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Abstract

We present the first open, harmonized Rural Access Index (RAI) for 33 countries
in Latin America and the Caribbean, constructed at the subnational-government
level, with coverage for 14,840 administrative units. We compute two variants: the
standard one, restricted to paved roads, and an alternative that incorporates all
roads of tertiary hierarchy or higher, leveraging the deep-learning surface imputa-
tion provided by HeiGIT over OpenStreetMap. We document a central finding:
the standard measure exhibits a floor effect in the low-accessibility range, losing
power to discriminate among municipalities precisely in the segment most relevant
for public policy. For Brazilian municipalities with a standard RAI below 40%,
agricultural land values show no correlation with the paved-only measure but do
correlate significantly with the extended one. The resulting subnational dataset is
publicly available.
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1 Introduction

Rural connectivity is a central driver of economic development. By lowering transport
costs, road infrastructure expands market access and fosters the spatial integration of
regional economies [Donaldson, 2018, Redding and Turner, 2015], raises agricultural pro-
ductivity through the adoption of modern inputs and stronger linkages with output mar-
kets [Aggarwal, 2018, Sotelo, 2020], and reshapes the structure of local labor markets by
enabling rural workers to commute to non-agricultural employment [Asher and Novosad,
2020, Fiorini and Sanfilippo, 2022]. The welfare gains are sizable and concentrated among
the rural poor, with documented increases in household consumption, property values,
and access to credit following targeted road-paving interventions [González-Navarro and
Quintana-Domeque, 2016, Dercon et al., 2009]. In recognition of this evidence, the in-
ternational community adopted in 2016 a single global metric of rural accessibility as
the Indicator 9.1.1 of the Sustainable Development Goal: the Rural Access Index (RAI),
defined as the share of the rural population living within two kilometers of an all-season
road [World Bank, 2016].

The standard implementation of the RAI proxies the all-season requirement by re-
stricting the calculation to paved roads, on the grounds that paved segments are far more
resistant to weather-related disruptions than unpaved ones [World Bank, 2016]. This
approximation is reasonable in regions where the unpaved network is residual, but it may
produce a distorted picture of accessibility in Latin America and the Caribbean (hence-
forth LAC), where a large share of the network connecting rural producers to markets is
unpaved and yet functionally trafficable for most of the year. The reliance on road-surface
information introduces an additional source of bias: in the most widely used global road
inventory Humanitarian OpenStreetMap Team [2025], 47% of the road network in South
America carry no surface attribute [Randhawa et al., 2024]. Excluding these segments,
or implicitly classifying them as unpaved, induces large measurement error in the input
to the standard RAI and risks suppressing economically meaningful variation in precisely
the segments where it is most relevant for policy.

In this paper, by combining several georeferenced datasets, we construct a harmonized
subnational measure of the RAI for 33 countries in LAC, covering 14,840 administrative
units. We compute two variants of the indicator: the standard one, restricted to paved
roads, and an extended variant that considers all roads of tertiary hierarchy or higher,
regardless of surface. Using data from Brazil, we validate both measures against agricul-
tural land values, the outcome most directly expected to capitalize differences in rural
accessibility. To the best of our knowledge, this is the first open, harmonized RAI dataset
constructed at the subnational government level for Latin America and the Caribbean.

Our results proceed in three steps. First, we find that on average 66% of the rural
population in LAC lives 2 kilometers or closer to any type of road, but only 40% from
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a paved road. Second, there is high variation in RAI both between and within country.
The subnational disaggregation of the measure allows us to show that heterogeneity in
connectivity in LAC is not only between country; while some regions have connectivity
measures close to OECD countries (Porto Amazonas municipality in Brazil or Mariscal
Caceres in Peru) others, as San Pedro in Bolivia or Lloró in Colombia show a RAI lower
than 10%, highlighting the need for investment to close these connectivity gaps.

Third, we validate our measure by regressing agricultural land value in Brazil against
each of our two RAI measures, building on the causal evidence that links rural con-
nectivity to land values [Donaldson, 2018, González-Navarro and Quintana-Domeque,
2016]. Controlling for state fixed effects, altitude and the degree of urbanization of each
municipality, we find a positive correlation between both RAI measures and the out-
come. Moreover, to explore potential heterogeneous effects, we discretize the continuous
RAI into ten dummy variables, one per decile of its distribution. Results show that for
municipalities in the low-accessibility range (i.e. up to values around 40% of the RAI),
agricultural land values are uncorrelated with the standard measure but correlate strongly
with the extended one, with the two converging only above RAI ≈ 50–60 percent. In
municipalities with a low share of paved roads, unpaved roads continue to provide effec-
tive connectivity and are capitalized into land values, but this variation is invisible to the
standard measure because most such municipalities cluster around very low paved-RAI
values with little informative dispersion; the extended measure recovers it.

We further show that this divergence tracks the fiscal capacity of local governments:
the gap between the all-roads and paved-only semi-elasticities of land value is widest
among municipalities in the lowest quintile of own fiscal revenue per capita and narrows
monotonically until it vanishes in the highest quintile. Where local governments lack
the resources to pave and maintain roads, the unpaved network provides the effective
connectivity that is capitalized into land values but that the standard measure fails to
capture.

The implication for policy is direct: rankings, investment targeting, and empirical
work that rely exclusively on the standard RAI incur systematic mismeasurement in
precisely the range where rural-roads policy should be most active.

This paper contributes to the literature on the measurement of rural accessibility,
originating in Roberts et al. [2006]’s proposal of the RAI and its subsequent operational-
ization by World Bank [2016]. We provide the first implementation of the RAI at the
subnational-government level for the entire LAC region, and the first to report it jointly
under an extended all-roads variant and the standard paved-only definition — a compari-
son made feasible at the regional scale by the deep-learning surface imputation of HeiGIT
[HeiGIT, 2024]. Beyond extending geographic coverage, the paper offers a methodological
diagnostic: we document a floor effect by which the standard variant loses discriminating
power in the low-accessibility range, precisely the segment in which the indicator is most
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policy-relevant.
Finally, to facilitate the use of our results, we release the full subnational dataset and

the computation scripts as a public resource.

2 The Rural Access Index: Measurement and Valida-

tion Strategy

2.1 Definition

The Rural Access Index was originally proposed by Roberts et al. [2006] to capture the
proximity of the rural population to quality transport infrastructure. In 2016, it was
adopted as Indicator 9.1.1 of the Sustainable Development Goals, monitoring access to
safe, affordable, and sustainable transport systems [World Bank, 2016]. The indicator is
defined as

RAI =
rural population living within ≤ 2 km of a road

total rural population
× 100. (1)

The two-kilometer threshold reflects the maximum walking distance to the nearest
road [Roberts et al., 2006]. The original methodology additionally restricts the set of
admissible roads to those that provide year-round trafficability, defined as roads pass-
able throughout the year by the dominant means of rural transport, allowing for brief
and predictable interruptions during adverse weather, particularly on low-volume tracks
[World Bank, 2016].

2.2 The two variants and why they matter in LAC

The official RAI is defined over all-season roads. In practice, the year-round-trafficability
requirement is most commonly proxied by restricting the calculation to paved roads, on
the grounds that pavement is more resistant to weather-related disruption than unpaved
surfaces [World Bank, 2016]. We report two measures in parallel. The paved-only bench-
mark replicates this implementation: it considers only paved roads of tertiary hierarchy
or higher. The all-roads variant considers all roads of tertiary hierarchy or higher, re-
gardless of surface type. We treat the paved-only benchmark as the operational standard,
and the all-roads variant as a diagnostic complement.

The paved-only benchmark raises two concerns in LAC. Operationally, a large share
of the regional road network lacks a surface attribute in public road inventories: in Open-
StreetMap 47% of the roads’ kilometers do not contain the surface attribute [Randhawa
et al., 2024]. The HeiGIT database [HeiGIT, 2024] addresses this gap by imputing sur-
face type from OpenStreetMap using deep learning algorithms based on Mapillary images,
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slightly lowering the share of unclassified segments to 45%. This imputation is precisely
what makes a comparable paved-only measure feasible at the subnational level in the re-
gion; the all-roads variant, which does not condition on surface information, is unaffected
by missing surface attributes. Conceptually, in low-paving environments a non-negligible
fraction of unpaved roads is functionally trafficable for most of the year and provides
effective connectivity. Restricting the indicator to paved segments therefore not only me-
chanically lowers the level but may also suppress within-country variation with economic
content. The all-roads variant is best read as a measurement diagnostic: it reveals how
much of that variation the paved-only benchmark discards, and where.

2.3 Validation of the connectivity measures

To examine the informational content of both measures of connectivity computed in this
paper, and to quantify how much variation the paved-only benchmark discards in LAC,
we correlate each measure of the RAI with a set of economic outcomes that the literature
has linked to rural accessibility.

The empirical literature has documented—in many cases causally—a robust associ-
ation between rural road accessibility and a set of economic outcomes. We use those
documented associations as validation exercises for the two measures of the RAI: a mea-
sure that performs as the literature predicts is a measure that carries economic content.
We focus on the outcome for which the literature is strongest: agricultural land values,
which should capitalise improvements in accessibility [see Donaldson, 2018, González-
Navarro and Quintana-Domeque, 2016]. We are not estimating causal effects of road
infrastructure on this outcome; we are asking whether each measure of the RAI is infor-
mative about the variation in outcomes that the literature has tied to accessibility, and
where along the connectivity distribution that informativeness lies.

For each outcome we use cross-sectional specifications with fixed effects at the lowest
administrative level available (municipality), controls for elevation and degree of urban-
ization, and report separate results for the two variants of the RAI. At the municipal
level m we estimate

Ym = α + β RAIm + γ1 Elevationm + γ2 UrbanDegreem + µe + εm, (2)

where Ym is the outcome of interest (the log of agricultural land value), RAIm is the index
computed either using all roads or using only paved ones, Elevationm is the municipality’s
mean elevation, UrbanDegreem is its degree of urbanization according to Schiavina et al.
[2023] (urban, semi-urban and rural), and µe is a set of state dummies that absorb
unobserved heterogeneity at the administrative level immediately above the municipality.

The specification above restricts the effect of the RAI on the economic outcomes to be
linear, which is excessively restrictive if, as the discussion of the two variants suggests, the
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information content of connectivity varies along the range of the indicator. To measure the
non-linear relationship between the RAI and our outcome, we discretize the connectivity
variable into deciles and construct ten dummy variables, one for each decile of the RAI
distribution. This specification allows us to trace the association between accessibility
and the outcome flexibly along the entire distribution of the indicator, without imposing
a functional form, and is particularly informative for detecting ranges in which each
measure of the RAI loses discriminating power. Formally, we replace the continuous
variable RAIm in Equation 2 with the set of indicators {1[RAIm ∈ Dk]}10k=1, where Dk

denotes the kth decile of the RAI distribution and 1[·] is the indicator function, omit the
first decile as the reference category, and estimate

Ym = α +
10∑
k=2

βk 1[RAIm ∈ Dk] + γ1 Elevationm + γ2 UrbanDegreem + µe + εm. (3)

The coefficients βk recover the average difference in the outcome between municipalities
whose RAI falls in decile Dk and those in the reference decile, conditional on the controls.
The profile of {βk} across deciles characterizes the shape of the relationship between
connectivity and the economic outcome.

3 Data and computation

3.1 RAI

The computation of the RAI requires three georeferenced inputs—population distribu-
tion, urban settlements, and the road network—together with a layer of administrative
boundaries that defines the units of analysis. Population data come from WorldPop
[2020], a global gridded population product with a spatial resolution of 100 by 100 me-
ters for the year 2020; the high resolution enables accurate estimates both of the rural
population and of the rural population residing within two kilometers of a road. Urban
settlements are taken from the Global Rural-Urban Mapping Project (GRUMP) [CIESIN-
Columbia University et al., 2011], consistent with the methodology of World Bank [2016].
The road network is drawn from HeiGIT [HeiGIT, 2024], which applies deep-learning tech-
niques to OpenStreetMap [OpenStreetMap Wiki, 2025] to classify the surface condition
of road segments lacking that attribute in the original source. We retain segments of
tertiary hierarchy or higher (motorway, trunk, primary, secondary, tertiary). For Mex-
ico, we use the data from Humanitarian OpenStreetMap Team [2025], since HeiGIT was
not available. Our results for Peru were calibrated against the official figures reported in
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World Bank [2016], which confirmed the adequacy of the classification.1 National bound-
aries are taken from the World Bank’s official administrative boundaries [World Bank,
2025], with coverage for all LAC countries considered. Subnational boundaries come from
CAF’s Atlas of Subnational Governments [CAF, 2025], which covers 29 countries in the
region; for the four countries lacking subnational disaggregation in the Atlas (Barbados,
Dominica, Grenada, and Saint Vincent and the Grenadines) computation is performed
only at the national level.

The calculation proceeds in two steps. First, the total rural population is calculated as
the difference between the total population of the administrative unit and the population
residing within GRUMP urban settlements. Second, the rural population within the
two-kilometer threshold is calculated by constructing a buffer of that distance around the
filtered road network, overlaying the buffer with the population layer, and subtracting
the urban population that falls within the same buffer. The technical detail is presented
in Online Appendix A.1.

Online Appendix Table A.1 summarizes the geographic coverage and the main in-
put statistics for the 33 countries included. CAF’s Atlas of Subnational Governments
identifies 15,198 subnational units. We compute the index for 14,844 areas in total, of
which 4 are national units (Barbados, Dominica, Grenada, and Saint Vincent and the
Grenadines) and 14,840 are subnational, covering 97.6% of the units identified.2 Mea-
surements were taken, whenever feasible, at the smallest available administrative unit:
level one in Argentina, Belize, and Guyana; level three in El Salvador, Haiti, Peru, and
the Dominican Republic; and level two in the remaining countries. All of these constitute
governments that design and target policies related to rural connectivity.

Online Appendix Figure A.1 illustrates the four georeferenced layers used in the com-
putation procedure, taking Bolivia as an example.

3.2 Validation Exercises

The validation exercises draw on data for Brazil, selected for the availability of high-
quality georeferenced microdata that can be matched to the subnational RAI. In each case
we merge the municipal records to both RAI measures using the official administrative
codes, and restrict attention to the units for which the two variants are available.

Our outcome is the value of land without improvements at the municipal level for
Brazil in 2022, which is the variable most directly expected to capitalize differences in
accessibility. This variable is published by the Ministry of Agricultural Development

1The detailed comparison with the alternative GRIP database [Meijer et al., 2018] is available upon
request. The HeiGIT database was finally selected for its correspondence with IRF data [International
Road Federation, 2025].

2Of the 358 units not included, 352 either have no territory outside GRUMP urban agglomerations or
have unpopulated territory; the remaining 4 are uninhabited islands: Redonda in Antigua and Barbuda,
Isla de Flores and Isla de las Gaviotas in Uruguay, and Anzoátegui in Venezuela.
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in Brazil [INCRA, 2023]. We use its natural logarithm as the dependent variable. We
also use data on municipalities’ fiscal revenue, from Alves et al. [2025] and Secretaria do
Tesouro Nacional [2023], to group subnational units into quintiles.

Across all specifications, we include the geographic controls to absorb confounding
factors related with terrain and urbanization: the standard deviation of elevation within
the unit [Earth Resources Observation and Science (EROS) Center, 2010] and the degree-
of-urbanisation from Schiavina et al. [2023].

Table 1 reports summary statistics for the land-value validation exercise, covering the
Brazilian municipalities used and their main characteristics.

Table 1: Summary statistics - Validation exercise

N Mean SD Median Min Max

Land value (USD/ha) 5410 6124 6272 3940 80 38387
RAI - all roads (%) 5410 78 19 82 0 100
RAI - paved roads (%) 5410 59 27 63 0 100
Altitude (sd) 5410 76 59 60 1 608
Revenue (USD/population) 5378 171 174 130 2 4918

Degree of urbanisation (% of municipalities)
Rural areas 5410 56
Towns and semi-dense areas 5410 37
Cities 5410 7

4 Results

This section presents the subnational RAI values for the 33 countries covered, maps the
results at the maximum available level of disaggregation, and documents within-country
dispersion, which is the new informational content that subnational disaggregation makes
it possible to recover.

4.1 RAI

Appendix Table A.2 reports the subnational mean of the RAI by country, for both vari-
ants, together with the corresponding standard deviations and population-weighted av-
erages. Three stylized facts emerge. First, the gap between the extended and the paved
variants is markedly larger in countries with less-paved networks (Bolivia, Paraguay,
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Suriname, Guyana, and Haiti). Second, within-country dispersion is high: in large and
geographically diverse countries, the subnational variance of the RAI can be as large as
the cross-country variance of national averages. Third, subregional averages display a
pattern consistent with infrastructure development, with higher accessibility in the more
urbanized Southern Cone and in the smaller Caribbean islands, and lower accessibility in
Amazonian countries and in the lower-income continental Caribbean.

Figure 1 maps both variants at the maximum available level of disaggregation. The
visual contrast between the two panels reinforces the point developed in Section 4.4: the
choice of variant substantially reshuffles the geography of accessibility in LAC, especially
in countries with little paved network.

Figure 1: Subnational Rural Access Index in LAC: all roads vs. paved roads only

(a) All roads (b) Paved roads only

Notes: The figure shows the Rural Access Index measured at the maximum available level of subnational
disaggregation. Panel (a) considers all roads of tertiary hierarchy or higher regardless of surface type or
trafficability; panel (b) restricts the calculation to paved roads of tertiary hierarchy or higher.
Source: Authors’ computations based on World Bank [2025], CAF [2025], CIESIN-Columbia University
et al. [2011], WorldPop [2020], HeiGIT [2024], and Humanitarian OpenStreetMap Team [2025].

4.2 Within-country dispersion: the value of subnational disag-

gregation

Figure 2 reports country-level box plots for both variants of the indicator. In most
countries the subnational interquartile range is wide, and for several cases the width
of the extended-variant box exceeds the cross-country dispersion of national averages.
This shows that the national RAI figures fail to capture the geography that is relevant
for public policy: within a given country, administrative units differ in accessibility by
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amounts comparable to entire countries at different stages of infrastructure development.

Figure 2: Subnational distribution of the RAI by country, both variants

Notes: The figure shows, for each country, the distribution of the subnational RAI under the two variants
considered (all roads and paved roads only). Each box summarizes the lower quartile, the median, and
the upper quartile; whiskers extend up to 1.5 times the interquartile range. Countries are grouped by
subregion (South America, Caribbean, Mesoamerica) and, within each block, sorted in descending order
by the median of the all-roads measure. Barbados, Dominica, Grenada, and Saint Vincent and the
Grenadines are excluded as they lack subnational disaggregation.

4.3 Comparing the two RAI measures: the floor effect of the

paved-only RAI

We compare our two RAI measures by plotting their full subnational distributions, rather
than their aggregate means, which mask where the two definitions diverge. Figure 3 re-
ports this comparison. Panel (A) shows the marginal distribution of each variant across
the 14,820 subnational units for which both are available: the paved-only RAI concen-
trates a large mass against the lower bound—3,531 units (24%) record a value below
10—whereas the all-roads RAI is shifted toward the upper range. This compression is
the floor effect : the standard measure assigns near-identical, near-zero scores to almost
a quarter of the units, losing the ability to discriminate among them. Panel (A) alone,
however, only establishes that the two marginal distributions differ. The decisive test is
conditional, and is reported in Panel (B): restricting attention to the 3,531 units that the
paved-only measure places below 10—units it treats as essentially equivalent—we plot the
all-roads RAI of those same units. Far from clustering near zero, it is dispersed across the
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entire support, with a median of 60 and 59% of units above 50. Even among the 3,531
subnational units with paved-only RAI below 10, the all-roads RAI spans a wide range,
revealing substantial variation in effective rural accessibility that the standard measure
collapses near zero.

Figure 3: The floor effect of the paved-only RAI

Notes: N = 14,820 subnational units with both variants available. Panel (A) shows the distribution of
the subnational RAI under the two definitions: the paved-only variant (orange) piles up near zero—3,531
units (24%) have paved-only RAI below 10—while the all-roads variant (green outline) shifts toward the
upper range. Panel (B) conditions on those 3,531 units and plots their all-roads RAI: even among
units that look indistinguishable under the standard measure, the all-roads RAI spans the full range,
with a median of 60 and 59% above 50. The standard measure collapses near zero variation in effective
accessibility that the extended measure recovers.

4.4 Validation exercise: RAI and Land Value in Brazil

Table 2 reports the estimates of Equation 2 for Brazil. Consistent with the evidence on
paved-road interventions [González-Navarro and Quintana-Domeque, 2016, Donaldson,
2018], rural accessibility is capitalized into agricultural land values: both variants of the
RAI enter with positive and highly significant semi-elasticities of comparable magnitude—
0.0059 for the all-roads variant and 0.0036 for the paved-only variant. At the linear mean,
both measures account for variation in land prices and the choice of variant appears
innocuous.
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Table 2: RAI and Agricultural Land Values in Brazil

(1) (2) (3)

RAI – paved roads 0.00363∗∗∗ 0.00179∗∗∗

(0.00074) (0.00062)

RAI – all roads 0.00583∗∗∗ 0.00416∗∗

(0.00146) (0.00169)

Constant 8.69799∗∗∗ 8.56463∗∗∗ 8.56722∗∗∗

(0.05836) (0.09292) (0.09411)
State fixed effects Yes Yes Yes
Altitude control Yes Yes Yes
DEGURBA control Yes Yes Yes
Observations 5,410 5,410 5,410
R-squared 0.797 0.798 0.798

Notes: Dependent variable: log of unimproved agricultural land value at the municipal level in Brazil.
Column (1) reports the estimate for the paved-only RAI; column (2) for the all-roads RAI; column (3)
includes both measures jointly. All columns control for the standard deviation of elevation, the degree
of urbanisation (DEGURBA) and state fixed effects. In column (3), when the two measures compete to
explain land value, the all-roads coefficient is the larger of the two, so the extended measure accounts
for more of the variation in land value; it is, however, estimated less precisely (noisier), as expected
for a measure that also incorporates unpaved segments whose trafficability is imputed. Standard errors
clustered at the state level in parentheses; statistical significance confirmed by wild cluster bootstrap
(9,999 replications) given the small number of clusters (24 states). *** p<0.01, ** p<0.05, * p<0.1.

This apparent equivalence breaks down once we relax linearity. Letting each variant
enter through a set of dummy variables—one per decile of the RAI distribution, with
the first decile as the omitted reference—uncovers a sharp asymmetry between the two
measures in the low-accessibility range. Figure 4 and Appendix Table A.3 report the
coefficients. The all-roads variant is positive and rises monotonically across the distri-
bution, whereas the paved-only variant is statistically indistinguishable from zero for
municipalities in the bottom deciles of the RAI distribution and turns significant only
higher up, with point estimates that remain systematically below those of the all-roads
variant. The variation that the linear specification averages over is precisely what disap-
pears when the indicator is restricted to paved roads—in the segment of the distribution
where rural-roads policy is most active.
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Figure 4: RAI and Land Value in Brazil, Non-Linear Specification

Notes: The figure reports the non-linear relationship between the RAI and agricultural land value in
Brazil, obtained by relaxing the linear specification of Equation 3 and letting the indicator enter as a
set of dummy variables, one per decile of the RAI distribution. The first decile is the omitted reference
category, so each marker reports the average difference in the outcome between municipalities in the
indicated decile and those in the first decile. The dependent variable is the log of unimproved agricultural
land value at the municipal level. All regressions include state fixed effects, a control for the standard
deviation of elevation, and fixed effects for the first-level DEGURBA degree-of-urbanization category.
Green markers correspond to the all-roads RAI and orange markers to the paved-only RAI. Vertical lines
are 95% confidence intervals; standard errors are clustered at the state level, and the confidence intervals
are obtained by wild cluster bootstrap given the small number of clusters (24 states).

Moreover, we re-estimate Equation 2 allowing the semi-elasticity of land value to the
RAI to differ across municipalities grouped by their own fiscal revenue. Figure 5 and Ap-
pendix Table A.4 report the marginal effect of each variant by quintile of municipal fiscal
revenue per capita. The pattern mirrors the one found across the RAI distribution: the
gap between the all-roads and paved-only semi-elasticities is widest among low-revenue
municipalities and narrows monotonically as fiscal capacity rises, until the two become
statistically indistinguishable in the top quintile. The two variants convey similar in-
formation among municipalities with higher fiscal revenue per capita. In lower-revenue
municipalities, by contrast, the association between land values and the paved-only RAI
weakens relative to the all-roads measure, suggesting that the standard indicator misses
part of the accessibility variation captured by the broader road network.

The economic reading is direct. In municipalities with low paving or low income,
unpaved roads continue to provide effective connectivity and are capitalized into land
values, but this variation is invisible to the standard measure because most such munici-
palities cluster around very low paved-RAI values with little informative dispersion. The
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all-roads measure, by incorporating functionally trafficable unpaved roads, recovers that
variation. In measurement terms, the paved-only RAI carries non-classical error: the
gap between the paved-only measure and effective accessibility does not average out but
is correlated with true accessibility, widening systematically toward the low-accessibility
range. It therefore does not merely attenuate estimates toward zero, as classical mea-
surement error would, but biases them by an amount that shifts along the distribution,
deflating the estimated return to accessibility precisely where rural-roads policy is most
active. Rankings, investment targeting, and empirical work that rely exclusively on the
standard RAI inherit this bias in the range that matters most.

Figure 5: RAI and land value in Brazil: heterogeneity by municipal fiscal revenue

Notes: Each marker reports the semi-elasticity of agricultural land value with respect to the RAI—the
average marginal effect of the RAI on the log of unimproved agricultural land value—estimated separately
for each quintile of municipal own fiscal revenue per capita. Estimates are obtained from Equation 2
augmented with interactions between the continuous RAI and the quintile-of-fiscal-revenue dummies, so
that each marker is the semi-elasticity recovered directly from the corresponding interaction coefficient.
All regressions include state fixed effects, a control for the standard deviation of elevation, and fixed
effects for the first-level DEGURBA degree-of-urbanization category. Green markers correspond to the
all-roads RAI and orange markers to the paved-only RAI. Vertical lines are 95% confidence intervals;
standard errors are clustered at the state level and the intervals are obtained by wild cluster bootstrap
given the small number of clusters (24 states).

The evidence tells a consistent story. The literature has established—in many cases
causally—that rural road connectivity is associated with higher agricultural land values
[Donaldson, 2018, González-Navarro and Quintana-Domeque, 2016]. Measuring connec-
tivity through paved roads alone, as the standard implementation of the RAI does, re-
covers part of that signal at the linear mean but discards a substantively large fraction
of it in the segment of the distribution that matters most for public policy. In poorer

13



or less-connected municipalities—the natural target of rural-roads programmes—the un-
paved network does the heavy lifting, and the all-roads variant is what picks it up. The
evidence we report is, on this point, far from cosmetic.

5 Conclusions

This paper makes a measurement contribution to the study of rural accessibility in Latin
America and the Caribbean. We construct and release the first harmonised subnational
dataset of the Rural Access Index for 33 countries in the region, covering 14,840 adminis-
trative units. We report two measures in parallel: a paved-only benchmark, which repli-
cates the standard implementation and which we make feasible at the subnational level
in LAC by exploiting HeiGIT’s deep-learning surface imputation over OpenStreetMap,
and an all-roads variant that does not condition on surface attributes. The two mea-
sures agree at the population-weighted aggregate but diverge sharply within countries:
the paved-only benchmark loses discriminatory power among low-accessibility municipal-
ities, while the all-roads variant continues to track the variation in land values that the
literature has tied to rural connectivity.

The implications are operational. For public policy, the targeting of rural-connectivity
investment in LAC cannot rely on the paved-only RAI alone in low-accessibility sub-
samples; the all-roads variant is needed as a diagnostic complement to identify priority
municipalities. For empirical research, studies that use the RAI as an explanatory or
control variable in LAC should report results under both measures and explicitly check
whether the variation they exploit lies in the segment where the paved-only benchmark
is informative. For statistical production, national reports of SDG Indicator 9.1.1 in
low-paving environments should be accompanied by subnational measures and by the
all-roads diagnostic, in line with the practice we propose here.
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A Online Appendix

A.1 Technical appendix: computation procedure

The methodology consists of: (i) identifying the geographic location of the population; (ii)
identifying the population residing outside urban settlements, which is taken as rural; (iii)
identifying the geographic location of roads, retaining those relevant to the calculation;
and (iv) computing the share of the rural population living within two kilometers of any
of the roads identified in (iii). This last step requires dividing the result of (iv) by the
total rural population, defined as the total population outside urban centers.

Alternatively, the indicator can be computed indirectly along the following path: (i)
identify the geographic location of the population and the total population; (ii) identify
the geographic location of the selected roads; (iii) compute the total number of people
living within two kilometers of any of the selected roads; (iv) identify the geographic
location of urban settlements; (v) compute the number of people living within urban
settlements; (vi) compute the number of people living within urban settlements and
within two kilometers of a selected road; and (vii) subtract the result of (vi) from that of
(iii), yielding the rural population living within two kilometers of a selected road. That
figure is then divided by the total rural population, obtained by subtracting (v) from the
total population in (i).

Although the first path appears more direct, the available technology is more straight-
forward to implement along the alternative path. Specifically, the computation of the pop-
ulation within the two-kilometer buffer uses the zonal_stats function of the rasterstats
package [Perry, Matthew T., 2015]. This function takes as inputs a file of geographic poly-
gons contained in a vector layer and a file of raster band attributes, and returns summary
statistics of the attribute in question for each vector polygon. In our case the raster at-
tribute is the population count in each cell, and our polygons are, on the one hand, the
territorial boundaries of each country or subnational area and, on the other, the road net-
work expanded into a two-kilometer buffer together with the urban settlements within
the territorial boundaries considered.

Applying zonal_stats with the population raster (WorldPop) and the country’s of-
ficial border polygons as inputs yields the total national population. Applying the same
function with GRUMP urban-settlement polygons instead of national boundaries yields
the urban population. The total rural population is obtained by subtracting the urban
from the total population.

The next step is to identify the total urban population living within two kilometers
of any of the roads considered. To do so, we first overlay the urban-settlement polygons
with the multi-polygon layer of buffered roads. Figure A.1 illustrates the population layer
in panel a, the urban centers in panel b, and the roads buffered to two kilometers in panel
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c. The intersection of panels c and d is then used as an additional input to zonal_stats

together with the population raster, yielding the urban population living within two
kilometers of a road. This figure is subtracted from the total population satisfying the
road-proximity condition, yielding the rural population within two kilometers of any of the
roads considered. This number, divided by the total rural population, is our accessibility
indicator.

Note that this is the step at which the road filters—by hierarchy, trafficability, or
surface—become relevant. In this case the roads appear as in the original source, as
individual lines with independent geometries. To account for the curvature of the Earth’s
surface and mitigate its effects on the constructed measures, we reproject the road layers
to a coordinate reference system compatible with the centroid of the boundary polygon.
Applying zonal_stats with the population raster and the multi-polygon of roads as
inputs, we compute the total number of people in the territory of Bolivia who live within
two kilometers of any of the roads considered in the analysis.
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Figure A.1: Population distribution, urban settlements, and road network (Bolivia)

(a) Population (b) Urban settlements

(c) Roads (d) Subnational boundaries

Source: Authors’ computations based on CIESIN-Columbia University et al. [2011], WorldPop [2020],
HeiGIT [2024], and World Bank [2025].
Notes: The figure illustrates the geographic layers used to identify the spatial distribution of the pop-
ulation (heatmap in panel a) and the geographic location of urban settlements (red marks in panel b).
Applying the rasterstats package to the population layer and the area polygon yields total popula-
tion. Applying the same function to the population layer and the urban-settlement polygons yields the
total urban population. The rural population is obtained by subtraction. Panel c shows the network of
tertiary-or-higher roads, expanded by a two-kilometer buffer and aggregated into a single multi-polygon
geometry; panel d shows the subnational area boundaries. The overlay of panels a and c yields the total
population with road access, while the overlay of panels a, b, and c yields the urban population with
road access. The rural population within the threshold is then computed by subtraction.

20



Table A.1: Descriptive statistics

Country Sub-national Areas Population (thousands) Roads (thousands km)
name RED (2025) Analyzed Total Rural Rural (%) All Paved Paved (%)

Antigua and Barbuda Parish 8 7 96 2 2 0 0 79
Argentina Province 24 24 45137 6182 14 2998 1333 44
Bahamas District 33 33 381 64 17 2 1 62
Barbados Country 0 1 261 6 2 1 1 89
Belize District 6 6 393 266 68 23 13 57
Bolivia Municipality 344 343 11607 5849 50 66 18 27
Brazil Municipality 5572 5540 206289 43183 21 8445 4176 50
Chile Municipality 345 319 15676 3492 22 92 56 60
Colombia Municipality 1122 1114 49927 15044 30 75 37 49
Costa Rica Canton 82 71 4249 1342 32 9 5 60
Cuba Municipality 168 162 10369 5042 49 23 9 40
Dominica Country 0 1 65 18 28 0 0 74
Dominican Republic Municipality 393 370 9984 2600 26 122 60 49
Ecuador Canton 222 222 17512 6002 34 43 21 48
El Salvador District 266 252 5199 2226 43 91 50 55
Grenada Country 0 1 99 28 28 0 0 67
Guatemala Municipality 342 330 16813 11395 68 23 10 43
Guyana Region 10 10 778 353 45 33 7 20
Haiti Communal section 570 565 10507 7532 72 57 17 29
Honduras Municipality 298 298 9878 5512 56 19 6 30
Jamaica Parish 14 14 2931 745 25 5 4 72
Mexico Municipality 2479 2362 113140 23169 20 301 114 38
Nicaragua Municipality 153 151 6586 3878 59 10 6 57
Panama District 82 81 3881 1407 36 8 6 68
Paraguay District 263 257 6243 2709 43 31 16 50
Peru District 1874 1802 23317 10637 46 1450 316 22
Saint Kitts and Nevis Parish 10 10 52 3 6 0 0 85
Saint Lucia District 14 14 180 22 12 0 0 88
Saint Vincent and the Grenadines Country 0 1 82 21 26 0 0 69
Suriname District 10 10 587 214 36 2 1 51
Trinidad and Tobago Municipality 15 14 1353 176 13 3 2 65
Uruguay Department 141 129 2529 246 10 15 11 73
Venezuela Municipality 338 330 27891 7140 26 51 29 57

Caribbean 1225 1192 36278 16237 45 215 95 44
Mesoamerica 3708 3551 160138 49195 31 484 210 43
South America 10265 10100 407492 101050 25 13302 6019 45
Total 15198 14844 603990 166504 28 14000 6324 45

Notes: The table reports descriptive statistics for the main inputs used to compute the Rural Access
Index. It lists, for each country, the administrative category considered, the number of subnational areas
identified, the number of areas for which the index was computed, total and rural population, and total
road length under both the all-roads and the paved-only definitions. Countries without subnational units
(a value of zero in the third column) were computed using their total national area, which produces a
value of one in the column reporting analyzed areas; this is the case of Barbados, Dominica, Grenada,
and Saint Vincent and the Grenadines. The figures do not include areas for which the indicator was not
computed.
Source: Authors’ computations based on World Bank [2025], CAF [2025], CIESIN-Columbia University
et al. [2011], WorldPop [2020], HeiGIT [2024], and Humanitarian OpenStreetMap Team [2025].

A.2 Geographic layers used to construct the RAI

A.3 Descriptive statistics

Table A.2: Subnational Rural Access Index: mean and standard deviation by country

Country All roads Paved roads
Mean Sd Weighted mean Mean Sd Weighted mean

Antigua and Barbuda 85.6 23.4 64.4 76.1 30.5 57.6
Argentina 60.8 12.5 64.8 48.2 15.4 51.1
Bahamas 45.9 36.6 65.9 26.3 37.2 49.6
Barbados 100.0 100.0
Belize 48.1 7.5 47.0 33.7 8.5 35.2
Bolivia 50.5 21.6 54.1 24.6 22.4 29.2
Brazil 77.4 19.2 75.3 59.1 26.8 56.2
Chile 75.3 21.9 78.4 66.1 23.9 70.6
Colombia 47.4 26.7 39.1 27.9 25.4 22.9
Costa Rica 63.3 25.8 64.2 51.3 24.2 51.5
Cuba 72.9 14.8 72.8 45.0 23.1 43.5
Dominica 76.0 65.8
Dominican Republic 66.2 26.3 69.7 26.5 31.4 33.4
Ecuador 67.8 17.6 67.4 40.3 21.4 42.7
El Salvador 81.5 20.0 79.5 64.2 25.7 62.4
Grenada 93.9 91.8
Guatemala 68.8 20.4 63.4 40.1 28.1 34.1
Guyana 38.8 24.6 50.9 20.1 21.6 30.2
Haiti 51.7 33.4 61.7 21.7 29.9 31.1
Honduras 66.8 20.2 66.5 29.3 24.7 30.8
Jamaica 75.3 12.6 73.5 59.1 14.7 58.1
Mexico 79.8 21.7 82.8 29.3 31.0 31.3
Nicaragua 47.7 22.9 41.6 37.0 23.5 29.3
Panama 48.1 25.4 48.4 35.6 24.6 37.3
Paraguay 57.8 21.7 57.4 46.5 25.4 46.6
Peru 66.4 25.4 61.0 25.8 27.6 25.6
Saint Kitts and Nevis 89.7 23.4 88.6 89.6 23.4 88.6
Saint Vincent and the Grenadines 54.4 47.0
Saint Lucia 76.3 30.1 80.1 75.4 30.1 79.5
Suriname 48.8 22.2 49.6 39.1 26.4 40.7
Trinidad and Tobago 76.3 25.9 78.2 56.5 28.9 50.0
Uruguay 74.1 25.0 82.1 62.1 33.2 72.7
Venezuela 37.0 24.3 34.0 22.1 22.1 19.5

Caribbean 71.7 25.0 77.8 56.2 27.2 65.1
Mesoamerica 61.4 21.1 60.2 39.5 23.9 38.8
South America 58.5 21.9 59.5 40.1 24.3 42.3

Total 63.1 22.6 65.8 43.8 25.2 48.6

Notes: The table reports nationally aggregated statistics of the Rural Access Index computed at the
subnational level. The columns labelled “All roads” report results obtained when considering all roads
of tertiary hierarchy or higher (simple mean and standard deviation across subnational units), while the
columns labelled “Paved roads” report the corresponding statistics restricted to paved segments. Within
each block, the third column (“Weighted mean”) reports the population-weighted national mean. The bot-
tom rows show simple averages by subregion and for the full set of countries analyzed. Em dashes denote
countries without subnational disaggregation, for which only the national-level (population-weighted)
figure is reported.
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Table A.3: RAI Semielasticity: Non Linear Specification

(1) (2)
All roads Paved roads

Decile 2 0.17577∗∗ 0.02974
(0.06850) (0.07134)

Decile 3 0.19834∗∗∗ 0.10946∗

(0.05888) (0.05475)

Decile 4 0.25870∗∗∗ 0.11201∗∗

(0.07387) (0.05228)

Decile 5 0.20562∗∗∗ 0.16110∗∗

(0.06218) (0.06287)

Decile 6 0.27449∗∗∗ 0.16729∗∗

(0.07973) (0.06747)

Decile 7 0.29068∗∗∗ 0.22327∗∗∗

(0.08013) (0.05476)

Decile 8 0.33769∗∗∗ 0.19813∗∗∗

(0.09456) (0.06115)

Decile 9 0.39290∗∗∗ 0.29099∗∗∗

(0.10736) (0.07934)

Decile 10 0.42100∗∗∗ 0.33146∗∗∗

(0.11241) (0.08619)
Observations 5,410 5,410
R-squared 0.798 0.797

Notes: Non-linear specification: the continuous RAI is replaced by decile dummies and the first decile
is the omitted reference category, so each coefficient is the average difference in the log of unimproved
agricultural land value between municipalities in the indicated decile and those in the first decile. Column
(1) reports the all-roads RAI; column (2) the paved-only RAI. Reading down a column traces the profile
of the relationship across the accessibility distribution, and the contrast between columns is the floor
effect: the paved-only coefficients stay flat and insignificant in the bottom deciles while the all-roads
coefficients rise monotonically. All regressions control for the standard deviation of elevation, the degree
of urbanisation (DEGURBA) and state fixed effects. Standard errors clustered at the state level in
parentheses; the confidence intervals in the corresponding figure are obtained by wild cluster bootstrap
(9,999 replications, 24 state clusters). *** p<0.01, ** p<0.05, * p<0.1.
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Table A.4: RAI Semielasticity and Fiscal revenues

(1) (2)
All roads Paved roads

RAI × Q1 (low revenue) 0.00758∗∗∗ 0.00578∗∗∗

(0.00135) (0.00109)

RAI × Q2 0.00769∗∗∗ 0.00476∗∗∗

(0.00235) (0.00096)

RAI × Q3 0.00531∗∗ 0.00223∗∗

(0.00238) (0.00105)

RAI × Q4 0.00282∗ 0.00203∗∗

(0.00147) (0.00084)

RAI × Q5 (high revenue) 0.00246 0.00208
(0.00201) (0.00146)

Observations 5,378 5,378
R-squared 0.801 0.800

Notes: Each coefficient is the semi-elasticity of the log of unimproved agricultural land value with respect
to the RAI, estimated within the indicated quintile of municipal own fiscal revenue per capita. Column
(1) reports the semi-elasticity for the all-roads RAI; column (2) for the paved-only RAI. Reading down
each column shows the gradient across fiscal-capacity groups, while comparing columns within a quintile
shows the gap between the two measures, which is largest in the bottom quintiles and vanishes in the
top one. All regressions control for the standard deviation of elevation, the degree of urbanisation
(DEGURBA), quintile-of-fiscal-revenue fixed effects and state fixed effects. Standard errors clustered at
the state level in parentheses; confidence intervals in the corresponding figure obtained by wild cluster
bootstrap (9,999 replications, 24 state clusters). *** p<0.01, ** p<0.05, * p<0.1.
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