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Forecasting Rural Land-use Change:
A Comparison of Regression- and Spatial
Transition-based Models

DAVID M. THEOBALD & N. THOMPSON HOBBS
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ABSTRACT Conversion of agricultural to developed land represents a major source of
ecological and social change in many regions of the world. Informed natural resource
management requires the ability to assess the relative conservation effects of different
land-use planning actions. This paper describes a general approach to forecasting
spatially explicit rural land-use change at the landscape scale. We examined two ways
to model the spatial distribution of land-use change. The first assumes that development
patterns respond to locational factors such as proximity to towns and highways, and
that the likelihood of development decreases with increasing distance from urban areas.
This reflects traditional urban and rural development models that are based on the
assumption of accessibility. The second assumes that future development patterns
respond to local patterns of existing development, and that the likelihood of development
is higher in areas of higher neighboring density. This group of spatial transition models
assumes that local processes influence global patterns and is based on cellular automata
theory. The forecasted patterns produced by these two models were compared against
historical observed development patterns using both aspatial (aggregate) and spatial
measures. Overall, the spatial transition model better reproduced the observed land-use
patterns.

Introduction

Natural resource managers, planners and decision-makers need to evaluate future
land-use patterns as part of long-term, comprehensive planning efforts (Loomis,
1993). In particular, they need to assess the cumulative effects of incremental land-
use change at regional and landscape scales. One approach to meeting this challenge
is to develop simulation models that forecast future land-use patterns. We describe
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the development of a general approach to forecast spatially explicit conversion of
agricultural to residential land use.

Two approaches prevail for modeling the spatial pattern and density of future
development: regression and transition based. While regression is commonly used
to understand historical or current patterns, it is also used to examine future
patterns. Regression-based models establish relationships between a wide range of
variables such as population growth, urban areas, transportation corridors and the
probability of land-use change (see, for example, Befort er al., 1988; Lee et al.,
1992). The influence of these locational factors on land-use change is traditionally
modeled with distance decay functions, where influence decreases with increasing
distance from some feature, usually an urban center. For instance, LaGro and
DeGloria (1992) found that urban land-use growth was best correlated with urban
suitability (a composite measure of soil characteristics conducive to urban develop-
ment) and highway proximity. Although the analytical model is fairly simple, the
data requirements are demanding for spatially detailed studies.

The second type of landscape simulation employs transition-based models, rooted
in a stochastic Markov-chain technique. A single-step (Markov) transition function
is described by Zhou et al. (1995):

Vier 1 =f(V,0) M

where the state at time £+ 1 (¥,.,) is a function of the state at time ¢ (¥;). The
transition probabilities are calculated by

Pyj=Prob(V;=j| V-1 =10) 2)

where the probability of the state of the process (0 or 1) at the ith year is j, given
that it was in state 7 in year z— 1. The transition probability is calculated by
determining the proportion of times the system moved from one state to another:

Pij“ =Nij/Ni (3)

The data requirements of this approach are minimal, the spatial resolution is not
limited by coarse political or administration units (e.g. county or census tract), the
analytical method is straightforward, and a useful descriptive and predictive model
is produced (Burnham, 1973). Transition probability models have been used to
investigate agricultural land-use change (Burnham, 1973), future land use on San
Juan Island (Bell, 1974) and land-use patterns resulting from conflicts among urban,
agricultural and natural uses (Muller & Middleton, 1994).

Spatial transition-based models are an extension of the aspatial Markov technique
and a form of stochastic cellular automata (CA) (Zhou et al, 1995), and they explicitly
assume that neighboring areas influence the transition probability of the central area
or center cell. Researchers employing this approach have challenged the traditional
distance-decay, urban models represented by the regression-based approach. In par-
ticular, they question the assumption of equilibrium and point out that the complexity
in these models is dismissed as noise and that the spatial patterns are poorly resolved
(Batty & Longeley, 1994; Couclelis, 1986; Portugali e al., 1994; White & Engelen,
1993). Transition models also offer the advantages of high spatial resolution, simple
rules and dynamic behavior (Cecchini, 1996; White & Engelen, 1993), and have suc-
cessfully modeled the growth of the urban extent in the San Francisco Bay area (Clarke
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et al., 1997), urban land-use patterns (Batty & Xie, 1994; Portugali et al., 1994; White
& Engelan, 1993) and rural settlement patterns (Deadman et al., 1993).

Both aspatial and spatial transition models predict overall proportions (spatially
aggregated) of categories (roughly) equally well. Aspatial models produce highly
fragmented patterns, however, while spatially explicit models produce more realistic
landscape patterns (Turner, 1988). Therefore, the neighborhood configuration (size
and shape) used to influence transition rates is key in developing spatially explicit
models. Most spatial transition-based modeling efforts use a 4 (rook’s case) or 8
(queen’s case) neighbor configuration to minimize the complexity of the model
(Childress et al., 1996). However, the influence of neighborhood configuration on
the predictive ability of a model should be explored in greater depth (see, for
example, Zhou et al., 1995).

Overall, the rural development literature provides little guidance in deciding which
approach is most appropriate for modeling rural land-use change, especially at the
landscape scale. Therefore, our four objectives in this paper are to: fully describe a
general approach to land-use change modeling; develop forecast models using both
approaches; evaluate which model produces more realistic and useful future land-
use patterns; and examine the effect of a range of neighborhood configurations on
the predictive ability. The paper is organized as follows. In the next section, we
summarize our approach to stimulating rural land-use change and describe the
main assumptions, data requirements, program logic and derivation of empirical
coefficients. In the following section, we evaluate the simulation model results
produced by each approach against observed historical data.

Model Description

The land-use change model described here was developed for the System for
Conservation Planning (SCoP) project, which provides a planning tool to aid county
officials, citizens and developers in making informed decisions regarding the potential
effects of residential development on wildlife habitat (Hobbs et al., 1997). Rapid
population growth is causing significant land-use change in rural Rocky Mountain
counties. The resulting residential development and associated infrastructure (roads,
utilities, etc.) cause extensive conversion of agricultural land and other open spaces
to residential use. Such conversion constitutes the foremost threat to intact, high-
quality wildlife habitat.

Because fragmentation of habitat is an important issue, land-use change models
must be spatially explicit (Noss et al., 1997). Another requirement of our modeling
approach is that it be generalizable and broadly applicable to other locations.
Therefore, the model must be based on commonly available data (e.g. routine data
from local governments, not collected specifically for an individual study area). The
assumptions required by the model must not be specific to a single site. The
spatial resolution is constrained by both the availability of data and the analytical
understanding of the processes. '

Overview

The overall process of land-use change can be separated into four main components:
development pressure, probability of development, building density and planning
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Table 1. A description of the four main components included in the land-use change
simulation :

Component Description

Development pressure Twenty-five year population projections converted to new housing units

Probability of development  Areas of new development are more likely to occur where neighboring
density is high

Development growth rate Growth rates follows an idealized logistic curve depending on present
density. Growth rates are low for areas of low density, high for areas of
medium density, and low again for areas reaching their maximum build-
out density

Planning actions Land-use planning actions influence development patterns by steering
development location (e.g. transfer of development rights); increasing
(e.g. up-zoning) or decreasing (e.g. zoning or conservation easement) the
density; or modifying development pattern (e.g. clustering)

actions (Table 1). To represent development pressure, the trajectory of land-use
change needs to be established, depicting both the rate and duration of growth.
Because population growth is strongly correlated with land-use change and is a
principal ‘driving force’ of global land-use change (Turner e al., 1993), short-term
(multi-decadal) population projections are used to describe ‘development pressure’.
These population projections incorporate projected regional economic and employ-
ment trends (Colorado State Demographer, 1995). Population values are then
converted into the number of building units required to house the additional people
using data on recent household size. Furthermore, we refine the simple urban/non-
urban land-use distinction of pioneering models (see, for example, Clarke et al.,
1997) to include a gradient of development densities. This is critical for our
application, because wildlife species are sensitive to density thresholds (see, for
example, Harrison, 1997), and it also provides a means to bridge emerging research
that relates ecological structure and function to urban—rural gradients (McDonnell
& Pickett, 1990). The potential differences associated with different housing types
(e.g. single-family, apartments, etc.) and their impacts on land-use pattern are
potentially important, but we do not attempt that challenge here.

In addition, the spatial distribution of the new housing units must be determined.
This is where the regression- and spatial transition-based models fit within the
overall forecasting model. The regression-based model reflects the assumption that
development patterns usually respond to locational factors such as proximity to
towns and highways and thus, the likelihood of development is higher in areas closer
to towns and roads. The spatial transition-based model reflects the assumption that
the likelihood of development is higher in areas near existing high-density areas.
These two models would produce nearly identical results if development patterns
followed an idealized conical pattern. However, the models will produce different
results if even small clusters of moderate density are at some distance from an urban
center. The probability of development values produced by each of these models are
then compared against random values to see if an individual location (cell or grid
location) has been selected to develop for the next time step.

The number of new units (new building density) must be determined once a
location has been selected to receive additional housing units. We assume two growth
rates—for areas that currently have no housing units on them (new development) and
those that do (continuing development)—because new development occurs as a
spurt of new units, while continuing development occurs over a longer time period.
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Finally, land-use planning actions are incorporated into the simulation model.
These actions can influence the model in one of four ways: location, density, timing
and quality (Duerkson et al., 1997; Klingenstein, 1996). An action such as phased
development alters the probability that development will occur in specific locations.
Actions such as zoning, conservation easements and conservation purchases alter
the maximum density allowed at a particular location. For example, zoning is a
traditional tool to limit the density of an area, and conservation easement effectively
sets the maximum density allowed (often to zero). Actions such as clustering alter
the footprint or location of development while maintaining or even increasing overall
density (of a subdivision). Actions can affect the quality of development, particularly
how developments impacts habitat. For example, prohibition of fences, free-running
pets, or landscaping with native vegetation, can mitigate potential impacts of
development on wildlife habitat.

Our model uses Monte Carlo simulation, where each iteration of the model is run
using random value inputs. For each iteration, the model calculates the housing
density patterns for five, 5-year time steps, resulting in a 25-year projection. Because
one of the principal uses of the forecast model is to compare alternative land-use
planning actions, the number of units developed is determined by population
projection data and remains consistent across simulation runs to ensure comparable
development rates. The grid cell size corresponds to a quarter-section (160 acres),
which is the finest level of resolution for commonly available housing data. We did
not use finer-scale data based on parcels because it was not available (and is still
relatively uncommon data in rural counties), although we incorporated local data
on zoning, subdivisions and town boundaries.

Program Logic

The program logic is shown by a flow diagram (Figure 1) and by a pseudo-code
listing (Appendix A). In the spatial transition-based model, a focal averaging
operator is applied to the current density (D[t]) grid to calculate the neighboring
density (ND[t]) grid. The NDIJt] is then input to a look-up table to create the
probability of development (PD[t+ 1]) grid. Planning actions that modify the
location of development can also modify the PD[t + 1] grid. In the regression-based
model, the spatial linear regression results in a map of probability of development
(PD[t + 1)) grid.

Population projections are divided by units per population to create the number
of housing units needed (U[t + 1])—the development pressure. Ut + 1] is then
divided by the development footprint, or the number of acres where development is
already established, to calculate the density coefficient (dc[t]). dc[t] adjusts the
regression coefficient used to calculate the temporary new density (D[t + 1]) grid
from the D[t] grid. D[t + 1] is also adjusted by the maximum density (MD[t + 1]) grid
to reflect density management actions such as clustering, zoning, and conservation
easement and purchase. '

The next step is to determine which grid cells will develop, given their new density
(DTt + 1]), to meet the required number of new units. The probability of development
grid (PD[t + 1]) is divided by a grid of random values (R[t + 1]), drawn from a
uniform distribution, producing a grid where the values represent the relative rank
of development (RK[t + 1]). A data file with two columns is then created, with the
number of records equal to the number of developable grid cells for the study area.
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The first column contains the ratio RK[t+ 1] value. The second column is the
number of new units, from D[t + 1], predicted if a cell is selected to develop. The
file is then sorted on the first column, in descending order, to create a relative
ranking of the probability of development of a given cell compared to all other cells
in the PD[t + 1] grid. The distribution of this ranked list approaches a logistic curve,
because there are a limited number of cells that can absorb large numbers of units
(normally urban areas) and a limited number of cells that grow very slowly (rural
areas). This leaves the bulk of new units to occur in moderate growth areas (suburban
areas). The numbers of new units from the second column are then cumulatively
summed until the number of units needed is reached. The corresponding ratio from
the first column is the ‘threshold’ ratio. All records above the threshold then are
selected for development; all records below are excluded from development. The file
is then converted back into a grid to create a development location ‘mask’ grid
(DLt + 1]). This mask grid is then applied to the D[t + 1] grid to create the new
density D[t + 1] grid.

Derivation of Empirical Parameters

Development within the past 10 to 15 years has occurred in a more dispersed
fashion, rather than concentrating around a town nucleus (Riebsame ez al., 1996;
Theobald et al., 1996). We assume that future development trends will resemble
recent development trends. This assumption allows us to derive transition parameter
rates for the simulation model parameters from historical data. Although local
development trends often differ in rate and pattern within a 25-year window, many
of the empirical parameters can be modified by the user at each of the 5-year time
steps. When deriving the empirical parameters, it is important to evaluate whether
the past trends will likely continue into the future.

Units per population ratio. The number of new units is calculated by multiplying
the population increase from time [t] to [t + 1] by the ratio of the number of units
per population. This ratio is the average of the unit/population ratios for the
historical period (equation (4)). The source for the number of housing units and
population is the decadal Census Bureau’s population data, which is interpolated
for between-decade time periods:

i (Ut Pt)

units_per_pop = '__—"n—-— )

Regression-based probability of development. A logistic regression is performed to
describe the relationship between the presence/absence response variable (develop-
ment/no development) and the independent variables of distance to town, primary
and secondary roads (equation (5)). Probability of development (y) decreases with
increasing distance from town (x,) and primary and secondary roads (x,):

1

y:(l T ¢~ (1:60259 F ~0.00006%; + ~0.00077x,)) )
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Table 2. Probability of development for a gradient of housing

densities (calculated in units per acre) using 1975-1995 data. The

probability of development increases rapidly with increasing neigh-
" borhood density

Class Density range 500 m 1000 m 1500 m 2000 m
1 0.0 0.042 0.019 0.017 0.016

2 0.001-0.05 0.541 0.299 . 0.262 0.199

3 0.05-0.1 0.956 0.805 0.691 0.640

4 0.1-0.25 0.939 0.866 0.815 0.685

5 0.25-0.5 0.944 0.893 0.916 0.835

6 0.5-0.75 0.927 0.941 0.919 0.950

7 0.75-1.0 1.0 0.951 0.945 0.843

8 1.0-2.0 0.981 0.950 0.961 0.972

9 2.0-10.0 0.969 1.0 1.000 1.0

Spatial transition-based probability of development. Average neighborhood housing
density for each cell is calculated by summing the housing densities in the neighboring
cells, divided by the number of cells that can possibly be developed. We use a range
of circular neighborhoods, with radii equal to 500, 1000, 1500 and 2000 m. Using a
cell width of 804 m (quarter-section size of 160 acres), these correspond to 0
(aspatial), 4 (rook’s case), 8 (queen’s case) and 20 (5 x 5 window minus the 4 outside
corners) neighborhood configurations, respectively. Cells with minimal developable
land such as those occupied, for example, by a large body of water or public land,
are not used in calculating densities.

All cells are grouped into one of 10 classes based on their neighborhood density.
Each class, i, is then separated into cells that increased in density from one time
step to the next and those that did not increase. The probability of development, P,
then is the ratio of the number of cells that developed, C’, to the total number of
cells, C, in that class (equation (6)) (Table 2):

_G

P,
12 Cl

(6)

Cluster density threshold. The assumption of cluster development is that if a cell is
chosen randomly, then all the development in the remainder of the cell will be in a
clustered pattern. This is a reasonable assumption for cells that currently have little
development, but is not reasonable for areas with higher densities, because there
will be little acreage left to develop and thus little incentive for clustering. Therefore,
only quarter-sections with densities below 0.025 (1 unit per 40 acres) are eligible for
cluster development.

Build-out density. The build-out density is the maximum density allowed under a
given set of conditions (Lacy, 1992). For areas with zoning regulations, an assumed
maximum density, limited by zoning, occurs at ‘build-out’. The proportion of
each cell (quarter-section) occupied by different zoning categories, planned unit
development (PUD) and incorporated towns, is determined using zoning and
subdivision plat maps. The number of housing units in a PUD, P, is estimated using

































