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ABSTRACT

Research on how urbanization affects rural agriculture has typically focused on loss of farmland due to urban
expansion. However, more distal pathways that could link urbanization to rural agriculture, including enhanced
connectivity through rural-urban migration and market access, remain poorly understood. Here, we assess
whether greater rural-urban connectivity is associated with changes in agricultural land management across the
Global South. Such associations are complex, and thus difficult to measure at this scale. We therefore take a two-
step approach to investigate these relationships. First, using a multivariate clustering approach, we define a
series of rural-urban connectivity typologies from existing spatial data on land use, demographics, rural market
access, and rural population change (as a proxy for outmigration). We examine the variation in key agricultural
outcome variables (mean cereal crop yields, % of attainable yields met, and cropping frequency) within the
typologies, which shows that greater overall connectivity (market access and population change) is associated
with higher cereal yields, yield attainment, and cropping frequency. Second, building on these clustering results,
we develop hypotheses about the relationship between rural-urban connectivity and agricultural land use in-
tensity. We then use propensity score matching to test these hypotheses by comparing locations with similar
sociodemographic and land use characteristics. When controlling for gross domestic product (GDP) per capita,
agricultural land, and population density, rural locations with relatively high market access, negative population
change, and greater built-up area have significantly higher mean nitrogen application rates, irrigated areas, and
cereal yields across the Global South. Results vary by region, but greater rural-urban connectivity and urban
extents are generally associated with higher overall agricultural inputs and yields, particularly in Asia. However,
we find little support for a relationship between connectivity and either % attainable yields met or field size. Our
findings stress the need to better understand the mechanisms that link urbanization processes and agricultural
management at different spatiotemporal scales.

1. Introduction

globally—especially in cities of the Global South—understanding the
magnitude and variability of contemporary rural-urban interactions

Urbanization, defined as changes in demographic composition and
expansion of built-up areas, is one of the most important drivers of
land-use change globally (Schneider et al., 2015). Urban expansion has
contributed to the loss of substantial amounts of productive farmland in
many regions (Bren d'Amour, 2016). However, urbanization is also
linked to a myriad of physical, economic, or social processes occurring
in rural areas (Jedwab et al., 2014). For example, a relationship be-
tween urbanization and diet trends toward more energy-dense pro-
cessed foods and animal products could create feedbacks to rural
agricultural production systems (Satterthwaite et al., 2010; Seto and
Ramankuty, 2016). With increasing urbanization and food demand

could provide insight on future land-use dynamics.

A growing body of research considers how urbanization impacts the
agricultural systems that may supply food and other resources for cities.
Rural and urban places coexist in a continuum, linked by multiple types
of spatial and sectoral connections (Tacoli, 2004; Seto et al., 2012).
Flows of people, goods, and information link urban populations to rural
landscapes (e.g., Seto et al., 2012; Gilineralp et al., 2013; Djurfeldt,
2015), which we refer to as rural-urban connectivity. Markets link rural
activities to cities and larger regions via trade, enabling rural agri-
cultural production in one location to benefit other distant places
(Verburg et al., 2011). Market accessibility metrics can therefore be
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useful for examining spatial relationships between rural agricultural
production systems and cities, as markets can affect decisions about
agricultural investment and production (Sloat et al., 2018). Farmers
close to urban markets can more easily purchase agricultural inputs,
access services such as credit and insurance, and trade their products,
which can lead to both increased agricultural productivity and agri-
cultural specialization (Masters et al., 2013).

Outmigration from rural to urban areas can also link urbanization to
agrarian change through the various connections between individuals’
places of origin and destination (Tacoli et al., 2015). Urban centers
often offer more diverse employment, educational, and cultural op-
portunities compared to rural areas, effectively extracting labor from
agricultural sectors. Resulting changes in land-to-labor ratios can affect
farm characteristics, including farm size, use of inputs, and commer-
cialization of farms in general (ISPC, 2013; ISU, 2015). The remittances
received by rural households from outmigration of family members
may lead to greater investments in agricultural land in terms of labor
and other inputs (Tacoli, 2004; Ospina et al., 2018), though some stu-
dies have found mixed effects of outmigration on agricultural outcomes
(Gray and Bilsborrow, 2014; Ochieng et al., 2016). Conversely, re-
mittances could lead to livelihood diversification, allowing households
to move away from agricultural livelihoods altogether (Ellis, 1998).

Several local- and national-scale studies examine the mechanisms
linking urbanization to agricultural land practices (e.g., Masters et al.,
2013; Onwuchekwa and Ukandu, 2015; Jiang et al., 2013; Ospina et al.,
2018). For example, Jiang et al. (2013) use a panel econometric model
to assess linkages between urban expansion onto agricultural lands and
changes in agricultural land use intensity in China. However, systematic
analysis of rural-urban linkages is rarer in regional- and global-scale
research (Seto et al., 2012). Global land systems classifications provide
a conceptual starting point by highlighting underlying spatial patterns,
such as regions where high rates of urbanization coincide with different
forms of agriculture (van Asselen and Verburg, 2012; Vaclavik et al.,
2013). Land system classifications increasingly incorporate different
socioeconomic and agro-environmental factors, such as per capita in-
comes and land management characteristics (Ellis and Ramankutty,
2008; Letourneau et al., 2012). However, to our knowledge, con-
nectivity variables, such as rural-urban migration and market accessi-
bility, have not yet been integrated in land systems classifications at
continental or global scales. Integrating rural-urban connectivity into
land systems classification could help to better understand the drivers
and feedbacks between urbanization and rural agricultural land use.

As a starting point for empirical analysis of potential relationships
between urbanization and agricultural land use and management, we
devised an analytical framework that combines the concept of rural-
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urban connectivity with key themes from the literature on global land
systems (Fig. 1). Our framework depicts potential social and economic
interactions between urban and rural areas embedded within a larger
relationship between rural land system change and agricultural land
management. We apply this framework to examine the extent to which
urbanization processes may be associated with different agricultural
inputs and outcomes across the Global South. Specifically, we focus on
the role of rural-urban connectivity (i.e., rural market accessibility and
rural outmigration) as a potential mechanism that could influence rural
agriculture, distinguishing between the more proximate effects of urban
land extent and the more distal effects of market access and migration.
Agricultural land use intensity can be measured in multiple ways, in-
cluding agricultural outputs per unit land per unit time (e.g., crop
yield), cropping frequency, or inputs per unit area (e.g., fertilizer use)
(Turner and Doolittle, 1978; Jiang et al., 2013; Erb et al., 2013). Ac-
cordingly, we adopt several indicators of agricultural inputs and out-
comes, which are relevant to characterizing agricultural management
and land use intensity.

Our aim in this study is to explore whether rural-urban con-
nectivity, in terms of market access and human migration, is related to
agricultural inputs (e.g., fertilizer application rates) and outcomes
(e.g., crop yields) across the Global South. We use a two-step approach
to test this. First, we conduct an exploratory analysis with multivariate
clustering to examine how rural-urban connectivity relates spatially to
several different agricultural and urbanization variables. Multivariate
clustering facilitates exploration of complex relationships among
multiple variables at the same time. By examining the spatial patterns
in the resulting clusters and how these compare to key agricultural
outcome variables (crop yields, % yield attainment, and cropping
frequency), we draw three specific, directional hypotheses about the
relationship between rural-urban connectivity and agricultural land
use intensity. In a second step, we use an inferential statistical ap-
proach with propensity score matching techniques to test these hy-
potheses. Matching facilitates comparison among locations that differ
in the connectivity measures by controlling for potential confounding
factors, such as GDP per capita (sensu Jiang et al., 2013). In the
matching analysis, rural-urban connectivity is compared across binary
control/treatment groups (e.g., high vs. low market access) and each
agricultural outcome/response variable (e.g., crop yields, % yield at-
tainment, and cropping frequency) is considered in a separate model.
Our findings from both approaches provide some evidence that ur-
banization processes may be associated with certain types of changes
in nearby agricultural landscapes, stressing the need to consider what
implications projected future urban growth could have for agricultural
land use and management.

Rural systems
Agricultural outcomes
Crop yield
Crop yield attainment (yield gap)
Cropping frequency

/

e

Socioeconomic context

Fig. 1. Guiding analytical framework for assessing if changes in rural-urban connectivity (due to market access and migration) and urbanization (i.e., the expansion
of urban extent) relate to changes in rural agricultural land use and management. The dotted arrows represent distal relationships and the solid arrow represents a
proximate relationship. The key variables used in the study are italicized. Letters a—c refer to the three hypotheses tested in this study (described in Section 3.3). In
this study, we account for the potential moderating influence of socioeconomic context on these relationships by considering gross domestic product (GDP) per capita

as well as carrying out separate regional analyses.
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2. Methods
2.1. Analytical framework

In this study, we use two variables to represent urban systems (urban
extent and population density) and compare them to a series of variables
that represent agricultural land management in rural system-
s—differentiating between agricultural inputs (e.g., fertilizer application
rates), outcomes (e.g., crop yields), and farming system characteristics
(e.g., field size) (Fig. 1). Although we distinguish between ‘urban’ and
‘rural’, our intent is to examine the role of rural-urban connectivity as a
mechanism by which urban processes could influence rural areas. While
urban expansion onto agricultural lands is a proximate link between
urbanization and rural agriculture, market accessibility is a mechanism
for potential distal links; for example, farmers who are closer to markets
may have greater access to agricultural machinery, inputs, information,
and buyers. Another distal link is rural outmigration, which may lead
areas experiencing a loss of agricultural labor or receiving higher levels
of remittances to see changes in farmland prices resulting in consolida-
tion of land onto larger farms.

2.2. Study area

Our study area encompasses Latin America, Sub-Saharan Africa, and
South and East Asia (individual countries are listed in Table S1) using
two hexagon grids equal to ~13,000 km? (sub-regional scale) and
~130 km? (local scale), respectively (detailed in Section 2.4). These
three Global South regions were chosen because of distinct and more
recent processes of urbanization compared to countries in the Global
North (Nagendra et al., 2018; Jedwab et al., 2014). In addition to the
full study area, separate regional analyses helped to account for po-
tential differences in the relationship between urbanization and rural
agriculture across continents.

We divide agricultural lands into three overarching types of land use
systems; cropland, grazing, and mixed cropland-grazing land systems using
globally consistent datasets (Ramankutty et al., 2008). Agricultural lands
were grouped into these categories based on either cropland or pasture
being dominant (Fig. 2). We excluded grazing-dominated areas
(where > 75% of the agricultural land is pasture) from further analysis
given our emphasis on cropland systems and because less global data is
available to assess land use intensity in pastures. Hexagons identified as
cropland are concentrated mainly in South and Southeast Asia, as well as
along the western coast of Africa (e.g., Nigeria and Cameroon) and East
Asia; a smaller number are present in Mexico, Peru, Brazil, Suriname,
and Argentina. The majority of agricultural land considered in the rest of
Africa and Central and South America, as well as in some of East Asia, is
classified as mixed land systems (Fig. S1).

2.3. Data sources and preparation

We collated existing global spatial datasets relating to key aspects of
land use/land cover, demographic context, rural-urban connectivity,
agricultural inputs, and farming system characteristics (Table 1). Da-
taset selection was based on coverage for the full study area in the
period 2000 to 2005.

We used a global map of urban built-up areas (locations dominated by
the built environment) from Schneider et al. (2009) to reflect circa
2001-2002 urban extent based on Moderate Resolution Imaging Spec-
troradiometer (MODIS) imagery. The MODIS dataset was used to distin-
guish between urban and non-urban areas throughout our analysis. As a
second urban variable, we used circa-2000 population density maps from
the Gridded Population of the World, Version 4 (GPWv4) (CIESIN, 2016).

We focus on two variables describing potential mechanisms for rural-
urban  connectivity: market access and population change.
Verburg et al. (2011) computed a global market access index (ranging from
0-1) by using travel times to domestic and international markets and to
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cities with more than 50,000 inhabitants. Accounting for rural out-
migration is particularly challenging because global spatial data on rural-
urban internal migration are currently unavailable. To provide a globally
consistent proxy for potential rural outmigration intensity across the Global
South, we used the spatial dataset of Global Estimated Net Migration by
Decade from the Center for International Earth Science Information Net-
work (CIESIN) (de Sherbinin et al., 2012, 2015). This indirect estimation of
net migration represents the number of people migrating into an area
minus the number of people migrating out, after accounting for rates of
natural increase from births and deaths. We use these data as a proxy to
distinguish between rural areas with net inmigration and net out-
migration.” To better reflect rural areas, we masked the MODIS urban
extents from both the market access and the population change data in
their respective base resolutions prior to summarizing in the hexagons (i.e.,
grid cells overlapping with built-up areas were removed).

We define agricultural management in cropland and mixed land
systems based on key inputs (e.g., fertilizer and irrigation), farming
system characteristics (e.g., field size), and farm outputs (e.g., crop
yield, yield attainment, and cropping frequency). As a proxy for ferti-
lizer nutrient use, weighted average synthetic nitrogen (N) fertilizer
application rates for 140 crops (listed in Table S2) were calculated
using harvested areas of each crop as weights (Mueller et al., 2012). As
a proxy for irrigation water use, we use a global gridded dataset of
monthly irrigated areas for 26 crop classes (listed in Table S2) to cal-
culate the percentage of irrigated harvested areas out of the total har-
vested area (Portman et al., 2010). As a proxy for farm size, we used the
global cropland field size index from Fritz et al. (2015), which ranges
from 10 (very small field size of < 0.5ha) to 40 (very large field size
of > 100 ha). Total agricultural extent (cropland + pasture) was also
summarized for each hexagon.

Agricultural outcome variables considered include yield gap, major
cereal yields, and cropping frequency (crops are listed in Table S2). We
used yield gaps from Mueller et al. (2012) that are based on observed
crop yields, crop yield potentials, and climate data for 16 major crops.
We calculated a weighted average yield gap by weighting the crop-
specific yield gaps by the harvested areas of the 16 crops and then
standardized this as a percentage of attainable yields met (% attainable
yields met = 100 — yield gap %) for consistency with other variables.
Mean cereal yields for 7 major cereals were summarized by hexagon
(Mueller et al., 2012). Lastly, cropping frequency was calculated from
the ratio of maximum monthly growing area to harvested area for 26
crops by using the approach of Siebert et al. (2010) to calculate the
metric they call “cropping intensity”, excluding fallow areas.

2.4. Hexagon grid

Spatial datasets were retained in their original resolutions and then
aggregated to a coarser scale to help reduce uncertainties arising from
different resolutions and input data quality (especially for the rural
outmigration proxy). A tessellation of 5,172 hexagons, each with an
area approximately equal to 13,000 km? at the equator was created in
ArcGIS 10.5.1 (ESRI, 2017). Hexagons were chosen because this is the
closest shape to a circle that can be tessellated, reducing distortion
compared to a square grid in terms of grid cell area and thus also re-
ducing inconsistency in terms of how much agricultural land was being
compared in each hexagon. The hexagon area of 13,000 km® was
chosen primarily due to the coarse resolution of the historical popula-
tion grids used as an input to estimate subnational net-migration
(de Sherbinin et al., 2015). However, to account for potential scale-
dependence and to take advantage of the relatively higher spatial

! We caution that some areas identified as having rural population growth
may actually reflect finer-scale urban population change due to the coarse re-
solution of the historical population grids (~ 10,000 km?) used in calculating
population change by de Sherbinin et al. (2015).
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13,000 km?: n = 5,172
130 km?: n = 473,838

Global South

Agricultural land <1%
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Agricultural land =2 1%

n = 689* n = 4,483
n = 106,662 n=367,176
Non-agricultural Agricultural

*one urban hexagon (Sao Paulo, Brazil) omitted,

>20% total area built-up

Cropland = 75%

& Pasture < 75%

Cropland < 75%
ropian y Pasture > 75%

Cropland Mixed Grazing
n=924 n=1,097 n = 2,462
n = 95,680 n = 76,084 n=195,412

Fig. 2. Classification of land systems across the Global South. Sample size numbers indicate the count of hexagons for the 13,000 km? and 130 km? resolution
analyses, respectively. Hexagons in the shaded groups were excluded from the analysis. See Fig. S1 for a map of the classification.

resolutions of most of the datasets (Table 1), we repeated our hypoth-
esis testing analysis at a finer-resolution of approximately 130 km?
(explained in Section 2.6). For this, we created an additional tessella-
tion of 473,838 hexagons with an area of ~ 130 km?. To avoid bias from
coastal areas, hexagons with centroids that fell outside a country
boundary from the Database of Global Administrative Boundaries were
omitted (Hijmans, 2009), and the 130 km? hexagons were further
clipped to the spatial extent of the cropland dataset (Ramankutty et al.,
2008). Spatial variables were then summarized in each hexagon using
the aggregation procedure shown in Table 1.

2.5. Step 1: multivariate approach to characterize ‘urban’ and ‘rural’
systems

As an exploratory analysis used for hypothesis development, we
cluster the Global South into two typologies that address rural-urban
connectivity from different perspectives that we call urban-connectivity
and rural-connectivity typologies. These typologies give alternate van-
tage points on connectivity—one urban-focused and one rural-focused.
Eight land cover, demographic, agricultural, and rural-urban con-
nectivity variables are included (Table 1). Clustering is a multi-
dimensional statistical approach that partitions objects with the goal of
identifying the optimal number of natural groupings (Legendre and
Legendre, 2012). We use k-means, an unsupervised clustering method
that iteratively assigns each hexagon to the closest cluster centroid
(Tan et al., 2006), given its efficiency with partitioning large datasets
(Jain, 2010). Details on the clustering methodology are given in Ap-
pendix A. We calculated mean values of all variables (and standard
deviations), from which we described and named each cluster (Table S3
and Table S4). All analyses were performed using the R Statistical
Programming Language version 3.5.3 (R Core Team, 2018).

We summarize three key agricultural outcome variables (mean
cereal yields, % yield attainment, and cropping frequency) within these
typologies to assess the degree to which a gradient of rural-urban
connectivity across the clusters coincides with different agricultural
outcomes. We then test for significant differences in the outcome
variables across the clusters by using Wilcoxon rank-sum tests (also
known as Mann-Whitney tests). Wilcoxon tests can be used to compare

differences between independent groups with a variable that is not
normally distributed, which is the case for several of our agricultural
variables. Controlling for inflation of type I error was done with
Bonferroni correction, equal to a = 0.05 / number of comparisons. The
spatial patterns in the multivariate cluster analysis combined with the
inferences from the Wilcoxon rank-sum tests led us to generate a set of
hypotheses for formal testing (in Step 2).

2.6. Step 2: testing hypotheses about connectivity variables with matching

Building from the multivariate analysis, we further analyze the links
between rural connectivity and agricultural land management by pre-
processing the hexagons to reduce selection bias. In the absence of
randomization, we adjust for potential selection bias through pro-
pensity score matching. Matching techniques facilitate an “apples-to-
apples” comparison of outcomes in treatment versus control groups
(Stuart, 2010) by placing more weight on comparisons between loca-
tions that have more similar socioeconomic and land use character-
istics. Matching helps justify the assumption that both treatment and
control groups come from the same population, allowing inference from
comparing outcomes in the ‘treatment’ group to a ‘control’ that acts as a
baseline for counterfactual comparison. We assess the relationship be-
tween the three treatments and the six diverse agricultural outcome/
response variables: nitrogen application rates, irrigated cropland, %
attainable yields, cereal yields, field size, and cropping frequency
(Table 2). The matching models were developed for the entire study
area as well as for each region independently (Africa, Asia, and Latin
America) in order to explore potential differences within and across
regions for the hypotheses in Fig. 1.

Three covariates were used to develop the propensity score upon
which hexagons were matched, using a caliper width of 0.1 for all
models (detailed in Appendix A): gridded GDP per capita data at 5 arc-
minute resolution for the year 2000 from Kummu et al. (2018), as well
as population density (CIESIN et al., 2016) and total agricultural land
(Ramankutty et al., 2008). GDP per capita was included as a covariate
that can be associated with both of the treatment variables and with the
agricultural outcome/response variables. For example, a fairly strong
correlation exists between per capita GDP and urbanization (Cohen and
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Table 1
Datasets used for the multivariate and matching analyses.
Variable Dataset Base unit Base spatial Temporal Aggregation method used Source
resolution coverage in this study

Rural connectivity

Market access Market access index Index (0-1) 5 arc-min ~2000 Median market access Verburg et al., 2011
after urban extent is
masked (5 arc-min)

Rural outmigration proxy Global estimated net- Population number 30 arc-s 1990-2000 Sum of population de Sherbinin et al., 2015

migration grid change after urban extent

is masked (30 arc-s)

Urban connectivity

Urban extent MODIS Binary 15 arc-s ~2001-2002 % of total hexagon area  Schneider et al., 2009
built-up

Population density Gridded Population of the Population number 30 arc-s 2000 Median in hexagon CIESIN et al., 2016

World, v4

Farming systems and agricultural inputs

Total agricultural land EarthStat km? 5 arc-min ~2000 Sum of cropland & Ramankutty et al., 2008
pasture in hexagon

Nitrogen (N) application rate EarthStat kg Nha='yr! 5 arc-min ~2000 Grid cell weighted mean  Mueller et al., 2012
summarized as simple
mean in hexagon

Irrigated cropland area MIRCA2000 ha 5 arc-min ~2000 % of cropland irrigated in Portmann et al., 2010
hexagon

Field size Field size index Index (10-40) 30 arc-s ~2005 Majority field size class in Fritz et al., 2015
hexagon

Agricultural outcomes

Mean cereal yields EarthStat tha !yr~! 5 arc-min ~2000 Grid-cell level mean for 7 Monfreda et al., 2008
crops summarized as
simple mean in hexagon

Yield gap EarthStat tha™! 5 arc-min ~2000 Grid cell weighted mean  Mueller et al., 2012
summarized as simple
mean in hexagon

Cropping frequency MIRCA2000 # of crops harvested yr~! 5 arc-min ~2000 Mean in hexagon Portmann et al., 2010

Simet, 2018). Matching therefore helps to control for differences in
socioeconomic, population, and land use characteristics (the covariates)
across hexagons. For the ‘treatment’, we test three different types of
models that estimate the association between our connectivity and ur-
banization variables (hypothesized links a, b, and c in Fig. 1) on agri-
cultural outcomes among matched locations:

e Market access (treatment = high market access; control = low
market access),

e Rural outmigration proxy (treatment = negative population change;
control = positive population change), and

e Urban extent (treatment = high urban extent; control = low urban
extent).

While these groupings are not ‘treatments’ in the classical sense,
matching facilitates ‘like’ comparisons across our connectivity variables
to evaluate their hypothesized associations with the outcome/response
variables (Table 2). In the first model type, high market access (the
‘treatment’ group) hexagons are paired with more remote hexagons (the
‘control’ group) to estimate the impact of market access on agricultural
activities by controlling for similar GDP per capita, population, and
land wuse characteristics. While market access is continuous
(Verburg et al., 2011), we transformed it into a binary variable in which
areas were deemed “high access” at values =0.29 (the ‘treatment’
group, > 75th percentile of market access across the 13,000 km?
hexagons) or “low access” with values < 0.29 (the ‘control’ group). A
second model type is based on a binary variable that pairs hexagons
with negative rural population change (the ‘treatment’ group) to com-
parable areas with positive population change (the ‘control’ group) to
estimate the association between negative population change (a proxy
for rural outmigration) and agricultural activities. Finally, a third model
type pairs hexagons with high urban extent (=0.82% built up area, the
‘treatment’ group, representing the 75th percentile of built-up area
across the 13,000 km? hexagons) with comparable hexagons with low

urban extent (< 0.82% built-up area, the ‘control’ group) to estimate
the relationship between built-up environment and agricultural activ-
ities.

Overall, we test 72 models based on 6 different agricultural vari-
ables over the 3 ‘treatment’ model types for each of 4 scales (the Global
South, Africa, Americas, and Asia). To assess whether relationships are
robust at a finer spatial resolution, we repeat the 72 models using data
at the 130km? resolution, with the same treatment/control group
thresholds as in the 13,000 km? analysis. The matched hexagons for the
study area were more highly represented in Asia (from 49% up to 58%
depending on the hexagon resolution and matching model sample), so
we emphasize this region in Section 3 but present separate results for
each regional subset. For each agricultural variable, significant differ-
ences between the two groups were tested using the non-parametric
Kruskal-Wallis (H) test at the P = 0.05 level, which is equivalent to a
one-way analysis of variance (ANOVA) but can be used for variables
with non-normal distributions.

3. Results

We found that the spatial patterns in our multivariate urban- and
rural-connectivity clustering typologies are generally structured by the
rural-urban connectivity variables (market access and population
change). This is based on the general spatial overlap in the clusters for
both of the typologies, where the connectivity variables are the two
common variables (compare the urban-focused map in Fig. 3A with the
rural-focused map in Fig. 4A). When summarizing the agricultural
outcome variables according to the clusters in each of the two typolo-
gies (Fig. 3B-D and Fig. 4B-D), a general association emerges between
clusters with greater connectivity and the three agricultural outcome
variables (cereal yields, % attainable yields, and cropping frequency).
These patterns are broadly similar for both the urban and rural typol-
ogies.

The propensity score matching models developed based on the
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Table 2
Datasets used in the propensity score matching analyses.

Global Environmental Change 60 (2020) 101982

Covariates for matching — used across all models (3)

Treatment variables (3) Agricultural outcome/response variables (6)

(1) GDP per capita
(2) Population density
(3) Total agricultural land

18 models estimated at 4 scales (72 models total)
(1) Market access (1) Nitrogen application rate
(2) Rural outmigration proxy (2) Percent irrigated cropland
(3) Urban extent (3) Field size
(4) Major cereal yields
(5) % of attainable yields met
(6) Cropping frequency

spatial patterns evident in the multivariate clustering indicate that
matched locations with greater rural-urban connectivity and urbani-
zation have significantly higher values for roughly four of the six
agricultural response variables at the Global South scale (Table 3).
However, the strongest positive relationships between high-con-
nectivity and high agricultural intensity locations are typically in Asia
(Figs. 5 and 6), contributing disproportionately to the observed Global
South scale effects.

3.1. Patterns of rural-urban connectivity across the typologies

The k-means clustering indicated five clusters for each of the urban-
and rural-connectivity variables (Figs. 3A and 4A); in both, mean
market access follows a general gradient from high to low across the
clusters, with the urban typologies characterized by higher absolute
market access (Tables S3 and S4). The relatively high-connectivity
clusters in both the urban and rural typologies tend to overlap, although
the urban typology clusters (Fig. 3) are more heterogeneous due to the
effect of population density. The spatial patterns of rural-urban con-
nectivity differ across the regions in both typologies, with the greatest

connectivity in Asia. In the urban typologies, the greatest rural-urban
connectivity is concentrated around large cities in eastern China and
northern India, where urban extent and population density are rela-
tively higher than other regions, as shown in the ‘very high market access
with rural inmigration cluster’ (Fig. 3A). In the rural-connectivity typol-
ogies, areas with the highest levels of agricultural inputs (i.e., nitrogen
application rates and irrigated areas) are also found in eastern China
and northern India, such as in the ‘very high market access croplands’
cluster (Fig. 4A).

Clear patterns of low connectivity are also found in the clustering
results for both typologies. The urban and rural clusters characterized
by low market access emphasize more remote areas with lower popu-
lation densities and lower cropland extents. For the urban typologies,
the ‘very low market access with rural outmigration’ cluster includes
slightly built-up areas with low population densities dispersed across
large parts of Southeast Asia, sub-Saharan Africa, and South America.
Many of these areas are also encompassed by the rural typologies of
‘very low market access mixed grazing-cropland with outmigration’ cluster,
which includes more remote pasture and cropland characterized by
moderate field sizes (influenced particularly by large fields in southern
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Fig. 3. Distribution of the multivariate urban-connectivity typologies across the

% attainable yields met

Cropping frequency

Global South (A), with clusters grouped by comparable intervals of market access

(MA) within each typology for the cropland and mixed land systems. Clusters are based on four variables: MA, rural population change (a proxy for rural out-
migration), urban extent, and population density. Panels B, C and D show summaries of the agricultural outcome variables (mean cereal yields, % attainable yields
met, and cropping frequency) according to the urban-connectivity typologies in A. Note the logarithmic X-axis scale in panel B. Means (black dots) and standard
deviations (black lines) are shown; violins indicate data distributions. Letters next to each violin indicate results from the Wilcoxon rank-sum tests with Bonferroni-
correction; within each panel, any rows not containing the same letter indicates a significant difference between clusters.
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Fig. 4. Distribution of the multivariate rural-connectivity typologies across the Global South (A), with clusters grouped by comparable intervals of market access
(MA) within each typology for the cropland and mixed land systems. Clusters are based on seven variables: MA, rural population change (a proxy for rural out-
migration), nitrogen application rate, irrigated cropland, cropland area, pasture area, and field size. Panels B, C and D show summaries of the agricultural outcome
variables (mean cereal yields, % attainable yields met, and cropping frequency) according to the rural-connectivity typologies in A. Note the logarithmic X-axis scale
in panel B. Means (black dots) and standard deviations (black lines) are shown; violins indicate data distributions. Letters next to each violin indicate results from the
Wilcoxon rank-sum tests with Bonferroni-correction; within each panel, any rows not containing the same letter indicates a significant difference between clusters.

South America), moderate nitrogen application rates, and low irriga-
tion. While market access follows a clear gradient in both typologies,
rural population change is more variable both within and across clus-
ters in both typologies—however, higher market access clusters tend to
have either inmigration (in the urban typologies; Table S3) or are
characterised by higher absolute outmigration, on average (in the rural
typologies; Table S4).

3.2. Agricultural outcome variables across the urban- and rural-connectivity
clusters

The distributions of the agricultural outcomes are similar across the
urban- and rural-connectivity typologies (e.g., Figs. 3B and 4B). The three
agricultural outcomes (cereal yields, % attainable yields, and cropping
frequency) are positively associated with the higher market access clusters.
Mean cereal yields differ significantly across most urban clusters and some
of the rural clusters, with significantly higher cereal yields in the cluster
with the highest market access. For example, the urban and rural clusters
#1 (high market access) have mean cereal yields (both 3.1 t ha=* yr—%)
that are significantly greater than that of the urban and rural clusters #5
(1.9 and 1.8 t ha~! yr ™!, respectively) with low rural market access and
lower rural population change. There are also moderate trends for the
more remote cropland and mixed land systems being characterized by
lower % attainable yields (i.e., higher yield gaps) and cropping frequency
(i.e., fewer cropping cycles per year) than higher market access clusters,
which are relatively closer to their yield potentials.

3.3. Hypotheses testing results

Based on the general associations between higher connectivity
clusters and the three outcome variables in our multivariate analysis,

we devised three specific hypotheses (Table 3) to test the potential
relationships between connectivity and urbanization variables for the
six agricultural response variables in statistically matched hexagons.
These hypothesized relationships reflect multiple dimensions of agri-
cultural land management, including input, outcome, and farming
system variables, which we generalize as ‘land use intensity’ (where
higher values for any variable indicate greater intensity).

Hypothesis a. Locations with greater rural market access have higher
agricultural land use intensity than low market access areas (link a in Fig. 1)

Matched high market access areas across the Global South have
significantly higher mean nitrogen application rates (+27-40%), irri-
gated areas (+41-62%), cereal yields (+13-15%), and cropping fre-
quency (+2-8%) compared to low market access areas (ranges reflect
variation across the two analysis resolutions; Table 4). In the local
(130 km? resolution) analysis, % yield attainments are also typically
greater in high market access areas (Table 5). High market access areas
have significantly higher irrigated areas than lower market access areas
across all regions and at both resolutions, as well as higher cereal yields
in all regions for the local resolution analysis (Table 5). However, there
were few significant differences for matched high and low market ac-
cess areas in Africa and no models were significant for field size.
Hypothesis b. Locations with negative rural population change
(outmigration) have higher agricultural land use intensity than locations
with positive rural population change (inmigration) (link b in Fig. 1)

Matched negative rural population change areas across the Global
South have significantly higher nitrogen application rates (+13-31%),
irrigated areas (+12-33%), and cereal yields (+11-12%) than areas
with positive population change at both resolutions (Table S7). However,
counter to our hypothesis, negative rural population areas have lower
(—3 to —4%) yield attainment across the Global South at both
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Hypothesis development from multivariate clustering and overview of subsequent hypothesis testing results from the matching analysis.

Insight from multivariate
clustering approach leading to
hypothesis

Hypotheses

Support from
matching —
13,000 km?*
hexagons

Support from
matching — 130 km?
hexagons

Key findings

Clear gradient in mean rural
market access (high to low)
across both urban and rural
clusters (Tables S3 and S4).
High rural market access
clusters associated with
relatively higher mean
cereal yields, yield
attainment, and cropping
frequency.

Moderate association between
relatively high population
change clusters, higher
mean cereal yields, yield
attainment, and cropping
frequency (Tables S3 and
S4). Population change
direction and magnitude
varies across clusters.

Built-up area has a clear
influence on cluster spatial
patterns in urban
typologies, spatially

a: Rural market
access positively
related to land
use intensity

b: Rural
population
change (proxy
for outmigration)
positively related
to land use
intensity

c: Urban extent
positively related
to land use
intensity

12 of 24 market
access models +,
significant

(P < 0.05 or lower)

8 of 24 rural
outmigration models
+, significant

(P < 0.05 or lower)

14 of 24 urban extent
models +,
significant
(P < 0.05 or lower)

17 of 24 market
access models +,
significant

(P < 0.05 or lower)

15 of 24 rural
outmigration models
+, significant
(P < 0.05 or lower)

17 of 24 urban extent
models +, significant
(P < 0.05 or lower)

In Asia and at the Global South scale,
matched locations with high market
access have significantly higher:

« mean N application rate

* % irrigated cropland

« cereal yields

« cropping frequency
at both 13,000 km* and 130 km?
resolutions.
Irrigated cropland has consistent positive
relationship with market access in all
regions.
At the Global South scale, matched
locations with rural outmigration have
significantly higher:
- mean N application rates
* % irrigated cropland
« cereal yields
at both 13,000 km?* and 130 km?
resolutions. Results for individual
regions are variable, but mean N
application rates and cropping frequency
are consistently greater in outmigration
areas (130 km? resolution).
In Asia and at the Global South scale,
matched locations with high urban
extent have significantly higher:

« mean N application rate

coinciding with high-input
rural clusters. Urban
typology cluster #1
(highest built-up area)
associated with clearly
higher mean cereal yields,
yield attainment, and
cropping frequency relative
to low built-up area
clusters.

* % irrigated cropland

« cereal yields

« yield attainment

- cropping frequency
at both 13,000 km* and 130 km?
resolutions.
Irrigated cropland has consistent positive
relationship with urban extent in all
regions.

resolutions. At the regional scale, Asia has the most coincidence between
negative rural population change and greater overall agricultural in-
tensity, with significantly higher mean nitrogen application rates and
cereal yields, as well as cropping frequency (at the 130 km? resolution),
relative to areas with positive population change (Table 5). Results for
Latin America and Africa are more variable at both resolutions.

Hypothesis c. Locations with high urban extent have higher agricultural
land use intensity than low urban extent areas (link c in Fig. 1)

Matched high built-up areas in the Global South have significantly
higher nitrogen application rates (+32-36%), irrigated areas
(+48-60%), cereal yields (4 18-19%), yield attainments (4 10%), and
cropping frequency (+5-8%) at both resolutions (Table S8). These
results are consistent in Asia but more variable for the other regions in
both of the analysis resolutions. For example, no significant differences
were found between high built-up areas and cereal yields or cropping
frequency in Africa at either scale. Significant differences in some re-
gional models for nitrogen application rates and irrigated areas (at the
13,000 km? resolution) were sensitive to the specific subset of control/
treatment hexagons chosen by the matching procedure (Table 5).

3.4. Evidence for and against hypotheses

Although we find mixed evidence in support of our three specific hy-
potheses across all 6 outcome/response variables (Table 3), findings in

support of the hypotheses are generally robust at both sub-regional
(13,000 km?) and local (130 km?) resolutions. Positive effects supporting
hypotheses a, b, and c are clearest in Asia, where higher rural market access,
negative rural population change, and higher built-up areas coincide with
greater nitrogen application rates, irrigated areas, cereal yields, and crop-
ping frequency in the local resolution models (Table 5 and Fig. 6). However,
we find little or no support for a relationship between connectivity and the
% yield attainment and field size variables at either resolution. There is also
less support overall across the tested models for our rural outmigration
proxy (negative population change) at the sub-regional scale.

At the Global South scale, when controlling for GDP per capita,
population density, and total agricultural land, higher connectivity and
more built-up areas have significantly higher means across at least four
of the six agricultural response variables in both the local and sub-re-
gional models. However, these trends are quite variable for the regional
models. In some cases, results differ across the regions and the two
resolutions (e.g., a positive effect observed at the local scale versus a
negative effect at the sub-regional scale) due to different matching
sample subsets. There are typically weaker trends in agricultural out-
come variables in Latin America and especially Africa compared to Asia
across both resolutions. For example, Africa has low overall fractions of
irrigated cropland and matched areas with negative rural population
change have significantly lower irrigated cropland (20-40% lower)
than positive population change areas. Therefore, support for our hy-
potheses is not generalizable across regions.
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Fig. 5. Examples of matching comparisons for key agricultural input variables among the control and treatment subsets for Asia at the 13,000 km? hexagon
resolution: average nitrogen application rates (first column) and % irrigated croplands (second column) for matched areas in Asia (matched subsets for each
explanatory variable are shown in the third column). The graphs compare matched hexagons with high/low market access (top row), negative/positive population
change (middle row, a proxy for rural outmigration and inmigration), and high/low urban extent analyses (bottom row). The top part of each plot shows the
distribution shape (as a partial violin plot) and the bottom part shows the means and standard deviations as thick black dots and lines. Note that five of the six models
are significant at the P < 0.05 level or lower (control/treatment means are not significantly different for % cropland irrigated in the population change model).

4. Discussion

Our results empirically show some evidence that greater rural-urban
connectivity and urban extents are associated with differences in agri-
cultural land management, particularly in Asia. We found some support
for our hypothesis that areas closer to markets that experience rural
outmigration tend to have greater agricultural land use intensity com-
pared to relatively remote areas or those that experience inmigration.
This is especially the case for irrigation, where locations with high
connectivity and urban extents have significantly more irrigated crop-
land compared to areas with lower connectivity and urban extents
across the Global South for both the local and sub-regional scales
(significant positive relationships were found for 21 of the 24 tested
models for irrigated areas overall in Table 5). This finding is in line with
the analysis by Thebo et al. (2014), which showed that 60% of the
global irrigated cropland area is located within 20 km of urban areas.
Although one of the key strengths of statistical matching is that pre-
processing of the data can better facilitate causal inference
(Stuart, 2010), we caution against interpreting a causal link between
rural-urban connectivity and agricultural change at this scale, particu-
larly given that consistent panel data was not available.

In contrast, we found little to no support for a consistent relation-
ship between urbanization processes and field size at either the sub-
regional or local scales. Our rationale for including field size (as a proxy
for farm size) was based on historic trends toward consolidation of crop

production onto relatively larger farms in parts of countries such as the
United States (MacDonald et al., 2013) and Brazil (Ferreira Filho and
Vian, 2016) as production became more specialized over time. How-
ever, croplands on peripheries of urban areas may experience different
farm size dynamics due to land constraints and higher population
densities (Samberg et al., 2016). For example, urban expansion in the
Hang-Jia-Hu region of China between 1994-2003 led to fragmentation
and isolation of agricultural patches (Su et al., 2011). Rather than no
relationship, there may be a directional relationship between urbani-
zation and field size that works differently within and across regions
(Djurfeldt, 2015; Jayne et al., 2016). Farm size may also interact with
other agricultural inputs and outcome variables. In rural areas experi-
encing outmigration, reduced household labor availability could lead to
reduced agricultural investments or land abandonment (Gray, 2009;
Castelhano et al., 2016). In contrast, Wu et al. (2018) found that a 1%
increase in farm size in China was associated with a 0.3% and 0.5%
decrease in fertilizer and pesticide use per hectare, respectively.
Regional disparities in the effects observed here (Table 5) indicate
that any mechanistic relationship between rural-urban connectivity and
rural agricultural change likely varies within and across countries. For
example, analysis of links between urbanization and agricultural land
use intensity in China showed a negative relationship between urban
expansion and cropping frequency (nationally; Jiang et al., 2013) but a
positive relationship for fertilizer use (in Henan province; Jiang and
Li, 2016). Declining cropland area per capita and resulting land scarcity
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Fig. 6. Examples of matching comparisons for key agricultural input variables among the control and treatment subsets for Asia at the 130 km? hexagon resolution:
average nitrogen application rates (first column) and % irrigated croplands (second column) for matched areas in Asia (matched subsets for each explanatory variable
are shown in third column). The graphs compare matched hexagons with high/low market access (top row), negative/positive population change (middle row, a
proxy for rural outmigration and inmigration), and high/low urban extent analyses (bottom row). The top part of each plot shows the distribution shape (as a partial
violin plot) and the bottom part shows the means and standard deviations as thick black dots and lines. Note that all models are significant at the P < 0.05 level or
lower.

as well as increasing urban wages were potential explanatory factors
(Jiang and Li, 2016). Similarly, a study exploring the impacts of ur-
banization on agricultural land use in Pennsylvania found that the
pressures put on farmers included moving to more land-intensive sys-
tems, diversifying their income from off-farm work, selling their land
and reducing agricultural activities (Larson et al., 2001). Accounting for

relationship between urbanization characteristics and agricultural land
management characteristics at different scales.

Our findings are dominated by trends that are clearer in Asia, a region
which represents from 49% to 58% of the hexagons in our matching
analysis (the range varies based on the matching models and the two re-
solutions). Differences in urbanization histories and agricultural develop-

ment among Asia, Africa, and Latin America may therefore help to explain
regional differences in our results. For example, while Asia has a much

country-specific responses to urbanization and sub-regional land-use
policies is therefore an important next step for empirical analysis of the

Table 4

Examples of results for selected market access (MA) models at the Global South scale showing the percent differences in means of four response/outcome variables
with significant, positive relationships (at least P < 0.05 or lower) at both the local and sub-regional hexagon resolutions. For the Global South scale, 58% of
hexagons in the 13,000 km? and 57% of hexagons in the 130 km? market access matching models are located in Asia, respectively. Tables S7 and S8 provide similar
results for the rural outmigration proxy and urban extent models, respectively.

% difference in mean for high Standard deviation
MA areas relative to low MA [Treatment / Control]

Sample size
[Treatment + Control]

Response/outcome variable Hexagon

resolution

Means from matching
subsets [Treatment /

Control] areas

Nitrogen application rate (kg N 13,000 km? 70/ 51 +27% 52/ 47 n =692
ha='yr=%) 130 km? 78 / 47 +40% 46 / 56 n = 82,064

Irrigated cropland (%) 13,000 km? 31/19 +41% 24 /21 n =692
130 km? 31/12 +62% 23 /32 n = 82,064

Mean cereal yields (tonnes 13,000 km? 24/21 +13% 1.0/ 0.9 n =692
ha~?yr™1) 130 km? 2.4 /2.0 +15% 09/1.1 n = 82,064

Cropping frequency (# of crops 13,000 km? 1.18 /1.16 +2% 0.19/0.17 n =692
harvested yr~') 130 km? 1.22 /1.13 +8% 0.19/0.25 n = 82,064
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Results of the 72 matching models tested at the 13,000 km? (sub-regional) scale and the 72 matching models tested
at the 130 km? (local) scale, respectively. Shaded cells indicate where there is a significant, positive relationship
between the rural-urban connectivity treatment variables (high market access and rural outmigration), or the high
urban extent treatment variable, and one of the six agricultural outcome/response variables. Each model was tested
with two subsets based on a different random number seed, and some models were only significant in one of the two
subsets (shown with a *). Cells that are not shaded had either a non-significant difference between the treatment
and control means or a significant negative relationship. Numerical details for the matching models (chi-square and

exact P values) are given in Tables S5 and S6.

Sub-regional scale (13,000 km?)

Asia

Global Latin
South  Africa America
High market access [
Rural outmigration
High urban extent *

Nitrogen application rate

High market access
Rural outmigration
High urban extent

Global
South

Latin

Africa America  Asia

Irrigated cropland

High market access

Rural outmigration

High urban extent

Mean cereal yields % Attainable yields
*
I g [
Cropping frequency Field size

Local scale (130 km®)

High market access
Rural outmigration
High urban extent
Nitrogen application rate

High market access
Rural outmigration
High urban extent
Mean cereal yields

High market access
Rural outmigration

High urban extent
Cropping frequency

Irrigated cropland

e

% Attainable yields

Field size

* Significant in
only 1 subset

P<0.001

P<0.01  P<0.05

higher absolute urban population and a larger number of cities with po-
pulations > 1 million, the fraction of population living in urban areas was
already much higher in Latin America (> 70%) than either Asia or Africa
(both < 40%) by the 1990s (Montgomery, 2008). While all regions cov-
ered in our study had declining average farm size from 1960 to 1990, Latin
America as a whole had a rise in farm size by 2000 (Lowder et al., 2016).
Conversely, smallholder farming and declining farm sizes have persisted in
Africa and Asia, at least partly related to increasing rural population
densities, although some authors discuss possible recent shifts toward farm
consolidation with rural demographic change in Asia (Masters et al., 2013;
Jayne et al., 2016; Lowder et al., 2016).

Overall, the many non-significant relationships between rural-urban
connectivity and different agricultural variables in our study may be
insightful in that they show disparities in how rural agriculture can re-
spond differently to urbanization trajectories across regions. However,
although the cereal crops considered in our study represent 37-53% of
the total per capita caloric food supplies for our study regions circa 2000
(see Table S9), the importance of these crops to diets is lower on average
in Latin America and Sub-Saharan Africa, which may in part be reflected
in their lower yields and lack of significant relationships to rural-urban
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connectivity in our study. Additionally, our method for aggregating
cereal yields is based on tonnes per hectare, which may bias the yield
values among regions growing different cereal crops (e.g., maize versus
rice) since some cereals have very different yields on a mass-basis but
similar yields on a caloric basis (Cassidy et al., 2013).

4.1. Priorities for follow-up research

Rural-urban linkages affecting agriculture that happen at fine peri-
urban scales may be important and pronounced for some cities (e.g.,
Karg et al., 2016). In our study, we found that some associations be-
tween rural-urban connectivity and agricultural inputs and outcomes
are robust at both local (130km?) and sub-regional (13,000 km?)
scales. More systematic analysis of these rural-urban dynamics and
driving factors between urban expansion and agricultural land man-
agement over time could provide further important insights on agri-
cultural sustainability. As many urban areas are located near some of
the world's most productive croplands (Thebo et al., 2014), the direct
competition between urban expansion and food production is growing,
particularly in Africa and Asia (Bren d'’Amour et al., 2016). Between
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2000 and 2040, urban growth could displace around 65 million tonnes
of crop production (van Vliet et al., 2017). In rapidly urbanizing re-
gions, such as China, displacement effects impact national resource-use
efficiency by shifting crop production to regions with relatively lower
crop yields and lower crop-water productivity (Zuo et al., 2018).

Our study focuses on rural-urban connectivity as a distal variable,
which has some parallels with the urban teleconnections framework for
examining links between cities and their hinterlands (Seto et al., 2012).
For example, Giineralp et al. (2013) give examples of ‘short-distance’ tel-
econnections between urban areas and surrounding peri-urban or regional
systems, which they contrast with ‘long-distance’ teleconnections linking
cities to inter-regional and international systems. While we find some
support that market access and migration could be related to agricultural
outcomes at the regional scale, our study does not capture the specific
factors that might be involved in this (such as migrant remittances;
Ospina et al., 2018). Our study also omits long-distance interactions across
regions. Countries in the Global North have often shifted environmental
pressures from their own lands to the Global South by importing food and
other commodities (e.g., DeFries et al., 2010; Davis and Caldeira, 2010;
Lambin and Meyfroidt, 2011). This displacement effect may also occur
within Global South countries, such as in the case of soy exports from Latin
America to China (Lathuilliére et al., 2014). Macro-scale factors and po-
licies that shape these relationships are further important considerations
for understanding changes in rural agriculture across the Global South.

Our study does not incorporate land use policies that may explain
some of the regional variation in our findings. Institutional, policy, and
economic contexts often determine how efficient markets are and reg-
ulate how agricultural land and other natural resources are used
(Lambin et al., 2001). Many countries have regulatory policies intended
to protect agricultural lands around urban areas, through different levels
of land use restrictions. As mentioned above, the Chinese government
encouraged agricultural intensification through historic subsidies for
fertilizers and other inputs (Jiang et al., 2013). An analysis of the role of
socioeconomic and policy factors in agricultural land use intensity in
China found that GDP per capita and agricultural investments were po-
sitively associated with cropping frequency, but that urban expansion
was negatively associated with cropping frequency at the provincial level
(Jiang et al., 2013). Price and trade policies may also be designed and
implemented to protect rural producers. Investments in agricultural re-
search and technology may also have significant impacts on driving
changes in agricultural land use and management (Cassman et al., 2005).
Thus, national policies and regulations can impact farmers’ decisions
related to changes in rural-urban connectivity.

4.2. Data limitations

The variable with greatest uncertainty in our study is rural popu-
lation change, which we use as a proxy for rural outmigration since the
underlying dataset makes no distinction between internal or interna-
tional migration (de Sherbinin et al., 2015). Studying migration flows is
inherently difficult due to the complexity of the process (Kahanec and
Zimmermann, 2008). The majority of internal migration flows involve
movement from rural to urban areas, yet movement of populations also
takes place between rural places, or even from urban to rural areas
(Tacoli, 2004). For example, migration between rural places has his-
torically been a predominant type of migration in India
(Bhattacharya, 2000). We chose the population change dataset from
de Sherbinin et al. (2015) as a proxy for rural outmigration primarily
because the gridded spatial dataset offered greater comparability with
the other variables, enabled masking of urban extent, and was con-
sistent across the Global South. Other datasets on internal migration
flows exist but are further limited by coarse spatial resolutions, non-
standardized approaches to data collection, or more limited spatial
coverage. For example, the WorldPop database provides data on in-
ternal migration by estimating internal human migration flows between
subnational administrative units for malaria endemic countries
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between 2005 and 2010 (Sorichetta et al.,, 2016). The International
Public Use Microdata Series-International (IPUMS) database also in-
cludes data on internal migration based on harmonized census micro-
data, but this was limited to 19 countries as of 2018. Overall, the effect
of rural outmigration on agricultural activities is often mixed and
context-dependent (Gray and Bilsborrow, 2014; Ochieng et al., 2016).

We use global data from the 2000-2005 period, which capture the
magnitude of urbanization that occurred in the 1990s but overlook the
more rapid rates of urbanization that have occurred since 2005—par-
ticularly in Asia (Schneider et al., 2015). Although our study period is
static, we capture a gradient in urban extents (i.e., low to high degrees
of urban extent) by focusing on intra- and inter-regional variation in
urban extent. This urban gradient mimics a ‘space-for-time’ substitution
approach, which may provide some insights on urban expansion more
generally. Other indicators of the full array of potential impacts that
urbanization may have on agricultural land systems include effects on
land tenure, farm mechanization, agricultural subsidies, and trade of
agricultural products, but consistent spatial data across the Global
South is currently very limited. For example, we used field size as a
proxy for farm size, since the currently best available farm size data is
reported at often relatively large administrative unit scales, such as
provinces in China (Samberg et al., 2016). Still, our analysis is a useful
step by integrating rural-urban connectivity as a distal mechanism of
rural land system change. Finally, we created binary classifications for
the market access, population change and urban extent variables to
reproduce a “treatment” effect, which is required for hypothesis testing
using propensity score matching. However, different thresholds in the
classifications would likely yield distinct results. Such issues are re-
presentative of the modifiable areal unit problem (MAUP) for geo-
graphic data more generally (e.g., Jelinski and Wu, 1996).

5. Conclusions

Our study explores links between rural-urban connectivity and agri-
cultural land management within and across the Global South by using
two complementary approaches. Our findings demonstrate some evi-
dence for links between connectivity and some agricultural inputs and
outcome variables that are robust across regions and scales (~130 and
13,000 km? hexagons, respectively). At the Global South level, locations
of greater overall connectivity (market access and population change)
tend to be associated with higher mean nitrogen fertilizer application
rates, irrigated areas, and cereal yields at both resolutions. Significant
positive relationships are most common in Asia, where matched locations
with high rural market access, negative rural population change, and
high built-up areas have significantly greater fertilizer application rates
and mean cereal yields at both resolutions. Findings from our study
highlight the need for further empirical research on the linkages between
rural and urban areas at different scales—including at longer distances
internationally via trade (DeFries et al., 2010; Seto et al., 2012)—and the
role of urbanization in the sustainable use of global land resources.

Our approach to hypothesis testing enables comparison of locations
with similar socioeconomic and land use characteristics using pro-
pensity score matching, which is to our knowledge a novel application
for research on the links between urbanization and land system change
at this spatial scale. Matching techniques could be used for other large-
scale land change research to examine the effects of urbanization on
land use and land management.

Research on rural-urban connectivity and agriculture is key to un-
derstanding how future urbanization could impact food production sys-
tems both more locally and globally. Enhanced rural-urban connectivity
could theoretically influence agricultural sustainability by increasing
farm productivity in urbanizing regions, but this needs to be accom-
panied with appropriate policies to limit displacement of croplands lost
due to urbanization and measures to reduce the negative externalities of
intensification. Thus, identifying generic patterns of agricultural land use
intensity and how it varies spatially relative to rural-urban connectivity
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could help to formulate policy responses to rapid urbanization. With
forecasts of future urbanization, particularly in Sub-Saharan Africa (Seto
et al.,, 2012b), changes in urban extent, market access, and migration
could have unexpected effects on regional agriculture.
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