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Abstract

A changing mosaic of natural vegetation and human land uses has evolved within and around the
Flint River Watershed (FRW) in Alabama and Tennessee over the past several decades. To deter-
mine the cause of change and linkage between human activities and environmental change can
prove problematic. Subsequently, there is a need to produce projections of future environments
based on planning instruments and socio-economic parameters. Scenarios of potential future land
use land cover (LULC) change are required in order to better manage potential impacts on many
environmental issues. This study creates future scenarios for the year 2030 from baseline land
use of 2001, relative to three projected land use scenarios which include differences related to
conservation, planning, and development. The future growth scenarios were created using the
ArcGIS tool, Prescott Spatial Growth Model (PSGM). The model allows users to build different fu-
ture growth scenarios based on socio-economic projections such as population, employment and
other controlling factors. The simulation results indicate that LULC changes associated with future
urbanization can increase by ~23% - 43% within the FRW, which will lead to significant environ-
mental issues if not managed properly. The overall analysis and model results demonstrate the
ability of future growth scenarios to explore and evaluate options for a future environment. Spa-
tial modeling and analysis tools, such as PSGM, provide a powerful approach to evaluate potential
impacts of LULC change in the future and should be used to manage urbanization in areas with
more intense development.
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1. Introduction

Scenarios, as defined by the Intergovernmental Panel on Climate Change [1], are “plausible and often simplified
descriptions of how the future may develop based on a coherent and internally consistent set of assumptions
about driving forces and key relationships”. Scenario analysis is accomplished by using a process model and
land-use data to produce a representation of the physical manifestations of scenario characteristics. Scenarios are
usually conducted over long time periods and develop a range of driven perspectives, which are analyzed in de-
tail for their consequences or benefits. In this study, three development scenarios representing future land use in
the Flint River watershed in northern Alabama, USA were created using the Prescott Spatial Growth Model
(PSGM). The three development scenarios are conservation growth, plan trend and development growth.

2. Description of PSGM

The PSGM was developed at Prescott College (AZ) in collaboration with National Aeronautics and Space Ad-
ministration (NASA) and is a dynamic process model with a raster-based structure. The PSGM is an ArcGIS 9.x
compatible application that assigns future growth into available land based on user-defined parameters [2]. The
model allows users to build different future growth scenarios based on socio-economic projections such as pop-
ulation, employment and other controlling factors. The PSGM is a grid-based model that is projective, not pre-
dictive. Several inputs are needed for the model to run, including developable land, population and employee
growth projection and suitability rules. A network of primary and secondary roads is needed as input into the
model to show areas of existing transportation networks. The projected 2030 Transportation Plan for the City of
Huntsville was used as a guide when inspecting the output of the PSGM. The 2030 Transportation Plan is a
comprehensive review of the area transportation network and modes of urban mobility, resulting in the identifi-
cation of projects and programs to be implemented in 2030 [3].

One of the input parameters, developable land, is in the form of a binary grid indicating land grid cells suita-
ble for accepting future growth. Growth projection is specified in terms of acres consumed, for each projected
year for each developed land use type. The PSGM allocates projected population and employment growth for
specific projection years to user-specified land use categories [4]. User-defined suitability rules define where the
future growth should be placed. This allocates the new growth onto the user-specified developable land grid, in
the order of 1 to 10, least to most suitable land. The output of the model is a series of growth grids, one for each
projection year and land use type, showing the anticipated pattern of future growth. The model also combines
these individual grids into a single suitability grid in order to statistically analyze and compare different growth
scenarios more easily [4].

The successful function of the PSGM is dependent on the development of rule sets. For each land use class
being assessed, a separate rule set is created. The different rules sets are run consecutively letting each rule set
allocate land based on available area and priority. There is no limit on the number of rules in a scenario or a rule
set [2]. Using the inputs and rule sets, simulations were performed for three different growth scenarios in this
study reflecting changes in patterns of growth, development practices and constraints [5].

The PSGM has been previously used to model growth projections for various counties in the Atlanta, Georgia
region [2], which has experienced significant land use changes and increased population over the years. The intent
of the study was to validate the performance of the PSGM through comparison of scenarios generated with growth
projections and those generated using actual growth for the time period. The validation study determined that the
PSGM provides exceptional flexibility and good overall performance in projecting land use in the study area.

3. Materials and Methods
3.1. Study Area
The Flint River watershed (FRW) (Hydrologic Unit Code: 06030002) encompasses approximately 1445 Square
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km in Madison County, Alabama, and Lincoln County, Tennessee (Figure 1). The majority of the watershed is
in Madison County and drains into the Tennessee River from which the City of Huntsville, Alabama receives its
public drinking water. There are nine water bodies within the FRW currently listed on the US-EPA 303 (d) im-
paired water quality list [6]. The general land uses in the watershed are (with areas in km?” and % of watershed):
Forest 425 (30%), Cropland 360 (25%), Pasture 400 (28%), Mixed 120 (8%) and Urban 120 (8%), which is in-
creasing by 19 kmz/year (1.5%) [7]. The land use is agricultural with row crops and livestock production as ma-
jor farm enterprises. Madison County is one of the fastest growing counties in Alabama, growing from a popula-
tion of 238,912 in 1990 to 327,744 in 2009 [8]. Madison County’s land use is over 30% urban in many of the
Flint River’s sub-watersheds, and is estimated that by 2020 more than 50% of the county will be developed for
urban use, reaching far into the FRW [9].

The Flint River has a watershed management plan that was developed by the Tennessee Valley Authority, the
Madison Soil and Water Conservation District, and the Madison County Watershed Advisory Committee. The
plan is based on several years of work by various federal, state, and local organizations and citizens and on cur-
rently available data provided by a number of citizens groups [7]. The primary issues described in the plan are
uncontrolled urban development in the watershed and associated water quality and habitat degradation; hydro-
logic alterations of the river due to storm water from increased impervious surfaces, and loss of riparian forests
and the associated degradation of habitats and loss of the river’s scenic beauty. The plan has not been revised since
May 2008 therefore, new research information on the FRW is needed to enable an update to the watershed
management plan.

The growing population is placing heavy and divergent demands on the FRW. For example, the visual inter-
pretation of the National Land Cover Dataset (NLCD) change between 1992 and 2006 (Figure 2) shows how
much the watershed has been developed in just 14 years. Urban land use shown in red, increased from 0.98% in
1992 to 8.7% in 2006 with most development occurring around existing roads.

Knowing where the FRW may develop in the future is significant to create better management practices and
ensure that quality water resources are available in the future. While conservation efforts have often focused on
maximizing the quantity of land conserved, research efforts in landscape ecology have shown that the spatial
pattern of land conversions can have a significant effect on the function of ecological processes [ 10]. From this we
can determine what policies should be implemented to fight degradation of sensitive sub-basins affected by ur-
banization.
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Figure 1. Map showing the location the flint river watershed in northern
Alabama and southern Tennessee.
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Figure 2. National Land Cover Dataset (NLCD) (a) 1992 and (b) 2006 for FRW.

3.2. Data and Model Setup

The three alternative-future scenarios produced by the PSGM are conservation growth, plan trend, and devel-
opment growth. The conservation growth places greater priority on ecosystem protection and restoration, al-
though still reflecting a plausible balance between ecological, social, and economic considerations. Plan trend
assumes existing land use plans are implemented as written, with few exceptions, and recent trends continue.
The development growth, which has the least conservation, assumes current land use policies are relaxed and
has a greater reliance on land and water use [5]. To portray these different scenarios the input data, developable
land layer and suitability rules vary among the scenarios.

The time steps for these future growth scenarios are 2000 to 2007 and 2007 to 2030, building off Census data
for 2000. Projections for 2007 were created in order to validate the model. County-level data obtained from the
U.S. Census report was used to create population and employment tables. Population and employment data for
2000, 2007 and 2030 for each county and area in acres of commercial and residential land was used to determine
the input parameters for the model. The 2007 population and employment data was collected from the American
Community Survey. Input for residential land use data includes Dwelling Units per Acre (DUAC) for each
county and Persons per Housing Unit (PPHU). DUAC values were set as 2.75, 2.5 and 2.25 for Lincoln County
(TN) and 3.25, 3 and 2.75 for Madison County (AL) in the conservation, plan and development growth scena-
rios respectively. The PPHU value was 2.0 for both counties in each of the three scenarios. Commercial land use
data included Gross Square Footage per employee (GSF) and Floor Area Ratio (FAR) for each county in the
study area. The GSF of commercial land was generalized in this analysis to be 250 for Lincoln County and 350
for Madison County. For both counties FAR values were calculated from jobs per acre and were 0.9, 0.6 and 0.3
in the conservation, plan and development scenarios respectively. The model uses a spreadsheet-like interface to
calculate acres consumed of future commercial and residential land from inserted values of DUAC, PPHU, GSF,
FAR, population and employment for each time step (Table 1 and Table 2).

The NLCD serves as the definitive Landsat-based, 30 meter resolution, and land cover database for the Nation
[11]. NLCD products are created by the multi-resolution land characteristics (MRLC) consortium, a part

()
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Table 1. Increase in number of jobs, 2000-2007 and projected job increases over 2007-2030 for Lincoln county, TN and
Madison county, AL. The PSGM calculated acres consumed of future commercial growth for each scenario.

i Catiy Yo ez Consgfvr;stlilglle(icre) Pclglrll S(lzncl:g) Deve?o(;rﬁll::glte(dAcre)
2000-2007 Lincoln 1067 6 10 20
2000-2007 Lincoln 3992 25 38 76
2000-2007 Madison 23,594 210 315 631
2007-2030 Madison 99,484 888 1332 2664

Table 2. ncrease in population, 2000-2007 and projected population increases over 2007-2030 for Lincoln county, TN and
Madison county, AL. The PSGM calculated acres consumed of future residential growth for each scenario.

Time Step County Job Increase Const}med LRIy SRy
Conservation (Acre) Plan (Acre) Development (Acre)
2000-2007 Lincoln 1393 253 278 309
2000-2007 Lincoln 2730 496 546 606
2000-2007 Madison 37,096 5707 6182 6744
2007-2030 Madison 75,358 11,593 12,559 13,701

nership of Federal agencies led by the USGS. The 2001 NLCD for both counties within the FRW was used as
the land use input grid for projected growth. The 2001 land use distinguishes 16 different classes but in the study
area the perennial ice/snow land use was excluded leaving the following land use classes; open water, developed
open space, developed low intensity, developed medium intensity, developed high intensity, barren land, deci-
duous forest, evergreen forest, mixed forest, grassland, shrub, pasture/hay, cultivated crops, woody wetlands and
emergent wetlands [11]. The NLCD was reclassified from the original 15 land use classes to 14 dominant
classes for each county by merging the developed low intensity (DLI) land use with developed medium intensity
(DMI) land use to form the residential land use category (DMLI). The DLI contains areas with a mixture of con-
structed material and vegetation and is composed of 20% to 49% of impervious surfaces. The DMI areas most
commonly include single-family housing units and contain 50% to 79% of impervious surfaces. The developed
high intensity (DHI) land use is here considered the commercial land use category. The DHI includes highly
developed areas and are 80% to 100% covered by impervious surfaces.

The developable land grid, which contained valid values for cells that represent land use areas suitable for
accepting future growth, was created from the 2001 NLCD layer. The developable land grid was different for all
three scenarios but in no scenario contained areas classified as urban, developed open space or open water. The
conservation scenario had a 50 foot buffer around the classified wetland areas that was excluded from the avail-
able land layer, thus conserving land within 50 ft of wetlands. The developable land grid contained the forest,
shrub, pasture, and agriculture land use classes for the conservation scenario and for the plan trend scenario the
grid included these classes plus barren and grassland classes. For the development scenario the land available for
development included all the land use classes except urban, developed open space and open water therefore, fu-
ture growth could be allocated in many land use areas, including wetlands making this scenario have the least
conserved land.

The suitability rules are defined in PSGM to guide the allocation of projected growth for residential and
commercial land use. Each of the rules is used to create an individual suitability grid; when there is more than
one rule the individual grids are added to create a composite suitability grid for that land use category [2]. The
rules created in the three scenarios all used the same themes which included “in county”, “near existing devel-
opment”, “near roads” and “random”. The themes were used as the spatial reference for distance and are linked
to the raster layer they describe. Weight of each rule specifies the importance of the rule relative to the rest by
having a higher value it is more important therefore, growth will be allocated there first. The rule sets created
(Table 3) were run consecutively in the model simulation, letting each rule set allocate land based on available

area and priority.
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Table 3. Rules used for commercial and residential land in Lincoln and Madison counties for the conservation growth

scenario.
Commercial . Residential .
LT Distance (Miles) Weight Distance (Miles) Weight

In County—develop land in respective county first 10 7 10 7
Near roads—Within x miles of road network 0.1 5 0.5 1

Within x miles of existing development
. . : 1 5 1 5

of same type (commercial or residential)
Random—allows spontaneous Not used 1 Not used 1

development in available land layer

PSGM’s growth allocation module assigns growth (in acres) to the composite suitability grid. As land use is
allocated, it is removed from consideration by the model in the allocation of other land use needs. The output
grids of the model were merged by land use type and year of growth to display the complete LULC data for as-
sessment for each county and time step. The 2007 projected land use was only used to validate the performance
of the model.

4. Results

Using the PSGM parameter inputs and rule sets described in the previous sections, the conservation, plan and
development growth simulations were performed starting from the same NLCD 2001 observed data to predict
land use in the year 2030. The initial land use output was for the entirety of Lincoln County, Tennessee and
Madison County, Alabama (Figure 3) but was extracted by the FRW boundary. The difference between the
baseline land use and the future growth scenarios is evident in Figure 3 and quantified in Table 4, which, shows
percent of land base composed of water, urban/residential, forest, range, pasture, cultivated crops and wetland.
The three alternative future scenarios create different patterns of LULC change in the FRW which was used to
evaluate the increases of urbanization between scenarios. Table 4 shows significant differences in land use
change between the three scenarios. The conservation growth scenario places greater priority on ecosystem pro-
tection compared to the other scenarios by having less of the forest, pasture and agricultural and being turned
into urban land, and it also conserved the wetlands. The plan trend scenario was closely related to the conserva-
tion growth but more areas of the forest, pasture and agricultural land use was consumed by urban development.
Moreover, the development growth had more of a randomized development causing more of the forest, pasture
and agricultural land use to be consumed by urban growth as well as wetlands. Differences between scenarios
are smaller within the FRW boundary than for the entire study area because the majority of the land use being
developed is near the City of Huntsville, which is mostly located outside of the watershed.

5. Validation

Projections of future state cannot be validated, but the accuracy of the model can be evaluated in hind-cast mode,
in which projections are made from some past starting point, and results compared with observed LULC data at
the simulation end time [12] For model validation the NLCD 2001 data were used to project 2007 land use for
the three scenarios. The projected 2007 land use from the PSGM output was compared to the observed NLCD
2006 data to determine the accuracy of the projections with respect to the observational data. The 2007 LULC
projections were all similar to the observed 2006 LULC but the conservation growth projection was the most
accurate in comparison to the other scenarios (Table 5). For residential land use, the percent differences be-
tween observed and projected values were 0.45, 0.55 and 0.62 for conservation, plan and development scenarios,
respectively. The commercial land use values had smaller differences with 0.01, 0.02 and 0.04 for the three sce-
narios respectively. Land use data standardization is an important consideration when comparing remotely-
sensed data [2]. The projected 2007 and observed 2006 land use data cover the same geographic area and are
classified into the same land use types and have the same resolution. However, there are minor differences in the
2001 and 2006 NLCD data sets that complicate the validation shown in Table 5. For example, the difference in
the coverage of Open Water between the two land use data sets is evident; the three land use scenarios use the
2001 baseline, of which 741.87 ha is classified as Open Water. This land use does not change in any of the sce-
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Figure 3. Distribution of land use for the three future growth scenarios and the 2001 land use baseline
for Lincoln county, Tennessee, and Madison county, Alabama.

Table 4. Percentage of total area and percentage relative change relative to the 2001 baseline for the dominate land uses in
the River watershed (+values indicate an increment from baselione conditions).

Percent Total Area and Percent Change

Land Cover .
2001 Baseline Smart Plan Sprawl
Water 0.51 0.51 (0.0) 0.51 (0.0) 0.51 (0.0)
Urban/residential 7.0 9.81 (+40.14) 10.01 (+43.00) 11.43 (+63.29)
Forest 31.23 29.99 (-3.97) 29.95 (—4.10) 29.76 (—4.71)
Range 4.79 4.71 (-1.67) 4.68 (—2.3) 4.6 (3.97)
Pasture 27.65 26.8 (-3.08) 26.73 (-3.35) 26.09 (5.65)
Cultivated crops 25.18 24.54 (-2.55) 24.48 (-2.78) 24.02 (—4.63)

Wetland 3.65 3.65 (0) 3.65 (0) 3.59 (~1.64)




W. Tadesse et al.

Table 5. Increase in population, 2000-2007 and projected population increases over 2007-2030 for Lincoln county, TN and
Madison county, AL. The PSGM calculated acres consumed of future residential growth for each scenario.

Land Use Class NLCD Basin Conservation Basin Plan Basin Development Basin
2006 (ha) % 2007 (ha) % 2007 (ha) % 2007 (ha) %
Open water 708.12 0.49 741.87 0.51 741.87 0.51 741.87 0.51
Developed open space 8724.96 5.99 8302.68 5.70 8302.68 5.70 8302.68 5.70
Residential 3791.61 2.60 4453.65 3.06 4588.47 3.15 4696.74 323
Commercial 137.52 0.09 150.03 0.10 162.18 0.11 202.77 0.14
Barren land 43.47 0.03 45.18 0.03 44.73 0.03 4491 0.03
Deciduous forest 39538 27.16 39,500 27.13 39466 27.11 39460 27.10
Evergreen forest 1901.88 1.31 1941.75 1.33 1938.33 1.33 1934.91 1.33
Mixed forest 2393.82 1.64 2423.34 1.66 2421.54 1.66 2421.18 1.66
Shrub 5191.83 3.57 5173.11 3.55 5168.70 3.55 5160.15 3.54
Grassland 2066.85 1.42 1742.67 1.20 1725.75 1.19 1723.86 1.18
Pasture 39796.92 27.34 39614.31 27.21 39549.60 27.17 39494.79 27.13
Cultivated crops 35970.57 2471 36187.29 24.86 36166.05 24.84 36114.66 24.81
Woody wetlands 5283.81 3.63 5276.43 3.62 5276.43 3.62 5254.02 3.61
Emergent wetlands 33.12 0.02 30.24 0.02 30.24 0.02 30.06 0.02
Total 145582.2 100 145582.2 100 145582.2 100 145582.2 100

narios, but is slightly higher than the 708.12 ha classified in the 2006 NLCD. Similarly, there are minor differ-
ences in the Emergent Wetlands class.

6. Conclusions

Specifically, the assessment suggests that an approximate 23% increase in urbanized area in the conservation
scenario will occur by 2030 within the FRW. Within the conservation scenario, the areas with the largest in-
crease in development were located near the developing cities of Moores Mill and Meridianville Alabama. For
the plan scenario, urbanized area increased by ~25%, and areas with the largest increase in development were
the same as the conservation scenario. The development scenario had the largest increase in urban land use of
~43%, with the largest increase in development near the Huntsville City Limits and developing cities adjacent to
major roads. The simulation results indicate that LULC changes associated with future urbanization can increase
by ~23% - 43% within the FRW which will lead to significant environmental issues if not managed properly.

The analysis reveals that the PSGM is an effective tool in forecasting scenario based land use change over a
30-year period and can be run with readily available data. The validation results indicate that with accurate input
parameters and reasonable population and employment forecasts, land use change can be projected into the fu-
ture with acceptable accuracy. The uncertainties in estimating PSGM parameters such as dwelling units per acre
and jobs per acre and errors in population and employment forecasts have a substantial impact on the ability of
the model to simulate urban land use changes. The overall analysis and model results demonstrate the ability of
future growth scenarios from baseline digital land use data to explore and evaluate options for a future environ-
ment. Spatial modeling and analysis tools such as PSGM provide a powerful approach to evaluate potential im-
pact to LULC change in the future and can be used to manage development in areas with more intense urbaniza-
tion
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