.08 0.07 

Pop. in cities (%) 0.28** 0.01 -0.04 

0.13 0.13 0.1 

Pop. in cities (%), µ -0.55** 0.77*** 0.75*** 

0.23 0.22 0.17 

Irrigation (%) 0.19 0.28*** 0.35*** 

0.25 0.07 0.06 

Irrigation, µ 0.29 -0.23* -0.12 

0.33 0.12 0.08 

period 87-97 0.22*** 0.19** 0.20*** 0.07 0.52*** 0.58*** 0.42*** 0.07* 0.42*** 0.50*** 0.33*** 0.06* 

0.07 0.09 0.07 0.05 0.05 0.06 0.05 0.04 0.04 0.05 0.04 0.03 

period 77-87 0.11* 0.05 0.1 0.01 0.26*** 0.30*** 0.18*** 0 0.21*** 0.25*** 0.15*** 0 

0.06 0.07 0.06 0.05 0.05 0.06 0.05 0.04 0.04 0.05 0.04 0.03 

period 97-07 0.34*** 0.31*** 0.31*** 0.10** 0.81*** 0.88*** 0.68*** 0.09** 0.64*** 0.75*** 0.52*** 0.06* 

0.07 0.11 0.08 0.05 0.05 0.07 0.06 0.04 0.04 0.05 0.04 0.03 
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Lag pop density 0 0 0 

0.02 0.01 0.01 

Lag dep. Var. -0.14*** 0.01 0.02 

0.04 0.03 0.02 

Constant 4.95*** 5.47*** 4.66*** 0.90*** 5.75*** 2.85*** 5.82*** 0.17 5.22*** 2.77*** 5.51*** 0 

0.43 0.69 0.42 0.22 0.32 0.73 0.32 0.2 0.28 0.53 0.25 0.13 

R-square within 0.48 0.69 0.48 0.66 0.71 0.7 0.57 0.66 0.61 

R-squared 0.16 0.07 0.03 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A6. Correlated random effects (CRE) and first difference (FD) estimates of crop out per hectare against population density 
and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 125 85 123 128 195 159 195 202 320 244 318 330 

Agric. pop density 0.41** 0.38** 0.36** 0.43** 0.26** 0.31** 0.1 0.30*** 0.09 0.12 0.02 0.15* 
0.16 0.18 0.18 0.17 0.12 0.12 0.12 0.11 0.09 0.09 0.08 0.09 

Agric. pop density, µ -0.23 -0.25 -0.14 -0.07 0.07 0.08 0.08 0.24** 0.09 
0.19 0.2 0.2 0.13 0.14 0.14 0.1 0.11 0.1 

Road density 0.30*** 0.36*** 0.26*** 0.08 0.06 0.08 0.21*** 0.14** 0.16*** 
0.1 0.09 0.09 0.07 0.07 0.07 0.06 0.06 0.06 

No. of ports 0.13 0.33*** 0.18* 0.12 0.08 0.11 0.17** 0.09 0.12* 
0.1 0.09 0.1 0.09 0.09 0.09 0.07 0.07 0.07 

Pop. in cities (%) 0.26* -0.03 -0.05 
0.15 0.14 0.1 

Pop. in cities (%), µ -0.41* 0.77*** 0.73*** 
0.23 0.22 0.16 

Irrigation (%) 0.26 0.30*** 0.35*** 
0.28 0.07 0.07 

Irrigation, µ 0.18 -0.29** -0.18** 
0.36 0.12 0.08 

period 87-97 0.20*** 0.15 0.16* 0.07 0.45*** 0.51*** 0.34*** 0.04 0.38*** 0.45*** 0.29*** 0.05 
0.07 0.11 0.08 0.05 0.05 0.07 0.06 0.05 0.04 0.05 0.04 0.04 

period 77-87 0.09 0.01 0.07 0 0.23*** 0.28*** 0.15*** -0.01 0.19*** 0.23*** 0.13*** -0.01 
0.06 0.09 0.07 0.05 0.05 0.06 0.05 0.04 0.04 0.05 0.04 0.04 

period 97-07 0.29*** 0.25* 0.25*** 0.06 0.72*** 0.81*** 0.58*** 0.09* 0.58*** 0.69*** 0.47*** 0.05 
0.08 0.13 0.09 0.05 0.05 0.07 0.06 0.05 0.04 0.06 0.04 0.04 
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Lag pop density 0.02 -0.01 -0.01 
0.02 0.01 0.01 
-

Lag dep. Var. 0.13*** 0 0 
0.04 0.03 0.02 

Constant 4.11*** 4.31*** 3.84*** 0.73*** 5.00*** 2.20*** 5.08*** 0.25 4.51*** 2.15*** 4.75*** 0.16 
0.44 0.62 0.43 0.21 0.3 0.71 0.31 0.19 0.26 0.47 0.25 0.13 

R-square within 0.42 0.59 0.42 0.57 0.63 0.61 0.49 0.58 0.54 
R-squared 0.14 0.06 0.02 

Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A7. Correlated random effects (CRE) and first difference (FD) estimates of total capital per hectare against population 
density and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 100 68 100 95 155 125 155 149 255 193 255 245 

Agric. pop density 0.19*** 0.32*** 0.17*** 0.12** 0.27*** 0.27*** 0.12*** 0.18*** 0.16*** 0.17*** 0.09*** 0.14*** 

0.05 0.06 0.05 0.06 0.05 0.05 0.04 0.04 0.03 0.04 0.03 0.03 

Agric. pop density, µ -0.09 -0.16* -0.05 -0.15** -0.12 -0.10* -0.08 0.01 -0.07* 

0.06 0.08 0.06 0.06 0.08 0.06 0.05 0.06 0.04 

Road density -0.02 -0.02 -0.04 0.17*** 0.13** 0.16*** 0.21*** 0.17*** 0.13*** 

0.04 0.06 0.03 0.05 0.06 0.04 0.04 0.05 0.03 

No. of ports -0.06 -0.14** -0.03 0.08 0.05 0.07 0.11** 0.03 0.05 

0.04 0.06 0.03 0.05 0.07 0.05 0.05 0.06 0.03 

Pop. in cities (%) 0.17** -0.03 -0.05 

0.08 0.06 0.05 

Pop. in cities (%), µ -0.02 0.1 0.27** 

0.14 0.15 0.12 

Irrigation (%) 0.09 0.24*** 0.25*** 

0.1 0.03 0.02 

Irrigation, µ 0.17 -0.03 0 

0.12 0.06 0.04 

period 87-97 0.03 -0.06* 0.02 -0.03** 0.14*** 0.14*** 0.06*** 0.09*** 0.10*** 0.04*** 0 

0.02 0.04 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.01 

period 77-87 0.01 -0.04 0.01 -0.02 0.07*** 0.07*** 0.02 0.01 0.05*** 0.05*** 0.02 

0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.02 0.01 

period 97-07 0.08*** -0.05 0.07*** 0.18*** 0.20*** 0.09*** -0.01 0.13*** 0.15*** 0.07*** 0 
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0.02 0.04 0.02 0.02 0.03 0.02 0.01 0.01 0.02 0.01 0.01 

Lag pop density 0.01 0 0 

0.01 0.01 0 

Lag dep. Var. 0.01 0.01 0.03*** 

0.04 0.02 0.01 

Constant 0.08 -0.43 -0.08 -0.01 -0.26 -0.43 -0.25 0.03 -0.45** -1.19*** -0.2 0 

0.17 0.41 0.15 0.03 0.19 0.58 0.17 0.02 0.18 0.4 0.12 0.02 

R-square within 0.56 0.65 0.56 0.47 0.49 0.71 0.43 0.45 0.66 

R-squared 0.13 0.15 0.14 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A8. Correlated random effects (CRE) and first difference (FD) estimates of non-land capital per hectare against population 
density and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 98 66 98 94 159 129 159 152 257 195 257 246 

Agric. pop density 0.26** 0.53*** 0.28*** 0.24** 0.25*** 0.26*** 0.13 0.18*** 0.14** 0.18*** 0.08 0.12** 

0.11 0.13 0.11 0.1 0.08 0.09 0.08 0.07 0.06 0.06 0.05 0.05 

Agric. pop density, µ -0.40*** -0.60*** -0.36*** -0.31*** -0.22** -0.17 -0.22*** -0.17* -0.20*** 

0.13 0.18 0.12 0.09 0.11 0.11 0.07 0.09 0.07 

Road density -0.03 -0.03 -0.08 0.16** 0.14** 0.16** 0.17*** 0.12* 0.14** 

0.08 0.12 0.06 0.07 0.07 0.07 0.05 0.06 0.05 

No. of ports -0.18** -0.23* -0.12* 0.09 0.08 0.08 0.06 -0.03 0.03 

0.08 0.13 0.07 0.08 0.09 0.08 0.06 0.08 0.06 

Pop. in cities (%) 0.24* -0.1 -0.11 

0.13 0.1 0.08 

Pop. in cities (%), µ -0.18 0.55*** 0.42*** 

0.26 0.2 0.15 

Irrigation (%) -0.15 0.20*** 0.21*** 

0.17 0.05 0.04 

Irrigation, µ 0.73*** -0.25** -0.09 

0.23 0.1 0.06 

period 87-97 0 -0.12* 0.02 0.13*** 0.15*** 0.07** 0.09*** 0.12*** 0.05** 

0.04 0.06 0.04 0.03 0.04 0.03 0.02 0.03 0.02 

period 77-87 0 -0.07 0.01 0.01 0.07** 0.08** 0.03 0.02 0.05** 0.06** 0.02 0.02 

0.03 0.04 0.03 0.02 0.03 0.04 0.03 0.02 0.02 0.03 0.02 0.02 

period 97-07 0.02 -0.13 0.04 0.03 0.20*** 0.24*** 0.12*** 0.02 0.13*** 0.19*** 0.08*** 0.02 

0.04 0.08 0.04 0.02 0.03 0.04 0.04 0.02 0.02 0.03 0.02 0.02 
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Lag pop density -0.01 0.01 0.01* 

0.01 0.01 0.01 

Lag dep. Var. -0.09*** 0.02 0.01 

0.03 0.02 0.01 

Constant 1.59*** 1.28 1.21*** 0.09 0.69** -0.94 0.76*** -0.03 0.70*** -0.25 0.85*** -0.03 

0.35 0.81 0.29 0.06 0.27 0.72 0.28 0.05 0.23 0.51 0.23 0.03 

R-square within 0.18 0.4 0.19 0.28 0.32 0.36 0.2 0.27 0.29 

R-squared 0.16 0.08 0.05 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A9. Correlated random effects (CRE) and first difference (FD) estimates of cereal yields against population density and market 
access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 125 85 123 128 195 159 195 202 320 244 318 330 

Agric. pop density 0.04 0.15 0.03 -0.06 -0.04 -0.06 -0.20* -0.09 -0.24*** -0.24*** -0.30*** -0.24** 

0.17 0.19 0.18 0.2 0.11 0.11 0.11 0.11 0.08 0.08 0.08 0.09 

Agric. pop density, µ -0.06 -0.23 -0.02 0.23* 0.24* 0.38*** 0.36*** 0.44*** 0.35*** 

0.19 0.23 0.2 0.12 0.13 0.13 0.1 0.11 0.09 

Road density 0.19** 0.36*** 0.17* 0.03 0.07 0.03 0.16** 0.20*** 0.10* 

0.09 0.13 0.1 0.07 0.08 0.07 0.06 0.08 0.06 

No. of ports 0.07 0.03 0.09 0.18** 0.21** 0.17* 0.24*** 0.19** 0.16** 

0.1 0.14 0.1 0.09 0.11 0.09 0.07 0.09 0.07 

Pop. in cities (%) 0.16 0.13 -0.01 

0.16 0.12 0.1 

Pop. in cities (%), µ -0.29 -0.09 0.23 

0.3 0.24 0.18 

Irrigation (%) 0.06 0.31*** 0.35*** 

0.28 0.07 0.06 

Irrigation, µ 0.19 -0.30** -0.11 

0.36 0.12 0.08 

period 87-97 0.18** 0.07 0.19** 0.01 0.50*** 0.49*** 0.38*** -0.03 0.40*** 0.42*** 0.31*** -0.02 

0.08 0.12 0.08 0.06 0.05 0.06 0.05 0.05 0.04 0.05 0.04 0.04 

period 77-87 0.11 0.02 0.12* -0.01 0.32*** 0.30*** 0.23*** 0.02 0.25*** 0.25*** 0.19*** 0.01 

0.07 0.09 0.07 0.06 0.05 0.05 0.05 0.04 0.04 0.05 0.04 0.04 

period 97-07 0.22*** 0.14 0.23** 0.03 0.61*** 0.62*** 0.47*** 0.01 0.48*** 0.54*** 0.37*** 0 

0.08 0.14 0.09 0.06 0.05 0.06 0.06 0.05 0.04 0.05 0.04 0.04 

Lag pop density -0.01 -0.01 0 
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0.02 0.01 0.01 

Lag dep. Var. -0.18*** -0.02 -0.02 

0.05 0.03 0.02 

Constant 4.63*** 4.80*** 4.41*** 1.08*** 4.55*** 4.27*** 4.64*** 0.31* 4.14*** 3.19*** 4.42*** 0.29** 

0.42 0.91 0.45 0.27 0.3 0.86 0.31 0.16 0.27 0.59 0.24 0.13 

R-square within 0.17 0.25 0.2 0.57 0.66 0.62 0.42 0.52 0.5 

R-squared 0.1 0.02 0.03 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 

48 



 

 

                    
      

              

                 

                

             

                                          

             

                                              

                                                              

             

                                                           

           

                                                           

            

                                                           

       

                                                     

         

                                                     

     

                                                     

     

                                                     

                                                     

                                                              

                                                     

                                                              

                                                     

                                                              

                                    

Table A10. Correlated random effects (CRE) and first difference (FD) estimates of the non-food share of agricultural output (%) against 
population density and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 124 85 122 127 195 159 195 202 319 244 317 329 

Agric. pop density -0.27 0.43 -0.49 0.31 0.06 0.05 0.05 0.17 0.21* 0.27** 0.23* 0.26** 

0.3 0.36 0.3 0.32 0.13 0.14 0.14 0.12 0.12 0.12 0.13 0.11 

Agric. pop density, µ 0.31 -0.75 0.49 0.02 0.05 0.07 -0.12 -0.26* -0.1 

0.34 0.45 0.35 0.15 0.16 0.17 0.14 0.15 0.14 

Road density -0.29 0.15 -0.27 0.11 0.11 0.1 0.02 0.1 0.02 

0.18 0.26 0.19 0.1 0.09 0.1 0.09 0.09 0.09 

No. of ports -0.3 0.04 -0.33* 0.23* 0.18 0.23* 0.09 0.08 0.09 

0.18 0.29 0.19 0.12 0.12 0.12 0.1 0.11 0.1 

Pop. in cities (%) 0.04 -0.05 0.06 

0.3 0.16 0.14 

Pop. in cities (%), µ -0.93 0.11 -0.3 

0.6 0.28 0.25 

Irrigation (%) 1.47*** 0.02 0 

0.49 0.09 0.1 

Irrigation, µ -1.77*** -0.1 -0.07 

0.65 0.16 0.16 

period 87-97 0.19 -0.2 -0.01 0.01 -0.32*** -0.31*** -0.32*** -0.03 -0.17*** -0.27*** -0.17*** 0 

0.13 0.23 0.15 0.1 0.06 0.07 0.07 0.05 0.06 0.07 0.06 0.05 

period 77-87 0.09 -0.2 -0.01 -0.04 -0.15** -0.14** -0.15** 0.02 -0.08 -0.15** -0.08 0 

0.12 0.18 0.12 0.1 0.06 0.07 0.06 0.05 0.06 0.07 0.06 0.05 

period 97-07 -0.05 -0.38 -0.28* -0.26** -0.49*** -0.49*** -0.49*** -0.09* -0.37*** -0.44*** -0.36*** -0.13*** 

0.14 0.26 0.16 0.1 0.06 0.08 0.07 0.05 0.06 0.08 0.07 0.05 

Lag pop density 0.08** 0.02* 0.03** 
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0.04 0.01 0.01 

Lag dep. Var. -0.13*** -0.09*** -0.10*** 

0.04 0.02 0.02 

Constant 2.55*** 4.86*** 2.89*** -0.11 0.86** 0.64 0.89** -0.05 1.22*** 2.02** 1.25*** -0.02 

0.79 1.85 0.85 0.2 0.41 0.97 0.42 0.08 0.37 0.85 0.38 0.08 

R-square within 0.05 0.06 0.13 0.36 0.39 0.36 0.15 0.22 0.15 

R-squared 0.17 0.1 0.12 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A11. Correlated random effects (CRE) and first difference (FD) estimates of cattle, oxen, buffaloes per hectare against 
population density and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 125 85 123 128 190 154 190 198 315 239 313 326 

Agric. pop density 0.51*** 0.60*** 0.53*** 0.67*** 0.36*** 0.37*** 0.28** 0.42*** 0.45*** 0.48*** 0.42*** 0.41*** 

0.19 0.22 0.2 0.18 0.11 0.11 0.11 0.09 0.08 0.08 0.08 0.08 

Agric. pop density, µ -0.14 -0.12 -0.09 -0.1 -0.07 0.04 -0.19 -0.2 -0.21* 

0.27 0.4 0.27 0.14 0.19 0.17 0.12 0.18 0.12 

Road density 0.03 0.12 -0.04 0.28** 0.42*** 0.28** 0.36*** 0.42*** 0.29** 

0.22 0.32 0.19 0.13 0.14 0.13 0.11 0.15 0.11 

No. of ports -0.69*** -0.68* -0.60*** -0.03 0.14 -0.04 -0.15 -0.15 -0.2 

0.22 0.35 0.2 0.15 0.17 0.15 0.13 0.18 0.13 

Pop. in cities (%) 0.51*** -0.01 0.22** 

0.18 0.13 0.1 

Pop. in cities (%), µ -0.89 0.5 -0.12 

0.65 0.39 0.34 

Irrigation (%) -0.07 0.14** 0.1 

0.32 0.07 0.07 

Irrigation, µ 0.92* -0.29 0.12 

0.54 0.19 0.12 

period 87-97 0.1 -0.04 0.1 -0.16*** 0.14*** 0.12* 0.08 0.01 0.14*** 0.09* 0.10** -0.06* 

0.09 0.13 0.09 0.06 0.05 0.06 0.05 0.04 0.04 0.05 0.04 0.03 

period 77-87 0.08 -0.04 0.07 -0.16*** 0.08* 0.07 0.04 0.02 0.09** 0.05 0.06 -0.05 

0.07 0.11 0.08 0.06 0.05 0.06 0.05 0.04 0.04 0.05 0.04 0.03 

period 97-07 0.27*** 0.04 0.26*** -0.04 0.18*** 0.22*** 0.11* 0.02 0.23*** 0.20*** 0.19*** -0.01 

0.09 0.16 0.1 0.06 0.05 0.07 0.06 0.04 0.04 0.06 0.04 0.03 
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Lag pop density 0.01 -0.03** -0.02* 

0.03 0.01 0.01 

Lag dep. Var. -0.03 -0.01 -0.02 

0.02 0.02 0.01 

Constant 4.13*** 4.53** 3.66*** 0.26** 3.93*** 1.57 4.02*** 0.26*** 3.58*** 3.05** 3.80*** 0.28*** 

0.95 2.25 0.86 0.11 0.52 1.51 0.53 0.09 0.47 1.21 0.46 0.06 

R-square within 0.35 0.53 0.35 0.13 0.15 0.15 0.24 0.33 0.24 

R-squared 0.17 0.12 0.12 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A12. Correlated random effects (CRE) and first difference (FD) estimates of nitrogen (N nutrients) per hectare against population 
density and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 117 82 115 109 191 157 191 191 308 239 306 300 

Agric. pop density 1.08 1.87** 1.03 1.44 0.09 0.25 -0.25 0.99*** -0.05 0.04 -0.41 0.76** 

0.67 0.77 0.71 0.87 0.34 0.32 0.36 0.28 0.38 0.37 0.4 0.38 

Agric. pop density, µ -2.02*** -2.68*** -1.78** 0.16 0.33 0.2 0.23 0.37 0.23 

0.76 1.01 0.8 0.36 0.35 0.38 0.4 0.41 0.43 

Road density 0.17 0.35 0.07 0.15 0.03 0.18 0.18 0.05 0.2 

0.39 0.63 0.38 0.16 0.15 0.15 0.17 0.18 0.15 

No. of ports -0.68* -0.34 -0.54 0.90*** 0.56*** 0.87*** 0.42** 0.22 0.42** 

0.4 0.68 0.4 0.2 0.19 0.18 0.2 0.22 0.18 

Pop. in cities (%) 0.75 0.17 -0.11 

0.69 0.44 0.37 

Pop. in cities (%), µ -0.87 0.77 0.51 

1.42 0.56 0.55 

Irrigation (%) 0.46 0.63*** 0.74*** 

1.13 0.22 0.24 

Irrigation, µ 1.01 -0.04 0.02 

1.44 0.3 0.33 

period 87-97 0.39 -0.23 0.36 -0.71** 1.13*** 1.25*** 0.89*** -0.23** 0.95*** 1.11*** 0.72*** -0.42*** 

0.31 0.49 0.35 0.28 0.15 0.17 0.17 0.12 0.14 0.18 0.16 0.12 

period 77-87 0.44* -0.19 0.44 -0.62** 0.89*** 0.94*** 0.73*** -0.24** 0.78*** 0.78*** 0.64*** -0.34*** 

0.26 0.38 0.27 0.28 0.15 0.16 0.16 0.11 0.14 0.16 0.15 0.12 

period 97-07 0.45 -0.39 0.44 -0.18 1.40*** 1.56*** 1.11*** -0.26** 1.16*** 1.32*** 0.89*** -0.39*** 

0.33 0.57 0.38 0.3 0.16 0.19 0.18 0.12 0.15 0.2 0.17 0.13 

Lag pop density 0.06 0.01 0.02 
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Lag dep. Var. 

Constant 4.18** 

1.72 

3.6 

4.43 

3.09* 

1.75 

0.12 

-0.27*** 

0.07 

0.57 

0.52 

-0.56 

0.7 

-3.68** 

1.53 

-0.52 

0.62 

0.03 

-0.24*** 

0.03 

1.46*** 

0.15 

0.38 

0.74 

-0.88 

1.68 

0.29 

0.66 

0.04 

-0.16*** 

0.02 

1.13*** 

0.18 

R-square within 

R-squared 

0.18 0.21 0.19 

0.26 

0.43 0.57 0.45 

0.43 

0.3 0.38 0.34 

0.23 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A13. Correlated random effects (CRE) and first difference (FD) estimates of non-cereal crop value per hectare against population 
density and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 125 85 123 128 195 159 195 202 320 244 318 330 

Agric. pop density 0.39** 0.35* 0.3 0.36** 0.28** 0.33** 0.12 0.22* 0.12 0.17* 0.05 0.1 
0.17 0.18 0.19 0.16 0.13 0.14 0.14 0.13 0.09 0.09 0.09 0.1 

Agric. pop density, µ -0.17 -0.15 -0.03 -0.19 0.06 -0.07 -0.02 0.18 0.02 
0.21 0.23 0.22 0.15 0.16 0.17 0.11 0.12 0.11 

Road density 0.34*** 0.38*** 0.31** 0.13 0.05 0.14 0.23*** 0.09 0.20*** 
0.13 0.14 0.13 0.1 0.09 0.1 0.08 0.08 0.08 

No. of ports 0.22* 0.48*** 0.27** 0.17 0.06 0.16 0.19** 0.07 0.16* 
0.14 0.15 0.13 0.12 0.12 0.12 0.09 0.1 0.09 

Pop. in cities (%) 0.21 -0.18 -0.14 
0.15 0.16 0.11 

Pop. in cities (%), µ -0.32 1.28*** 0.99*** 
0.31 0.27 0.2 

Irrigation (%) 0.57* 0.30*** 0.36*** 
0.3 0.08 0.07 

-
Irrigation, µ -0.19 -0.25 0.27*** 

0.42 0.16 0.1 
period 87-97 0.26*** 0.23** 0.18** 0.10* 0.45*** 0.53*** 0.33*** 0.03 0.39*** 0.48*** 0.30*** 0.06 

0.08 0.11 0.09 0.05 0.06 0.07 0.07 0.05 0.04 0.06 0.05 0.04 
period 77-87 0.12* 0.07 0.09 0.04 0.23*** 0.30*** 0.15** -0.01 0.20*** 0.26*** 0.14*** 0.01 

0.07 0.09 0.07 0.05 0.06 0.07 0.06 0.05 0.04 0.05 0.05 0.04 
period 97-07 0.35*** 0.35*** 0.26*** 0.08 0.77*** 0.88*** 0.63*** 0.12** 0.63*** 0.76*** 0.52*** 0.09** 

0.08 0.13 0.1 0.05 0.06 0.08 0.07 0.05 0.04 0.06 0.05 0.04 
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Lag pop density 0.01 0 0 
0.02 0.01 0.01 
-

Lag dep. Var. 0.11*** -0.03 -0.04* 
0.03 0.03 0.02 

Constant 3.43*** 3.42*** 3.22*** 0.59*** 4.76*** 0.79 4.84*** 0.35** 4.36*** 1.56** 4.51*** 0.33*** 
0.58 0.97 0.59 0.16 0.43 0.95 0.43 0.17 0.33 0.61 0.33 0.12 

R-square within 0.45 0.62 0.46 0.54 0.6 0.57 0.48 0.58 0.52 
R-squared 0.16 0.05 0.03 

Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Table A14. Correlated random effects (CRE) and first difference (FD) estimates of cereal cropping intensity against population density 
and market access indicators 

Reg. Number R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Sample SSA SSA SSA SSA non-SSA non-SSA non-SSA non-SSA Full Full Full Full 

Estimator CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff CRE CRE CRE 1st Diff 

Model Basic Cities Irrigation Basic Basic Cities Irrigation Basic Basic Cities Irrigation Basic 

# obs 125 85 123 128 195 159 195 202 320 244 318 330 

Agric. pop density 0.36* 0.49* 0.36* 0.57** 0.13 0.14* 0.14 0.28*** 0.22*** 0.23*** 0.20** 0.29*** 

0.2 0.27 0.22 0.22 0.09 0.08 0.1 0.09 0.08 0.08 0.08 0.09 

Agric. pop density, µ -0.29 -0.44 -0.22 0.02 -0.03 -0.14 -0.1 -0.09 -0.17 

0.26 0.39 0.26 0.12 0.12 0.15 0.11 0.12 0.11 

Road density -0.04 0.09 -0.1 -0.21* -0.02 -0.20* -0.09 0.07 -0.16* 

0.17 0.27 0.14 0.11 0.09 0.11 0.09 0.09 0.09 

No. of ports -0.28 -0.31 -0.2 -0.16 0.01 -0.15 -0.13 -0.06 -0.20** 

0.18 0.29 0.15 0.14 0.12 0.13 0.11 0.11 0.1 

Pop. in cities (%) 0.3 0.15 0.20** 

0.22 0.1 0.1 

Pop. in cities (%), µ -0.55 -0.25 -0.2 

0.57 0.24 0.21 

Irrigation (%) -0.36 -0.02 -0.05 

0.35 0.06 0.06 

Irrigation, µ 1.00** 0.31* 0.32*** 

0.48 0.16 0.1 

period 87-97 -0.08 -0.2 -0.04 0.06 -0.10** -0.10** -0.09* -0.01 -0.07* -0.09* -0.07 0.02 

0.09 0.17 0.1 0.07 0.04 0.04 0.05 0.04 0.04 0.05 0.04 0.04 

period 77-87 -0.05 -0.14 -0.05 0.08 -0.07* -0.09** -0.06 -0.06* -0.05 -0.08* -0.05 0.01 

0.08 0.13 0.08 0.07 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 

period 97-07 -0.12 -0.26 -0.07 0.02 -0.10** -0.09* -0.09* 0.01 -0.08** -0.10* -0.08* 0.02 

0.1 0.19 0.11 0.07 0.04 0.05 0.05 0.04 0.04 0.05 0.04 0.04 

Lag pop density -0.01 0.01 0.01 
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0.03 0.01 0.01 

Lag dep. Var. -0.21*** -0.06*** -0.11*** 

0.03 0.02 0.02 

Constant 3.47*** 3.89** 3.07*** 0.71*** 4.04*** 3.67*** 3.95*** 0.23*** 3.55*** 2.93*** 3.81*** 0.35*** 

0.77 1.89 0.66 0.16 0.48 0.93 0.47 0.08 0.39 0.72 0.36 0.08 

R-square within 0.03 0.08 0.04 0.08 0.09 0.08 0.05 0.07 0.05 

R-squared 0.29 0.11 0.13 
Notes: * p<0.10, ** p<0.05, *** p<0.01. See section 2 for discussion of the model. Data are structured as 10-year intervals from 1967 to 2007. See Table A1for 
definitions. Note that the CRE model adds the mean of time-varying variables to the model to capture between-country effects. The focus in our paper is, 
however, on the within-country effect. For this reason we report the within-country R-squared at the bottom of the table. Also note that the FD model focuses on 
the within-country effect by definition. 
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Appendix B – Summary of sensitivity tests of the core agricultural intensification results 

Sensitivity tests with market access variables added to a CRE model 

Table B1 summarizes results from adding further variables to the model, including time-invariant indicators of access to markets: road density 
(“roads), number of ports (“ports”), and the percentage of the population in million-plus cities (“cities”). Although time-invariant indicators of 
market access provide us with weaker tests for these variables, it is at least important to explore whether these indicators bear similarly strong 
associations with intensification as population density. Readers can peruse Table B1 in more detail, but here we summarize some of the most 
striking findings. 

First, the within-country elasticities on agricultural population density are materially unaffected by adding market access indicators. In some cases, 
the point estimates decline marginally, but the basic conclusions are unchanged. 

Second, the associations between market access indicators and intensification outcomes are quite strong for agricultural and crop output per 
hectare (indeed, all three variables are significant), but the associations across other intensification indicators are more variable. In terms of the 
size of the elasticities, roads, ports and cities all have elasticities with respect to agricultural and crop output per hectare to suggest that market 
access might be as important a driver of intensification as population density. However, since these inferences rely on cross-sectional relationships 
only, our inferences in this regard must be cautious. 

Sensitivity tests with irrigation added to first differenced model 

Table B2 reports the estimated population density coefficients from the first differenced model when irrigation is added to the model as the 
difference in the log. Given very low rates of irrigation in SSA we would not expect any of the SSA results to be materially affected by irrigation, 
but high rates of irrigation in Asia, Egypt and some other regions could affect migration decisions, and hence cause population density, rather than 
vice versa. Somewhat consistent with these arguments, we do find that adding irrigation to the model affects a few of the results, but only in two 
cases does qualitatively change the interpretation. 

First, we find that irrigation is a strong driver of yield growth, and that controlling for irrigation, population density actually predicts declines in 
yield growth with an elasticity of -0.24. We do not explore this result further, but there are number of factors which might explain this result. For 
example, it may be that in the absence of irrigation, rising population density leads to soil degradation and nutrient depletion, which reduces 
yields. Or this result might simply be a statistical artifact. 
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Second, changes in non-cereal output per hectare is no longer significantly associated with changes in population density at the 10% level once 
irrigation is included. 

In addition to these two substantive effects, in a number of regressions we observe that adding irrigation to the model slightly reduces the 
magnitude of the population density elasticities. For example, for the key variable of agricultural value per hectare, the point estimate falls by 
almost a quarter, from 0.36 to 0.28. Of course, it is not clear whether or not irrigation really belongs in the model, especially if causality runs from 
population density to irrigation. 

Sensitivity tests with population per area of potentially cultivable land added to first differenced model 

Table B3 compares the estimated population density coefficients from the first differenced model when population density is instead measure as 
population per area of potentially cultivable land, as measured by FAO-IIASA. As we note in the main text, this indicator appears to be measured 
with some error, particularly in terms of underestimating the amount of potential land in areas of high irrigation potential, and the potential to 
convert steep sloping land into agricultural land. Nevertheless, the correlation between the two alternative indicators of land pressures is 
reasonably high in first differences (0.79), presumably because population growth is a common driver of changes in both indicators. 

With such a strong correlation, it is not surprising that the results are reasonably similar irrespective of which indicator is used. However, we 
typically find that switching to population per area of potentially cultivable land reduces the elasticities somewhat, which would be consistent with 
attenuation bias due to measurement error. 
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Table B1. A summary of estimated elasticities on population density and market access variables, by full, SSA and non-SSA samples, and 
CRE, CRE-cities and FD estimation models 

Agricultural Population Density Market access (roads, ports, cities) 
Dependent variable Full sample SSA non-SSA Full sample SSA non-SSA 
Agricultural output value per 0.16 0.26-0.38 0.29-0.40 0.15-0.16 0.21-0.33 0.15-0.23 
hectare of cropland (FD only) (roads) (all) 

Crop output value per hectare 0.15 0.38-0.43 0.26-0.31 0.10-0.15 0.26-0.36 Not significant 
of cropland (FD only) (roads only) 
Cereal yields (cereal value per -0.24 to -0.30 Not significant Not significant 0.13-0.15 0.17-0.21 0.17-0.21 
cereal hectare) (ports only) (roads only) (ports only) 
Cereal crop intensity 0.22-0.29 0.36-0.57 0.14-0.28 0.19 Not significant Not significant 

(large std. errors) (cities only) 
Non-cereal crop output value 0.17 0.35-0.39 0.22-0.33 0.20 0.27-0.48 Not significant 
per hectare (cities only) (roads only) (roads, ports) 
Non-food share of total 0.21-0.27 Not significant Not significant Not significant Not significant Not significant 
agricultural output (%) 
Total capital per hectare 0.14-0.17 0.12-0.32 0.18-0.27 0.10-0.12 0.17 0.13-0.17 

(roads only) (cities only) (roads only) 
Non-land capital per hectare 0.12-0.18 0.24-0.53 0.18-0.26 0.12 0.24 Not significant 

(roads only) (cities only) 
Land capital per hectare 0.05-0.13 0.05-0.07 0.10-0.22 Not significant 0.09-0.10 Not significant 
(includes irrigation) (exc. FD) (ports) 
Machinery and equipment 0.02 0.05-0.15 0.06 0.03-0.07 Not significant 0.04 
capital her hectare (FD only) (FD only) (roads, cities) (roads only) 
Plantation crops capital per 0.03 Not significant 0.07 0.10-0.13 0.11-0.13 0.10 
hectare (FD only) (FD only) (ports only) (ports) (ports only) 
Cattle & buffaloes per hectare 0.41-0.48 0.51-0.67 0.28-0.42 0.15 (cities) 0.21-0.33 Not significant 
(proxy for animal traction) 0.53 (ports) 

Fertilizers per hectare 0.76 1.08-1.87 0.99 0.42 Not significant 0.56-0.90 
(nutrient quantities) (FD only) (not robust) (FD only) (ports only) (ports only) 

Notes: All models are in log-log form. Hence all the coefficients are elasticities that pertain to the within-country effects, not to between-country effects. See 
Section 2 for further discussion and the appendix for full results.. We report only coefficients significant at the 10% level or higher. Parentheses refer to whether 
specific indicators or estimators are significant. Lack of parentheses implies that all variables were significant. See Table A1 for definitions. 
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Table B2. Does adding irrigation to the model affect the core results? 

Regression No. R1 R2 R3 R4 R5 R6 R7 R8 R9 
Dependent Non-land Cattle Nitrogen Cereal Crop Nonfood Non-cereal Crop Total 
variable capital yields intensity output (%) output output output 

First differenced model without irrigation 
∆ln density 0.18*** 0.47*** 0.99*** -0.03 0.35*** 0.26* 0.24** 0.37*** 0.36*** 

(0.06) (0.09) (0.32) (0.10) (0.10) (0.13 (0.11) (0.09) (0.09) 

R-squared 0.12 0.18 (0.35 0.09 0.18 0.14 0.14 0.16 0.17 

First differenced model with irrigation 
∆ln density 0.14** 0.50*** 0.87*** -0.20** 0.34*** 0.29** 0.16 0.28*** 0.28*** 

(0.06) (0.09) (0.34) (0.10) (0.11) (0.14 (0.11) (0.10) (0.09) 
∆ln irrigation 0.02 -0.01 0.28 0.23*** 0.09 -0.06 0.20*** 0.20*** 0.19*** 

(0.04) (0.06) (0.23) (0.07) (0.07) (0.09 (0.07) (0.07) (0.06) 

R-squared 0.14 0.18 0.36 0.16 0.18 0.15 0.18 0.20 0.22 
Notes: * p<0.10, ** p<0.05, *** p<0.01. Standard errors are in parentheses. This is a robust regression with period effects and initial values of the dependent and 
independent variables also included, but omitted for the sake of brevity. See Data are structured as 10-year intervals from 1967 to 2007. See Table A1 for 
definitions. 

62 



 

 

                

           
 

 
 

  
     

 
 

 
 

  
 

  
 

 
 
 

             
           

                                                           
          

          

              
           

                                                           
          

                                                  
                           

                          
 

  

Table B3. Does using population per area of potentially cultivable crop land affect the core results? 

Regression No. R1 R2 R3 R4 R5 R6 R7 R8 R9 
Dependent Non-land Cattle Nitrogen Cereal Crop Nonfood Non-cereal Crop Total 
variable capital yields intensity output (%) output output output 

First differenced model population per area of current crop land as “land pressures” 
∆ln density 0.18*** 0.47*** 0.99*** -0.03 0.35*** 0.26* 0.24** 0.37*** 0.36*** 

(0.06) (0.09) (0.32) (0.10) (0.10) (0.13 (0.11) (0.09) (0.09) 

R-squared 0.12 0.18 (0.35 0.09 0.18 0.14 0.14 0.16 0.17 

First differenced model population per area of potentially cultivable crop land as “land pressures” 
∆ln density 0.15** 0.44*** 0.70** 0.01 0.29** 0.44*** 0.26** 0.26** 0.28** 

(0.06) (0.10) (0.35) (0.11) (0.12) (0.15) (0.11) (0.11) (0.10) 

R-squared 0.13 0.13 0.22 0.09 0.11 0.16 0.13 0.13 0.13 
Notes: * p<0.10, ** p<0.05, *** p<0.01. Standard errors are in parentheses. This is a robust regression with period effects and initial values of the dependent and 
independent variables also included, but omitted for the sake of brevity. See Data are structured as 10-year intervals from 1967 to 2007. See Table A1 for 
definitions. 
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