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A B S T R A C T

The past century has witnessed rapidly increasing population-land conflicts due to exponential population
growth and its many consequences. Although the measures of population-land conflicts are many, there lacks a
model that appropriately considers both the social and physical contexts of population-land conflicts. In this
study we introduce the concept of population stress, which identifies areas with populations growing faster than
the lands available for sustainable development. Specifically, population stress areas are identified by comparing
population growth and land development as measured by land developability in the contiguous United States
from 2001 to 2011. Our approach is based on a combination of spatial multicriteria analysis, zonal statistics, and
spatiotemporal modelling. We found that the population growth of a county is associated with the decrease of
land developability, along with the spatial influences of surrounding counties. The Midwest and the traditional
“Deep South” counties would have less population stress with future land development, whereas the Southeast
Coast, Washington State, Northern Texas, and the Southwest would face more stress due to population growth
that is faster than the loss of suitable lands for development. The factors contributing to population stress may
differ from place to place. Our "population stress" concept is useful and innovative for understanding population
stress due to land development and can be applied to other regions as well as global research. It can act as a basis
towards developing coherent sustainable land use policies. Coordination among local governments and across
different levels of governments in the twenty-first century is a must for effective land use planning.

1. Introduction

The global population exponentially increased throughout the
twentieth century. The estimated global population in 2016 was ap-
proximately 7.4 billion and is expected to increase to 9.6 billion in 2100
(Gerland et al., 2014). Population growth has been documented as a
social and environmental issue. Under the condition of limited re-
sources, regional population growth can induce severe community
vulnerabilities (Neumann et al., 2015) such as water scarcity
(Falkenmark, 2013), livestock and food insecurities (Godber and Wall,
2014), and burdens on health care (Dall et al., 2013). Population
growth and redistribution, however, is constrained by land develop-
ment and conversion, and in a trade-off relationship they collectively
affect community vulnerability (Chi, 2010a). The nexus of population,
land, and community vulnerability is covered in a large body of lit-
erature of population-land conflicts. Such conflicts include hot spots in
wildfire-urban interfaces, coastal and flooding areas, exurban areas,
ecosystem areas around national parks, declining urban areas,

abandoned rural lands, and others.

1.1. Quantifying population-land conflicts

How are population-land conflicts quantified and measured in ex-
isting research? Although population-land conflicts involve both social
and physical contexts, unfortunately existing research measures either
social or physical contexts rather than both. The social context of po-
pulation-land conflicts is determined by multiple social or socio-
economic subcomponents, such as legal regulation (Grout et al., 2011;
Lestrelin et al., 2012), social/environmental policy (Lambin et al.,
2014), economic values of lands (Lambin and Meyfroidt, 2010), and
social networks (Barton, 2009; Marull et al., 2010). These sub-
components under the social context are, however, more ontological
and theoretical and cannot be directly measured by the sizes of lands. In
order to determine the change of land through a social context, tradi-
tional studies such as political ecology research have generally applied
“metabolism” to define the critical point of land change through policy
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(Gandy, 2004; Marull et al., 2010) or the concept of “hybridity” to
identify the socioenvironmental modification from multiple backward
and forward changes through political decisions and social movements
(Brownill and Carpenter, 2009; Forsyth, 1996; Holman and Rydin,
2013; Qureshi and Haase, 2014). Moving toward mathematical mod-
elling, (Kennedy et al., 2011) reviewed over 50 articles related to urban
metabolism and environmental assessments and found that using urban
metabolism as a model framework can integrate social sciences and
biophysical sciences. It can also help analyze policy and technology
outcomes to achieve sustainability goals. However, most studies in-
tegrating mathematical modelling also indicated the focus of “urban
metabolism” has shifted from a critical point of land change through
policy to a critical point of land change through time. Because of this
shift of focus, most quantitative-based urban metabolism models can
provide results for policy decision making but cannot include elements
of land policies or governmental regulations during the modelling
process. However, recent reviews of political ecology (Angelo and
Wachsmuth, 2015; Gandy, 2015; Sharma-Wallace, 2016) indicate that
most studies of metabolism and hybridity were qualitative based
without using any mathematical or statistical modelling techniques.

In contrast, the physical context of population-land conflicts is de-
termined by quantifying the geophysical environment, for example,
estimating sizes and amounts of each land type. Previous studies re-
searching physical contexts include using geographic information
system (GIS) and remote sensing techniques and land use and land
cover (LULC) to predict land use changes (Alexakis et al., 2014; El-
Kawy et al., 2011; Hu and Wang, 2013; Ye et al., 2013) or using global
environmental modelling techniques such as the Community Earth
System Model (CESM), Global Land-use Model (GLM), or Global
Change Assessment Model (GCAM) to quantify the land cover and to
estimate future simulations (Chen and Dirmeyer, 2016; Di Vittorio
et al., 2014). These techniques provide the results of net change of land
cover or frequencies of land changes in a study period, without con-
sidering the influences of land policies or governmental regulations for
development. One common example is that LULC analyses can involve
stochastic statistical modelling or complex economic modelling for
spatiotemporal assessment, such as the Markov model (Halmy et al.,
2015; Singh et al., 2015; Xu and Huang, 2014), but land policies were
not the factors of such models.

In summary, previous population-land studies linked to the social
context of land use and development focused on hypothetically defining
the land without quantitative assessments, while most studies linked to
the physical context reported only land change by statistical modelling
without fully considering the socioeconomic values or the sociopolitical
issues of lands. This reveals, therefore, a gap in the knowledge of how to
combine both the social context and the physical context to develop a
quantitative model for appropriately estimating population-land re-
lationship and identifying hot spots of population-land conflicts.

1.2. Population stress

To consider both the social and physical contexts for defining and
quantifying population-land relationships, we introduce in this study a
concept called population stress. We define population stress as an area
that experiences faster population growth than land development. Such
areas often experience high-density development. They need more re-
sources than an average developing area to support the increased po-
pulation. This creates higher demands on food, water, energy, and in-
frastructure. Such areas, in turn, experience higher “stress” than an
average developing area.

But why is population growth an appropriate indicator of the social
context of population-land conflicts? After all, the social context has
many elements, including social, economic, demographic, and policy
elements; and community vulnerability is affected not only by popu-
lation growth but also its consequences. That said, we argue that po-
pulation growth is a reasonable indicator (and probably the best

indicator) to represent the overall social context because regional po-
pulation change is a spatiotemporal dynamic flow between demo-
graphic characteristics, socioeconomic conditions, infrastructure, the
natural environment, and land use and development (Chi and Ventura,
2011), and population change is found to be associated with over 80
factors in these domains (Chi, 2009). It should be noted that population
growth is not the only indicator, and not always the best indicator, to
represent the social context of population-land conflicts. Depending
upon the specific population-land conflict, a different indicator could be
better suited to social context. For example, if inequality is the focus of
a population-land conflict study, socioeconomic statuses (e.g., race/
ethnicity, income, and education) might be better indicators of the
social context. Our focus in this study is to identify hot spots of areas
that experience population stress, that is, population growth faster than
land development. For this purpose, population growth is a reasonable
indicator of the social context of population-land conflicts.

1.3. Land developability

Our population stress measure is essentially a comparison between
population growth and land development. While population growth is
easy to calculate, land development can be measured in a variety of
ways, as discussed previously. In order to measure land development in
relation to population change with consideration of both social and
physical contexts, a conceptual idea called “land developability” would
be an appropriate measure (Chi, 2010a). The concept of land devel-
opability is to quantify the availability for land development in a par-
ticular region based on spatial information of both social and geophy-
sical factors, including 1) federal restriction, 2) environmental risk, and
3) urban structure. By making use of the component of spatial hetero-
geneity, this index could 1) be used to develop a spatiotemporal model
for analyzing socioenvironmental impacts on population change and 2)
correlate with socioeconomic factors such as transportation (Chi,
2010b; Chi, 2012), deforestation (Clement et al., 2015), and natural
amenities (Chi and Marcouiller, 2013a) for further demographic as-
sessment. In contrast to common land vulnerability indices that only
indicate the negative impacts of land development for environmental
risk assessment, the land developability index can demonstrate both the
positive and negative sides of land development, resulting in a balanced
judgement of land conversion for the use of determining regional po-
pulation dynamics. Analyzing population dynamics alongside land de-
velopability will not only be an application of regional planning but is
also essential for predicting spatial demographic trends, economic
geographic patterns, and sociodemographic changes through spatio-
temporal modelling.

Reviewing the previous studies that have applied the land devel-
opability index in modelling, we found that most studies focused on a
relatively small geographic extent, such as counties within a state (Chi,
2010b; Chi, 2012; Chi and Marcouiller, 2013a). There is a lack of re-
search interpreting the relationship between land developability and
population change in a greater region (e.g., the contiguous United
States). This missing interpretation is the key to reducing the socio-
environmental vulnerability of a country and to enhancing population
forecasting in a national context. Within the context of rapid urban
sprawl and rural development in the twenty-first century, the land
developability index can be useful for analyzing regional/national po-
pulation change in order to 1) locate areas with less stress for migration
and 2) locate regions that may need to change their corresponding land
types for sustainable development (e.g., change urban lands to green
cities).

We hereby develop the first national study to investigate the re-
lationship between land developability and population change with a
spatiotemporal approach. We selected the contiguous United States as
our study site because it has faced substantial changes in terms of po-
pulation and land use in the past decades. In an aspect of regional scale,
the changes of landscape can be a driving force of national mitigation
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(aka population change), and this population change can further in-
fluence the demographic characteristics at a local scale, such as in-
equality and income increase. The overarching objective of this study is
to develop a regional/national protocol for identifying population stress
areas by considering the social and physical contexts of land develop-
ment that can also apply to other countries or continents with similar
data sets in the future. We have three specific goals: 1) to map the land
developability from 2001 to 2011 at the county-level scale, 2) to ana-
lyze the spatiotemporal relationship between land developability
change and population change, and 3) to identify population stress
areas by locating the spatial clusters with significant changes in land
developability and population. The contributions of our method are: 1)
the ability to quantify the population stress from land development of
each county in the contiguous United States over time and 2) the ability
to identify the counties or regions with higher or lower population
stresses from land development over time and across space.

2. Five key elements of land developability

We make a simple assumption that the following five types of lands
are the areas that are not suitable for future development: 1) surface
water, 2) steep slope, 3) built-up land, 4) wetland and protected wildlife
area, and 5) tax-exempted land (federal- and state-owned land).

Surface water, including rivers, lakes, and oceans, is not suitable for
land development. There are issues related to legal matters and prac-
tical matters (Albert et al., 2013), ecosystem protection and restoration
(Harrison et al., 2016; Martinuzzi et al., 2014), and natural hazard risk
such as flooding (Jongman et al., 2012; Ludy and Kondolf, 2012). To
identify the areas of the contiguous United States associated with sur-
face water, we applied the 2001 and 2011 National Land Cover Data
(NLCD) from Multi-Resolution Land Characteristics Consortium and
U.S. Geological Survey (USGS), as shown in Table 1. The NLCD were
derived from Landsat images (Homer et al., 2004; Homer et al., 2007;
Homer et al., 2015) and converted to a land use classification scheme
with eight major classes. Surface water of our study is identified based
on “open water” under the “water” class of NLCD, which indicates areas
with less than 25% coverage of vegetation and soils within an ap-
proximately 30 m radius.

Steep slope, mainly areas with slopes > = 20%, are not suitable
for land development (Wang et al., 2004). Soils and bedrock at such
areas are relatively unstable and have a higher probability of natural
hazard occurrences such as landslides (Imaizumi et al., 2015; Liu et al.,
1994; Zhou et al., 2015). As a result, urban development on these
landforms may cause property damage and loss of human life (He and
Beighley, 2008). In addition, there are legal requirements, such as
Wisconsin’s Erosion Control and Stormwater Management Ordinance of
2002, restricting development on such landscapes (Chi, 2010a). We
identified areas with slopes> = 20% based on the Shuttle Radar To-
pography Mission (SRTM) Version 4 Digital Elevation Model (DEM)
from the Consultative Group on International Agricultural Re-
search–Consortium for Spatial Information (CGIAR-CSI) (Jarvis et al.,
2008). SRTM is an elevation data set with 3-arc seconds resolution
(approximated 90 m at equator) originally built by the Jet Propulsion
Laboratory of the California Institute of Technology and National
Aeronautics and Space Administration (NASA). The original data of the
data set were collected in February 2000 from a specific modified radar
system in an 11-day satellite mission. SRTM version 4 was modified as a
hole-filled DEM by the void-filling interpolation method (Reuter et al.,
2007). We reclassify slope into two classes for spatially delineating the
areas with gentle slopes and steep slopes: < 20% and > = 20%.

Areas with high percentages of built-up land are likewise not sui-
table for further development. It has been recognized that a dense built
environment leads to significant environmental issues such as poor air
quality (Ng, 2009; Yim et al., 2009). High percentages of socio-
economically deprived populations in dense built environments can
result in higher health risks (Sariaslan et al., 2014) unless sustainable Ta
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policies for urban transformation are applied to such neighborhoods.
We identified built-up land based on NLCD. The definition of built-up
land for this study is an area (approximately 30 m radius) with 20% or
more impervious surfaces, where we can commonly find single/multi-
family houses, apartments, townhouses, and other commercial/in-
dustrial properties (Chi, 2010a).

Wetland is not suitable for land development because it is an im-
portant environmental resource that can serve as a diverse ecosystem
(de Groot et al., 2012; Russi et al., 2013), a carbon sink (Bernal and
Mitsch, 2012; Doughty et al., 2016; Mitsch et al., 2013), and a natural
purifier of water and air pollution (Greenway, 2004; Zhang et al., 2012;
Zhu et al., 2016). Recent studies also indicate that loss of wetland can
induce higher soil erosion risk and vulnerability to drought (Ockenden
et al., 2014; Wright and Wimberly, 2013). Protected wildlife areas are
areas designated for federal conservation or state protection of en-
dangered species, protected species, and other lives or activities
(Watson et al., 2014). Legal regulations and land policies apply to
protected wildlife areas for constraining land development in order to
protect ecological systems (Chi, 2010a; Worboys et al., 2015). Previous
research indicates that inappropriate land use (i.e., development of
wetland and protected wildlife areas) has induced a great loss of global
ecosystem services up to 4.3–20.2 trillion USD per year (Costanza et al.,
2014). Therefore, both wetland and protected wildlife areas are defined
as “undevelopable” areas in this study. In order to identify the wetland
and protected wildlife areas, we combined NLCD, USGS’s Federal and
Indian Lands map, and University of California–Santa Barbara’s Man-
aged Areas Database (MAD) to locate the associated regions. The USGS
Federal and Indian Lands map is a spatial data set created by the U.S.
Geological Survey in October 2000 that contains information of 1) tax-
exempted federal and state lands and 2) national and state protection
areas. MAD is a spatial database that contains information of national
managed areas, state managed areas, Indian and military reservations,
and wilderness areas (McGhie et al., 1996). “Woody wetlands” and
“emergent herbaceous wetlands” from NLCD are identified as wetlands
for land developability mapping. “Wilderness,” “Wilderness Study
Area,” and “Wildlife Management Area” from the USGS Federal and
Indian Lands map and “Wilderness,” “Wilderness Study Area,” and
“Wild and Scenic Area” from MAD are identified as protected wildlife
areas.

Tax-exempted land such as federal- and state-owned lands are leg-
ally protected and publicly owned. These lands are restricted for re-
sidential, commercial, or other-purpose land development (Chi, 2010a).
All forests, parks, trails, wildlife refuges, fishery areas, and other areas
indicated as being federally owned or state owned based on the USGS
Federal and Indians Lands map and MAD are identified as tax-exempted
land for land developability mapping.

3. Methods

3.1. Land developability of United States in 2001 and 2011

The land developability of the United States in 2001 and 2011 is
measured based on the results of spatial multicriteria analysis (SMCA)
and zonal statistics, with five key elements (Table 1) previously stated:

• surface water.

• steep slope.

• built-up land.

• wetland and protected wildlife area, and

• tax-exempted land.

SMCA is a common statistical method used for environmental vul-
nerability estimation (Aubrecht and Özceylan, 2013; Chang and Chao,
2012; Huang et al., 2011; Ho et al., 2015) that combines spatial data
sets in an analysis by assigning a specific weight to each data set based
on its importance to vulnerability. An equal weight/additive approach

is applied to this SMCA for avoiding subjectivity of index development
based on the guideline of the United United Nations Environment
Programme (2002).

SMCA is conducted based on the following steps: 1) spatial data sets
of five types of undevelopable lands are first converted to binary raster
layers with 90 m resolution, where a “1” in a pixel on these binary maps
indicates an area with undevelopable land and a “0” indicates an area
that is conceptually developable; 2) these five spatial layers are over-
laid, and the sum of all the layers for each pixel is calculated; and 3) the
areas with values > = 1 are reclassified as “1” and these areas are
indicated as undeveloped lands, the areas with values equal to 0 are
reclassified as “0” and identified as developable. This new binary map is
then used for zonal statistics to calculate the percentage of land de-
velopability in each county.

For estimating the percentage of land available for future develop-
ment and conversion, the areas with values of “0” (the areas identified
as developable lands) are changed to “100” to represent 100% of land
developability within a 90 m pixel, while the areas with “1” (the areas
identified as undevelopable) are converted to “0” to represent 0% of
land developability within a pixel. Zonal statistics is then used to
average the values of all pixels within a given county boundary. This
procedure is applied to each county across the United States, in 2001
and 2011, separately, to estimate the land developability.

3.2. Estimating the spatiotemporal impact of land developability change on
population change

We estimate the spatiotemporal impact of land developability
change on population change from 2001 to 2011 at the county level
based on three sets of regressions: an ordinary least squares (OLS) re-
gression, three spatial regression models (spatial lag model, spatial
error model, and spatial error model with lag dependence), and a
geographically weighed regression (GWR). County-level population
data were retrieved from the 2000 and the 2010 U.S. Censuses. OLS
regression is used to determine the association that population has with
land developability without considering spatial influences from neigh-
boring counties. The three spatial regression models consider the spatial
influences in the forms of spatial lag and/or spatial error terms (Chi and
Zhu, 2008). The GWR is a different type of spatial regression model that
examines whether spatial heterogeneity is observed in the relationship
between the dependent variable and independent variables of a study
(Brunsdon et al., 1998; Fotheringham et al., 2003). It should be noted
that the GWR is used mostly as an exploratory tool for illustration
purposes (Videras, 2014).

In this study, the percentage of population change is assigned as the
dependent variable for OLS regression and GWR and is calculated as
follows:

=
−

×

Percentage of population change
(2011 population 2001 population)

2001 population
100

The change of land developability is assigned as the independent
variable of all regressions and is calculated as follows:

=

−

LandDevelopability Change 2011 Land Developability (%)

2001 Land Developability(%)

OLS regression and spatial regression models are conducted in GeoDa.
GWR is conducted based on the ArcTool function in ArcGIS 10.3.

3.3. Identifying population stress areas

We also apply a differential local Moran’s I analysis implemented in
GeoDa software (Anselin et al., 2006) to identify the statistically sig-
nificant clusters with hypothetically higher population growth than
hypothetically higher land developability decreases. Local Moran’s I
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analysis is commonly used to estimate the spatial autocorrelation be-
tween neighboring features (Anselin, 1995). Spatial weight is defined
using the k-nearest neighbors (KNN) algorithm with four spatial
neighbors. KNN is an asymmetrical spatial-weighting method (Getis
and Aldstadt, 2010) and is particularly useful for spatial features with
different sizes, such as counties. It ensures that the same number of
nearby spatial features is used in all calculations, independent of the
total number and size of spatial neighbors.

For the differential local Moran’s I analysis, we compared the per-
centage of population change to the percentage of land developability
change. “High-high” clusters on the local indicators of spatial associa-
tion (LISA) map indicate spatial clusters of counties with magnitudes of
population growth stronger than land developability decline. In other
words, the spatial clusters indicate counties with hypothetically> 1%
increase of population under the condition of potentially 1% decline of
land developability of each county. In contrast, “low-low” clusters in-
dicate areas with magnitudes of population growth weaker than land
developability decline over a 10-year period, which also means that in a
hypothetically 1% decrease of land developability, there would be less
than 1% population growth within the spatial cluster.

4. Results

4.1. Land developability of United States in 2001 and 2011

In general, the West Coast, the Great Lakes area, and Florida have
the lowest land developability and the Midwest and the South are the
areas with the highest land developability (Fig. 1). However, there are
also fair amounts of low-land-developability counties next to high-land-
developability counties in the Midwest, while Central Valley in Cali-
fornia shows higher land developability compared to other regions in
the West, which generally indicate low developability.

Among all counties across the contiguous United States, the ma-
jority of them had significant decreases in land developability from
2001 to 2011 (Fig. 2): 72.1% of counties had 0% to 5% decreases in
land developability, 9.4% of counties had 5% to 15% decreases, and
1.4% of counties had> 15% decreases. Counties with higher land de-
velopability decreases ( > =5%) were more likely located on the East
Coast. There were also several isolated counties with land develop-
ability increases ( > 0%) in the Midwest and the South, and one iso-
lated county had more than a 15% increase of land developability from
2001 to 2011, probably due to dropping percentages of built-up lands
from more than 20% impervious surfaces to less than 20% impervious
surfaces over these 10 years.

4.2. Spatiotemporal change of population change and land developability
between 2001 and 2011

Without considering the spatial influences of neighboring counties,
the result of the OLS regression showed a negative effect of land de-
velopability change on population growth from 2001 to 2011; and the
negative effect is statistically significant at the p< = 0.001 level
(Table 2). This means that population growth is associated with a de-
cline in land developability. The diagnostics for spatial dependence
indicated that there are statistically significant spatial lag and spatial
error terms remaining in the model residuals, suggesting that spatial
regression models dealing with the spatial dependence should be fitted
to the data. Measures of fit indicated that all three spatial regression
models were better fitted to data than the OLS model, and the spatial
error model with lag dependence triumphed over all other models.

According the results of the spatial error model with lag depen-
dence, population change has a negative association with land devel-
opability change. For each 1% decrease in land developability, popu-
lation grows 0.1%. On average, a county’s population grows 1% for
each 1% growth in its neighboring counties’ populations.

The OLS and spatial regression models produced “global” coeffi-
cients where the effect of an independent variable on the dependent
variable is fixed. The effect, however, could vary spatially from one
county to another due to the possibly different local contexts. The GWR
can produce locally varying coefficients. According to the GWR results,
only 0.3% of counties were extremely underestimated and with stan-
dard deviation residuals lower than −2.5 and only 2.6% of counties
were extremely overestimated and with standard deviation residuals
greater than 2.5. In contrast, 51.6% of the total counties had standard
deviation residuals > = –0.5 and < = 0.5, indicating relatively ac-
curate prediction from the GWR model and implying that the decrease
of the amount of lands available for development in the contiguous
United States could actually affect the population growth.

Among all counties in the contiguous United States, we found sig-
nificant clusters with more than a 1% increase in population growth in
a 1% decrease of land developability only on the coast of California and
in greater Miami, greater Las Vegas, and greater Minneapolis (Fig. 3).
Other areas on the West Coast and in the Midwest, Florida, and New
England had slight population growth (less than 1%) in a 1% decrease
of land developability, indicating that population grew more slowly
than the decrease of land developability. Compared to these areas,
other counties in the United States showed a positive relationship be-
tween population growth and land developability change. In South
Texas, the greater St. Louis area, North Georgia, Central Pennsylvania,
and the Central Valley of California, a 1% decrease of land develop-
ability was associated with more than a 1% decline in population.

Fig. 1. Land developability across the United States in 2001 and 2011. Lighter green indicates lower land developability within a county and darker green indicates higher land
developability.
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4.3. Population stress areas

Global results of differential Moran’s I analysis (Moran’s I: 0.42)
indicated that there was a general trend of spatial autocorrelation, with
spatial clusters of population growth faster than land developability
decrease or population decline slower than land developability increase
in the contiguous United States.

Among all counties in the contiguous United States, 8.7% of them
indicated “high-high” spatial clusters, including areas on the
Southeastern coast and in Washington State, North Texas, and large
areas of the Southwestern United States (Fig. 4). These are the hot spots
with population growth faster than land developability decreases. In

contrast, 12.1% of counties in the contiguous United States had “low-
low” clusters, including areas of the Midwest, the Great Lakes area,
northeastern Mississippi, and northern Alabama. They are areas where
population grew more slowly than land developability decreases. In
other words, further development in “low-low” clustered areas such as
the Midwest would have fewer population issues in sharing available
land or land resources in the future, while development in “high-high”
clustered areas will be limited by the available and developable lands
and the current population trends.

Fig. 2. Change of land developability from
2001 to 2011 in each county of the con-
tiguous United States.

Table 2
Regression results.

Ordinary least squares regression Spatial lag model Spatial error model Spatial error model with lag dependence

Constant 4.75*** (0.26) 1.53***(0.23) 4.78***(0.54) −0.22 (0.14)
Land developability change −0.26*** (0.06) −0.14**(0.05) −0.08 (0.05) −0.10** (0.04)
Spatial lag term / 0.64***(0.02) / 1.00*** (0.01)
Spatial error term / / 0.64***(0.02) −0.62*** (0.03)
Diagnostics for spatial dependence
Moran's I 0.42***
LM (lag) 1451.08***
Robust LM (lag) 32.98***
LM (error) 1426.22***
Robust LM (error) 8.12**
LM (lag and error) 1459.20***

Measures of fit
Log likelihood −12,406 −11,888 −11,893 −11,537
AIC 24,815 23,783 23,789 23,079
BIC 24,827 23,801 23,801 23,097
N 3,108 3,108 3,108 3,108

Notes: *** p ≤ 0.001, ** p≤ 0.01, * p ≤ 0.05; standard errors are in parentheses.
LM = Lagrange Multiplier. AIC = Akaike information criterion. BIC = Schwartz’s Bayesian information criterion.
A larger log-likelihood value or a smaller AIC/BIC value suggests that the model is better fitted to data. Overall, the measures of fit indicate that the spatial error model with lag
dependence is best fitted to data.
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5. Discussion and conclusion

5.1. Interpretation of findings

In this study we introduced the population stress concept to identify
areas where population grows faster than the lands available for sus-
tainable development. We did this by comparing population change to

land development, with the latter being measured by land develop-
ability (Chi, 2010a). We analyzed the spatiotemporal impact of land
developability change on population change from 2001 to 2011. We
applied differential local Moran’s I analysis to estimate relative in-
creases in population in 1% hypothetical increases in land develop-
ability in order to analyze the population issues in relation to available
land resources in the future. It is also important to note that the “high-

Fig. 3. Coefficient of geographically
weighted regression (GWR). Results indicate
the percentage increase in population asso-
ciated with a 1% decrease in land develop-
ability of each county in the contiguous
United States. Red indicates counties with
faster increases of population than the de-
cline of land developability, and blue in-
dicates slower population growth than the
decline of land developability of a county.

Fig. 4. Spatial correlation of Moran’s I results. High-high clusters (red) indicate spatial clusters of areas with hypothetically 1% loss of land developability having more than 1%
population growth, that is, population stress areas. Low-low clusters (blue) indicate spatial clusters of areas with hypothetically 1% loss of land developability having less than 1%
population growth.
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high” spatiotemporal clusters from the differential local Moran’s I
analysis indicated either 1) population grew faster than the decline of
land developability or 2) population decreased more slowly than the
increase in land developability. The relative increase of population
compared to a 1% hypothetical increase of land developability was only
conducted to normalize the data so that we could identify whether the
counties may face issues of land development in terms of both popu-
lation change and land developability change under the current popu-
lation trend from a period of 10 years. This approach is developed with
the understanding that land developability is more likely to decrease
under the urbanization in a maturely developed country, such as the
United States.

We found that the population growth of a county was associated
with its decrease of land developability in the contiguous United States,
along with the spatial influences of surrounding counties. We also
found that the Midwest and the traditional “Deep South” counties
would have less population stress with future land development. The
Midwest “rusty belt” has been losing population due to the declining
manufacturing industry (Winkler and Johnson, 2016). The “Deep
South” is a region characterized as rural, predominantly black, and with
high poverty and unemployment (Wimberley and Morris, 2002). In
contrast, the Southeast Coast, Washington State, Northern Texas, and
the Southwest would face more stress due to population growth and the
loss of suitable lands for development. These areas have experienced
rapid population growth as they are desirable places to live — with
abundant employment opportunities; well developed public infra-
structure, healthcare facilities, and education; and/or easy accessibility
to work (Chi, 2017). The factors contributing to population stress may
differ from place to place because they may have different local con-
texts (Chi and Marcouiller, 2013b). This needs further investigation in
future research.

An advantage of using this method is that we can identify areas that
may still be able to have further land development, not only by the
amount of available lands but also considering the population trend.
However, this model is more suitable for comparing land developability
change than for sustainability planning. For example, the Midwest ac-
tually had a 0% to 5% decrease of land developability in general, yet
the population decline of the Midwest was extremely high—some
counties had a > 40% decrease of population within 10 years. Those
areas showed relatively fewer issues of development on available lands
under the current population trend, while at the same time land de-
velopability was decreasing. Future investigation could emphasize the
magnitude of vulnerability to develop a better scheme of sustainable
planning.

Another advantage of our study is that we developed a protocol that
can investigate population dynamics in terms of population change, the
natural environment, and land use and development with a spatio-
temporal approach. The results show the ability of using spatial de-
mographic models to describe population change on a regional scale
while at the same time indicating the importance of including spatial
factors, by comparing results from aspatial and spatial models. The
current research provides insights into why and how we should do it in
order to measure population dynamics appropriately. For future study,
stratifying the urban–rural continuum (Chi and Marcouiller, 2013a)
and population subgroups (e.g., the elderly, non-married, number of
households) may provide a greater picture of population dynamics at a
finer scale.

5.2. Policy implications

There are several practical uses of the combined population stress
concept and land developability index for future planning and policy
making. One is that it will enable more straightforward understanding
of available lands with the land developability index because it clearly
indicates the lands that are suitable or unsuitable for future develop-
ment. With this knowledge, planners and policy makers can identify

areas that may be at risk from increasing population and declining land
developability. Pinpointing such at-risk areas clarifies where it is most
necessary to undertake interventions in the built environment that can
increase the quality of life and alleviate the pressures that come with
population stress. Such interventions include sustainable planning
protocols such as increasing community features (e.g., health facilities)
to reduce social burdens as well as urban planning protocols such as
mandating more air ventilation and higher amounts of greenery to
create better geophysical environments for residents. It has been widely
studied that such communities with better social and physical en-
vironments can improve the perceived health of a population (Wong
et al., 2017).

Additionally, the land developability index can act as a guide to
help develop land use policies that ensure that urbanization does not
lead to further social or environmental pressures. Combining this index
with population data can indicate the negative effects of urban growth
on land development as well as potential pressures on natural resources
(indicated by the loss of carbon sinks and biodiversity, groundwater
loss, and deforestation). With this knowledge, land policies can be de-
veloped to avoid potential urban metabolism issues that increase en-
vironmental deprivation in the future. How could undevelopable or
decaying lands within cities be better utilized to serve an increasing
population? Could a declining population and large open/developable
lands put pressures on the local government through declining tax
revenues but increasing infrastructure burdens? These are potential
planning questions that our population stress concept and the land
developability index could shed light on.

It should be noted that land use planning in response to population
change versus land development should not be the responsibility of
individual local governments. Rather, land use planning could be better
done in coordination with neighboring local governments, as well as
upper administration levels such as states and the federal government.
Our spatial regression and GWR results indicated that there are strong
spatial spillover effects of population change as well as spatial varia-
tions of the relationship between population change and land devel-
opment. Our world has become more connected due to the develop-
ment of transportation infrastructure and innovations in
communication tools. What happens in one place could easily impact its
neighboring places (Chi and Marcouiller, 2013b). Coordination among
local governments and across different levels of governments in the
twenty-first century is a must for effective land use planning.

5.3. Limitations and future directions

We used the county level as the spatial scale of this study because
the state level is too coarse to describe regional change in detail but
subcounty levels, such as the census-tract level, may require more
factors (and thus more data) that can affect local or regional population
dynamics. For future study of investigating fine-scale population dy-
namics as stated previously (e.g., the urban-rural continuum), we re-
commend using census-tract-level data or a combination of data with
different spatial scales (e.g., state, county, and census-tract levels) in
order to develop a comprehensive spatial model for predictions. This
will provide greater ability to describe macro-scale, mesoscale, and
micro-scale regional changes and, at the same time, maintain the ac-
curacy of the prediction. We also recommend that more socio-
environmental factors be considered in the future models, for example,
transportation infrastructure, socioeconomic conditions, and natural
amenities. Although this adjustment may increase the complexity of the
models, it can also provide a better understanding of actual population
dynamics in a fine-spatial-scale change. These results will therefore be
more useful for future regional planning at both large and small spatial
scales.

It should be noted that our land developability index is produced on
the basis of only five data layers with simple assumptions. The index
should be refined in future research by 1) considering elements of land
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fragility, vulnerability, and developmental limitations with an eye to-
ward long-term land sustainability and replenishment, and 2) studying
and weighting regional variations of the perceptions of relevant factors.
For example, mountain views are appreciated more in the American
West than in the rest of the United States; therefore, mountain views
should be weighted differently in different parts of the country. In order
to create a varying weight for each factor, multidisciplinary research
will be conducted to link each factor to population change. More
broadly, land developability can be linked to population change for
identifying hot spots of population-environment conflicts, including
wildfire-urban interfaces, coastal and flooding areas, exurban areas,
ecosystem areas around national parks, declining urban areas, and
others. This will provide significant insights for making efficient and
effective policies to tackle the complexity of population-environment
conflicts.
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