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ABSTRACT 

Urbanization has created a complex transition zone between the urban core and rural 

landscapes. This zone faces environmental challenges that are distinct from those in 

urban and rural areas, yet no agreement exists on where this zone begins or ends. Existing 

classification systems of the urban-rural gradient fail to account for the transition zone in 

an ecologically meaningful way. 

 This project aims to: (1) define key indicators of transition zones within urban-rural 

gradients with an emphasis on environmental health; (2) develop a new method using 

cluster analysis and data reduction techniques to spatially define urban, rural, and 

transition zones, known as Urban-Rural Transition Zones (URTZ); and (3) implement 

this approach in the Baltimore-DC Corridor and demonstrate how it builds and differs 

from existing classification systems.  

 

A suite of ecosystem health indicator variables were summarized by 1911 Census Block 

Groups for the Baltimore to Washington, DC corridor. A two-step cluster analysis was 

used to differentiate the zones of the urban - rural gradient in the study area. This analysis 

was repeated using many different combinations of variables, including both high and 

medium resolution land cover data.   

Of the many resulting outputs, the preferred one was determined based on three best fit 

criteria. This map’s five zones included urban, urban fringe, urban transition, rural 

transition and rural. The indicator variables used in differentiating these zones included 

coverages of total vegetation, total impervious surface density, a geographically weighted 

regression coefficient quantifying variation in the relationship between trees, and 

impervious surface cover, and a principal component coefficient summarizing a number 

of distance-based variables.    

The final output was compared to output from the commonly-used “Wildland Urban 

Interface” (WUI) method to determine which better predicts differences in population 

density and presence of buried streams, both established indicators of urbanization. 

Neither was used in the initial analysis. An ANOVA showed the five URTZ zones were 

significantly different from each other (P<.001) based on both population density and 

buried stream density using the high resolution land cover data.  The medium resolution 

data showed each zone significantly different (P<.001) except the two transition zones. 

The ANOVA of the WUI zones and buried streams show no significant difference 

between the transition zone and rural areas. The results suggest that the URTZ method 

captures a significant amount of ecologically meaningful landscape variation, while the 

WUI method may not have enough specificity for determining transition zones at this 

scale. Further, high resolution imagery may only be required if several levels within a 

transition zone are needed for the project goals.   
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CHAPTER 1: 

COMPREHENSIVE LITERATURE REVIEW 

1.1 Introduction 

Land use change practices in the United States are unsustainable.  The September, 

2011 issue of Scientific American warns that the existing metropolitan framework will 

not be able to endure the continuing influx of residents without dramatic change in urban 

development (Bettencourt & West, 2011). Urban expansion creates ecologically 

vulnerable systems due to increased development, turning the forested/rural areas into 

heavily populated/high density areas. Existing classification systems that describe the 

urban-rural gradient and its areas of transition are not structured with an environmental 

focus.  This project aims to (1) describe key indicators of transition zones within urban-

rural gradients with an emphasis on environmental health and (2) to develop a new 

method using geostatistical techniques to classify these indicators within each zone (3) 

present the new model, the URTZ, in the Baltimore-DC Corridor and demonstrate how it 

builds and differs from existing classification systems.    

 

The following literature review will provide context for examining transition zones 

along the urban-rural gradient. The purpose is to present background information on the 

topics of indicators of what it means to be urban or rural or in transition and current 

methods in that define these zones. In any type of landscape analysis, scale is important 

and this will also be addressed.  
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1.2. Urbanization 

More than thirty percent of the population in the United States lives in United 

States Census Bureau (Census)-defined urban areas and an additional fifty percent live in 

the metropolitan area surrounding these urban centers (Census, 2010).  With the 

accessibility and viability of major economic US cities, these urban growth trends can 

only be expected to increase.  Places that were once distant from urban centers, 

considered rural or forested land, are now increasingly becoming part of a metropolitan 

region (Ewing, 2007).  This settlement expansion, termed ‘urbanization’ is commonly 

attributed to population increase by both the spread of housing into natural areas and 

increasing residential density in existing city spaces (Ewing, 2007).  

Population increase leads to urban area expansion, but additional changes in urban 

land use, park establishment, gentrification and infill development influence urbanization 

even with no change in population density (Schwartz, 2004; Forman, 2008). For example, 

the Sierra Club (2006) reported that between 1960 and 2000 urban areas in the United 

States grew twice as fast as urban populations.  These changes may progress quickly or 

gradually with the addition of industrial, retail, or housing development (Booth, 2004). 

Urbanization has an array of complex spatial patterns expanding in a variety of ways 

from city centers or the urban core.  The majority of city master plans in the United States 

did not factor in environmental health during the city planning stages.  Forman (2008) 

points out there are advantages and disadvantages to urbanization.  Increased density 

brings a range of issues from traffic congestion to loss of biodiversity (Forman, 2008). 

Concurrently this brings increased cultural diversity and economic growth; and if planned 
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correctly less transportation woes and environmental degradation. In response to these 

negative growth pressures resulting decision makers and planners alike began thinking 

about the concepts of sustainable development and smart growth (Pickett et al., 1995; 

Galster, 2001; Forman, 2008). 

1.2.1 Urbanization Models 

In the early 20
th

 century, Park and Burgess (1925) calculated that cities would 

progressively expand and would form 

as five concentric rings, with areas of 

social and physical deterioration 

concentrated near the city center and 

more prosperous areas located near 

the city's edge (Figure 1).  Park et al. 

(1925; Brown, 2010) attest that cities 

are Darwinian in nature where the 

most important of these forces was competition. This model is based on the struggle for 

scarce urban resources, especially land, and this competition between groups leads to a 

division of the urban space into distinctive ecological niches of people who share similar 

social characteristics because they are subject to the same ecological pressures (Brown, 

2010; Park, 1925). The concentric zone model shows abrupt demographic transitions and 

barriers which can weaken the ecologic function and social interaction (Brown, 2010). In 

certain cases the urban concentric ring pattern is limited because it can only progress as 

Figure 1: Park's Concentric Zone Theory - Adapted from 

Park (1925). 
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far as landscape pattern will allow because high mountain ranges or water bodies 

abruptly obstruct the distribution to expand evenly (Forman, 1986; Pickett, 2001).  In 

these cases, other urbanization patterns take shape.  

Forman (2008) accepts the concentric ring interpretation and describes three 

additional models of urbanization:  

 Concentric-zones model: even distribution around the central core 

 Satellite-cities model: smaller cities become prominent in addition to the urban 

center 

 Transportation-corridors model: urbanization occurs along the main radial 

highways 

 Dispersed-sites model: occurs in equal-sized small dispersed patches  

 

Figure 2: Four major spatial models of urbanization spread.  Metropolitan area is the central circle; small open 

circles in the upper right are satellite cities including their adjacent built area (Forman, 2008) 

Each has varying ecological effects.  An analysis of thirty-eight urban regions worldwide 

concluded that, in terms of ecological impacts, urbanization models are, from best to 
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worst: satellite cities, concentric rings, transportation corridors, and dispersed sites 

(Forman 2008). 

1.2 Impacts of Urbanization 

Urban development is designed in an array of patterns on many types of landscapes (Hill 

et al., 2003). Unmanaged expansion depletes the capacity of nature to sustain viable 

communities and support economic activity and thus creates environmental stress 

(Chinitz, 1990).  Species threatened by urbanization also tend to be threatened by 

agriculture, recreation, roads, and many other human impacts, emphasizing the issues that 

accompany urban sprawl (McKinney, 2002). There are many examples in the literature 

that suggest close proximity of housing and human development to natural areas is 

associated with negative effects on species diversity and absolute population numbers for 

birds (Cam, 2000; Friesen & Eagles, 1995), and insects (Blair, 2001). At the broader 

landscape scale, sprawl also contributes to habitat fragmentation (Theobald et al. 1997, 

Radeloff et al. 2005), which negatively affects native plant and animal species. Habitat 

corridors are needed to prevent loss of population mobility which shows to limit genetic 

diversity in bird, mammal, invertebrate and tree species (Jump, 2005, Keller, 2003, 

Lindsay, 2008, Wauters et al., 1994).  Fragmented habitats also often facilitate 

introduction of invasive plant and animal species (Borgmann, 2004) further contributing 

to the loss of biological integrity of natural areas. 

1.2.1 Land Cover and Land Use 

These urbanization models demonstrate the spread of the built environment into the 

natural landscape. Within this complex system of rings and corridors lies a further 
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dimension in understanding land pattern and landscape classification. To measure 

urbanization researchers and planners include two key dimensions: natural systems and 

their human use (Forman, 1986). The two broad but signature categories are land cover 

and land use (Booth, 2004; Cadenasso, 2007; Forman, 2008; Pauleit and Breuste, 2011). 

Land cover represents the physical material at the surface of the earth and land use types 

are the human activities on or employing this surface. (Forman, 2008; Pauleit and 

Breuste, 2011) (Cadenasso, 2007).  With a focus on water quality, vegetation condition, 

nutrient cycling, wildlife populations and soil ecology the key variables Chesapeake Bay 

Foundation uses in their Chesapeake Bay Barometer uses (Claggett, 2011).: 

 Land Cover: buildings, roads, pavement (other), trees, shrubs, grass 

 Land Use: agriculture, zoning, spatial patterns of built infrastructure including 

building and road typology, human influence and social factors 

 Water:  hydrology and water quality of rivers, streams, water and sewer 

infrastructure, aquatic and wildlife presence/populations 

Researchers use varying levels of detail in the definitions and measures of land 

cover and land use based on particular study goals.  The widely accepted general 

categories of land cover are vegetation, impervious surfaces and water. The hierarchy 

beyond this can branch in several dimensions. Occasionally, there is some criticism that 

little consistency or quality control occurs when land-cover data are collected and 

analyzed (Hill, 2003).  However, the U.S. standard is the National Land Cover Dataset 

derived from the medium resolution data set of 30m from the LandSat images (EPA, 

2010).  It provides data for the entire United States, free and accessible to all. The 
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National Land Cover Data Set is somewhat of a misnomer as the categorization is based 

on the activity on land as opposed to the actual cover, some of the categories are, for 

example, low and high intensity residential, commercial, industrial, transportation, water 

and wetlands, and  agricultural. NLCD is further detailed in section 1.5.   

Aerial photography is often used to classify land cover and offers a higher 

resolution product. The Vermont Spatial Analysis Lab specializes in object based image 

classification of high resolution imagery.   The final classes used in their land cover 

analysis falls into just two vegetation categories, coarse vegetation (trees, woody shrubs) 

and fine vegetation (grass, herbaceous ground cover).  Impervious surface is categorized 

into buildings, roads and pavement (SAL, 2007). Land cover data classified with high 

resolution aerial imagery is used in comparison with the NLCD data to determine which 

is best suited for land cover analysis in highly urbanized regions.  

1.2. Using Land Cover to Measure Ecological Vulnerability  

Land cover is necessary (Brabec, 2002) to incorporate and is used extensively in 

many aspects of environmental modeling including water quality, water flow, species 

diversity and soil ecology.  Cover, what is physically on the earth’s surface, is easily 

measured using remote sensing techniques and holds a strong correlation with water 

quality, air quality and signs of rapid growth (Schueler, 2009). In evaluating ecological 

impacts in urban regions many different landscape measurements can be used.  The 

EPA’s Green Build- Out Model (EPA, 2005) uses tree canopy, grass, pavement, roads 

and buildings each separately. Booth (2004) uses levels of urban intensity, as in the 
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NLCD categorization, to measure impervious surface and three types of vegetation 

(grass/shrub, deciduous, and coniferous).  

Impervious Surface   

Impervious surface coverage is arguably the most critical variable in mapping 

ecological vulnerability (Booth, 2004). Impervious surface typically encompasses roads, 

buildings and pavement (sidewalks, parking lots). The covered area is relatively simple 

for land planners to attain, calculate and project.  Land use planning and zoning are 

commonly carried out based on use and density categories that can provide specific 

indicators of total impervious area (Brabec, 2004). Booth (2004) defines total impervious 

surface or total impervious area (TIA) as the fraction of a watershed covered by built 

surfaces or bare ground, such as impermeable unpaved roads. Studies show a negative 

correlation between the amount of impervious surface cover and water quality within a 

watershed (Washburn, 2008).  Further, the spatial distribution of imperviousness has a 

large effect on aggregate imperviousness and consequently the water quality of the 

watershed (Brabec, 2002). Because there is a very high inverse correlation between 

impervious surface and water quality, many urban ecologists propose that natural 

resource planners place limits on impervious surface, such as the Center for Watershed 

Protection’s (1998) Impervious Surface Model (Figure 3).  This model demonstrates the 

impact impervious surface can have even in a small percentage.  The model implies a 

maximum impervious surface threshold of less than 10% to keep a healthy watershed.  

King and Baker (2008) suggest that some species will begin declining with as little as a 

2% impervious surface coverage. As previously mentioned, increases in the amount of 
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impervious surface associated with suburban development contributes to faster pollution 

and water run-off which limits the ability of sediment and excess nutrients to be filtered 

through soil before reaching a waterway. 
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Figure 4: Impervious surface impact on species diversity (McKinney, 2002) 

 

Figure 3: Impervious Surface effect on stream Quality (Scheuler, 2009) (Adapted 

from CWP, 1998) 
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Storm water management is a critical component of city planning.  Water velocity 

can cause severe erosion and large quantities of sediment loading.  As shown in Figure 4, 

when impervious surface increases, biodiversity decreases (McKinney, 2002). There is an 

interruption in aquatic habitat and damages existing infrastructure such as roads, bridges 

and sewer lines (Otto, 2002).  Hydrology patterns are often ignored in planning and this 

leads to further ecological and economic issues (Speir, 2010).  With increases in 

impervious surface, whether from residential buildings or interrupted waterways, more 

sewer and storm drains must be built throughout the landscape thus compounding the 

issue (Otto, 2002; Ewing, 2007).   

Roads are a driving indicator of sprawl like patterns or poorly planned growth 

(Forman, 1998).  Road density and impervious surface cover conceptually have higher 

densities approaching the urban core; however this is not always this case (Booth, 2004; 

Brabec, 2005; Hill 2010). Scattered development and lenient zoning create anomalies in 

previously steadfast urban spatial patterns.  

Vegetation Cover 

Vegetation is used as a storm water interceptor and has a strong inverse 

relationship with impervious surface (Borgmann, 2004). Proximity to vegetation is as 

important as impervious land cover for ecological health of an area, such as a watershed. 

Vegetation can act as protected corridors to connect existing habitat to encourage species 

diversity and improve ecological function (Hay 1991).  Ecologically, vegetation can help 

control erosion and sedimentation, and act as infiltration for pollution. In urban regions, 

environmental, aesthetic, educational, recreational, and economic benefits are derived 
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from the preservation and inclusion of vegetation in the urban – rural corridor. In some 

urban areas species presence has increased as a whole, but this is because of increased 

exotics (Zipperer W. F., 1997). Urbanization also leads to forest fragmentation and loss 

of tree canopy and important wildlife habitat and corridors which in turn compromises 

biodiversity (Cam, 2000).   

Tree Canopy 

American Forests recommends an average 40% tree canopy in metropolitan areas, 

50% tree cover for suburban residential zones, 25% for urban residential zones, and 15% 

for central business districts (www.americanforests.org/aboutus, 2005).   The average tree 

canopy cover in heavily urbanized areas is 27% (Nowak et al., 2001). Urbanization is 

causing tree canopy decline at an alarming rate (Eugster, 2000).  The Baltimore - 

Washington Metropolitan area loses 28-43 acres of green space per day (Eugster, 2000).  

As urban forest cover is decreasing, the existing built environment is beyond capacity to 

meet federal standards for air and water quality (Deutsch et al., 2005).  Maintaining 

recommended tree cover levels reduces the need and capital investment of building gray 

infrastructure such as water treatment facilities and heating and air conditioning, to 

manage air and water resources and produce energy (Nowak et al., 2001).   

1.3 Land Use and Ecological Vulnerability 

Land use is the most important and fundamental process influencing plants and 

animals and their communities (Pauleit and Breuste, 2011).  One of the prime 

prerequisites for better use of land is information on existing land use patterns and 

changes in land use through time (Anderson, 1976). Ecological studies have shown the 
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significant land cover changes have taken place along the urban-rural gradient (Pauleit, 

2011). Many negative effects are directly related to human activities and their impact on 

surrounding areas.  Increasing human populations and the associated land-use changes 

are still the major factors causing water quality and habitat degradation in the Chesapeake 

Bay and its watershed (US Geological Survey (Fitzpatrick), 2011). The influences of 

urban surfaces and agriculture are categorized as the ‘worst’ for water quality in the 

Chesapeake Bay (Allan, 2004; CBP, 2009).  Other influences include forestry, mining 

and recreation.   

Ecologists continue to use land use and land use patterns to understand the 

ecological function of urban areas (Cadenasso et al., 2007).  The range of influence 

depends on spatial pattern and scale from small catchments to a landscape scale (Allan, 

2004; Forman, 1986).  Spatial planning and regulations that influence the spatial pattern 

and intensity of land use have huge implications for the ecology of cities (Alberti, 2008, 

Pauleit and Breuste, 2011). Land use classifications have been used to quantify changes 

in extent of land use cover by different land-use types (Cadenasso, 2007).  Because the 

urban landscape is dominated by mankind (Zipperer, 2000) the human land use must be 

included in the model. The social piece is the human choice to “build capacity to manage 

the system in relation to these thresholds to achieve sustainability” (Walker, 2006).  

Watershed Health 

An urbanized watershed may contain varying levels of environmentally hazardous 

industries, dense road networks or only a few roads (Booth, 2004). The topography, soils, 

vegetation, and channels in an urban basin will be altered in some way. Figure 5 
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demonstrates there is no single change defines urbanization.  Instead, the variety of 

human activities seriously influences urban streams and their species composition 

(Booth, 2004). 

 

Figure 5: Conceptual model of the varied stressors resulting from human actions that alter stream biological 

condition. (Modified from Karr and Yoder, 2004 (Booth, 2004). 

Degradation of a river, such as an increase in sediment or changes in heat and light, 

changes to a lower ‘order’ of classification (Vannote, 1980). Other environmental 

hazards include introduction of additional nutrient, contaminant pollution, hydraulic 

alteration, riparian clearing and loss of large woody debris (Allan, 2004).   

Buried Streams 

Buried streams are waterways that once flowed over land, but were routed into 

underground pipes to make way for urban development (Kobell, 2012).  This is done by 

channelizing, paving and ditching the surface to essentially move the water underground 

(Environmental Protection Agency, 2012). Recent studies show that buried streams could 
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be quite detrimental to the ecosystem health of a watershed and may be contributing to 

the overabundance of nitrogen (Elmore, 2008; EPA, 2012; Kobell, 2012).  The concrete 

enclosure, where a stream once thrived with aquatic life lies, has been coined by 

watershed specialists as a ‘biological dead zone’ (Kobell, 2012).  

These streams are strong indicators of transition zones in the urban - rural 

gradient. Studies by the Appalachian laboratory in the Chesapeake Bay area are mapping 

the probability of buried streams.  The areas close to the urban core are 99% probability 

and as development decreases as does the probability of buried streams (Elmore, 2008). 

 

Figure 5: Map by Andrew Elmore, 2012 from the Appalachian Laboratory 

 

Agricultural Activity 

Biodiversity is low and conditions in urban watersheds are uniformly poor and as a 

result of development intensity (Booth, 2004). In the Chesapeake Bay watershed, 

agricultural activity is that water body’s major source of pollution (Figure 6). However, 



16 

 

urban/suburban development is the only source of pollution that is increasing 

(Chesapeake Bay Program, 2010). Chesapeake Bay Program Barometer (2009) has 4 

categories indicating these 12 factors impacting bay health:  

 Pollutants: Nitrogen, Phosphorous, Sediment, Chemical Contaminants 

 Land Use: Population, Impervious Surface and Forest Cover 

 Natural Factors: River flow and Weather 

 Other pressures: Climate, Fisheries Harvest and Invasive Species 

 

 

Figure 6: Sources of Nitrogen, Phosphorous and sediment pollution in the Chesapeake Bay 

 

Agriculture broaches many social factors including economic growth, food, livelihood, 

community building and cultural history.  However agriculture can also pose serious 

threats to environmental health.  Though crop-rotation type agriculture is said to be less 

harmful to ecological systems than pasture farms (Allan, 2004) both have substantial 

impacts.  Agriculture (Allan, 2004) reduces insect and fish populations; create higher 

inputs of sediment, nutrients, pesticides and increases non-point sources pollution (in 

land conversion from forest). The sediment increase in urban and suburban tributaries 
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alters the magnitude and frequency of the rivers, changing habitat and decreasing species 

diversity - in turn changing the ecosystem structure (Vannote, 1980).  

Road Networks 

Road Density shows an additional, and possibly more detailed, dimension that 

complements land use type as an indicator of sprawl.  Roads cover about one-fifth of the 

United States (Van Der Ree, 2011). Forman (1998) realizes 1% of the road area in the 

United States impacts 15 – 20% of the land so they are an important part of land use 

planning equation.  Outen (2011) suggests that rural roads are a sign of less development 

and new patterned ‘roads to nowhere’ such as cul-de-sacs and dead ends could be 

considered sprawl-like.  Measures of road network dimensions include: 

 Average block size and average block length (square miles) (Ewing, 2001) 

 Percentage of small blocks (<.01 square miles) (Ewing, 2001) 

 Rural (Country) Road Density (Cutsinger, 2005; Outen, 2011) 

 Road type:  urban, highway, secondary, rural road (Outen, 2011) 

 Year built, major artery, width, extent to which streets are interconnected as 

suburban superblocks, branching streets, in cul-de-sacs (Cutsinger, 2005) 

 

Roads can disrupt the flow of water and change its physical characteristics and chemical 

composition in ways that can significantly alter ecological processes in the landscape 

(Forman, 2003). Rural roads are often following the landscape (or railroad) to the next 

town. The houses on these newer roads were generally constructed later than the 1950s 

and roads will be in a ‘highly manipulated pattern’ (Outen, 2011). The Rural Urban 

Commuting Area documented by the Census (2010) measures how far people travel to 
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get to from work. The Census uses Rural Urban Commuting Areas ranging from 10 – 

50% to define metro, micro and primary flow categories (Census, 2010). In these 

standards rural areas would have the least amount of traffic commuting to the major 

cities.  

Human Health 

Urbanization has also been associated with negative effects on human health. 

McCann and Ewing (2003) compared respondents’ body mass index (BMI) to the degree 

of urbanization in the communities in which they resided. These transition areas between 

urban centers and rural land were associated with a more sedentary life style and higher 

rates of obesity (along with other medical conditions associated with excess weight 

including hypertension, diabetes, and coronary heart disease). While those living in 

sprawling and compact metropolitan areas reported similar levels of exercise in their 

leisure time, the amount of additional walking done by residents in compact communities 

was much higher due in part to neighborhood design. Thus poorly planned growth has 

negative implications not just for terrestrial and aquatic natural communities, but human 

communities as well (McCann and Ewing, 2003).  

1.3.1 Spatial Patterns on the Landscape  

The result of poor city planning and missed growth management opportunities during the 

urbanization process is commonly termed ‘sprawl’. Because sprawl is often described as 

‘spread out’ and ‘low density’ (Galster, 2001), land cover and land use are critical 

measures or indicators of sprawl. Sprawl appears as scattered or low-density patterns of 

urban development (Galster, 2001). These include continuous low density residential 
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development on the metropolitan fringe, ribbon low density development along major 

suburban highways, and development that leapfrogs past undeveloped land to leave a 

patchwork of developed and undeveloped tracts (Altshuler, 2008; Galster, 2001). 

Homogenous land use often indicates higher levels of or potential areas for sprawl 

(Ewing, 2007).  By contrast, an area with mixed land use often has characteristics related 

to smart growth, such as proximity to urban centers for necessities and employment 

(Ewing, 2003).   

Using just one type of land cover indicator such as impervious surface to define 

urbanization or sprawl is an oversimplification (Brabec, 2005).  Urban landscapes are 

diverse spatial mosaics impacting a variety of ecological conditions (Pouyat, 2011).  

Disturbance of one land cover creating abrupt changes or transition zones (Forman, 1981) 

result in a mosaic of patterns in the landscape.  These mosaic patterns, composed of a 

series of patches in a landscape, could be considered a component of urban-ness 

(Cadenasso, 2007).   Key spatial attributes fall into three broad categories: patch size, 

connectivity and boundary length. Attributes chosen must measure the effect on natural 

systems and their human uses (Forman, 2008).  

1.4 Dimensions of Urbanization  

Galster (2001) suggests that patterns of land use can be described using six 

dimensions: density, concentration, centrality, proximity, nuclearity and land use mix. 

Analyzing the levels of these variables alone or in various combinations can provide a 

more nuanced classification of urban transition zones (Figure 7). Density and distance are 

common measures used when assessing development impact. Cadenasso et al. (2007) 
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assert that types and densities of buildings, presence of density and vegetation, types of 

infrastructure vary greatly over short distances.   

 

 

Figure 7: A more nuanced example of urban-rural gradient than the population derived Census 

classification (Duany) 

 

Previous research on urbanization has highlighted many metrics that can be used to 

assess the urban-rural gradient including the following:  

● Population density (Ewing 2001) 

● Proximity to schools, amenities and major transit arteries (Ewing 2003) 

● Distance to roads, road type (Outen, 2010), (Speir and Stephenson, 2002) 

● Distance to buildings, residences (Speir and Stephenson, 2002) 

● Commuting distance to urban core (Ewing 2003; Forman & Alexander, 

1998) 

● Land cover heterogeneity (Galster 2009, Forman, 2008) 
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● Degree of impervious surface cover  (Brabec, 2002) 

● Degree of clustering of buildings (Galster 2001) 

● Wildlife presence/absence (McKinney 2002) 

1.4.1 Density and Sprawl 

Degrees of density are consistently used as an indicator of sprawl (Cutsinger, 2005; 

Ewing, 2007; Galster, 2001). It is usually expressed simply, as the ratio of the total 

population of a metropolitan area to its total land area or explained as the average of a 

particular land use within a certain area of extent (Galster, 2001). Population density 

shows the concentration of people in a defined geographic area (persons per square mile).  

It is a standard variable that can be used on its own if other data aren’t available (or too 

research intensive to obtain) to represent or imply other infrastructure needs such as 

housing or employment (Radeloff, 2005).  Further detailed in Section 1.6, the Census 

(2010) has used population density for decades to define urban, rural and metropolitan 

areas as well as for statistical information about the United Sates.  Up until 2000, an area 

was considered either ‘urban’ or ‘rural’ based on population density; meaning if it does 

not meet the population density for an urban definition it is by default considered ‘rural’ 

(Census, 2000).  Only in 2010, did the Census begin incorporating land cover (pervious 

vs. impervious) to further define urban vs. rural.  Ewing (2001) reports that population 

density is highly correlated (.89) as a measure of sprawl.  Using population density as a 

primary variable, Ewing’s metrics indicate the following measures can be determined 

with a 90% confidence or greater:   

 Percentage of population that tends to be transit supportive (0.94) 
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 Metropolitan density (gross population of urban land cover) (0.94) 

 Density at the center of metro area (walkability) (0.90) 

 

The 2010 Census data set is the standard used for population density.  It is available at the 

Census block scale, which is highly detailed for most research studies so can also be 

aggregated to the regional and national level.  

Census data is also the widely accepted source for housing and residential data.  Housing 

Density further refines population density as an indicator of sprawl, on its own or 

combined with transportation and employment centers.  

Galster (2001) and Cutsinger (2005) agree that population density alone cannot 

define degrees of sprawl.  Radeloff et al. (2005) use housing units per square kilometer 

for their measurement to define the national Wildland Urban Interface.  However Galster 

(2001) and Cutsinger (2005) contend that using residential density as a ratio of residences 

on developable land gives a better representation than measures that include non-

residential housing or land that cannot be built upon.  Commercial buildings tend to be 

more clustered together giving a skewed representation of residential density (Galster, 

2001).  Differentiation between commercial and residential could be an important 

distinction in some research applications seeking to evaluate transition zones.   

1.4.2 Other Dimensions of Sprawl and Urban Expansion   

Density is the most significant indicator of sprawl (Ewing, 2003; Cutsinger, 2005; 

Galster, 2009). However housing density, employment density and land use mix are not 

only important in situ, but also relevant combined and compared with other dimensions.  
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Speir and Stephenson (2010) look at the spatial patterns of lots size and water and 

sewer placement for new housing developments finding that smaller lots at higher density 

will cost less and have less impact than larger lots spread out.  Galster (2001) indicates 

‘mixed use’, the average density of a particular land use in another land use area, as an 

indicator of less sprawl like conditions. Further heterogeneity is a core ecological concept 

and plays a significant role in the functioning of these systems (Cadenasso, 2007; Pickett, 

1995).  

Proximity of jobs and housing and land use type are all three key indicators of 

sprawl.  This is primarily due to the travel and transportation impacts associated with 

sprawl. Though Galster (2001) lists ‘concentration’ as a separate dimension of sprawl, 

Cutsinger includes concentration as a factor with the proximity dimension. Ewing (2003) 

combines land use and proximity in the following measures:  

o balance between jobs and population geographic area  

o proximity of residences to businesses or institutions  

o proximity of residences to neighborhood amenities  

 

Centrality of housing shows distance of residences specifically to an urban 

center.  Centrality, generally, is one of Galster’s (2001) eight dimensions of sprawl. As 

with density and proximity, job, housing and land use are indicators of the centrality 

dimension of sprawl.  However, Cutsinger attests that housing centrality is the only 

measure that negates the inclusion of land use or employment as factors in the centrality 

dimension. To measure centrality, Ewing (2003) uses a percentage of metropolitan 

employment within a three mile radius of the Central Business District. In some studies, 

the town hall is used at the point of reference (Ewing, 2003).   
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Clustered Development is the degree to which development has been ‘bunched’ 

to minimize land occupied on developable residential or non-residential use (Galster, 

2001). Galster (2001) defines continuity as a tract of developable land that contains 

enough housing units or employment to consider it part of a continuous pattern. 

Discontinuity demonstrates the degree to which developable land has been built upon in a 

leapfrog fashion. Clustering can be a measure of an automobile dependent community or 

increased impervious surface.  For example, a community zoned solely for residential 

will force occupants to find employment as well as amenities and shopping outside of 

their neighborhoods (Troy, 2012).  The concept of clustering is realized in a polycentric 

model community, which metropolitan areas are made up of smaller subcenters, none of 

which is dominant (Troy, 2012).  These subcenters would have the aforementioned 

amenities, reduce automobile dependency and decrease sprawled development except for 

passage to the next subcenter. 
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1.5 Land Classification Systems 

1.5.1 Anderson  

Anderson (1976) produced a classification system that would become the industry 

standard for land use classification.  The goal of this scheme was to: standardize the 

mapping of land use, apply at the continental scale and address the concerns of natural 

resource management (Anderson, 1976).  This system takes a hierarchical and numerical 

approach (Table 1) yet still leaves room for interpretation. The process of choosing a 

classification system and variables is subjective and would vary based on the research 

method and project goals. Each classification is made to suit the needs of the user, and 

few users will be satisfied with an inventory that does not meet most of their needs 

(Anderson, 1976).  

Table 1: Anderson Classification Example 

 

1.5.2 NLCD 

NLCD (1992) has likely been the most widely used land-cover dataset in the 

United States (Nowak et al., 2001).  The 2001 National Land Cover Database (NLCD) 

provides 30-m resolution estimates of percentage tree canopy and percentage impervious 
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cover for the conterminous United States (EPA, 2010). Studies have projected that NLCD 

tree canopy and impervious cover data may underestimate tree canopy and impervious 

cover by about 9.7% and 1.4% respectively (Nowak et al., 2007). Understanding the 

degree of underestimation by mapping zone can lead to better estimates of tree and 

impervious cover and a better understanding of the potential limitations associated with 

NLCD cover estimates (Nowak et al., 2007).  

1.5.3 Hercules 

Cadenasso et al. (2007) created a new classification system stating the need to 

reflect the heterogeneity in cities and suburbs and that the 30m resolution of the 

Anderson scheme fails to fully capture the heterogeneity of the urban matrix.  Their 

research suggests that urban areas integrate natural and built features at a fine-scaled 

level. At the high resolution scale of 1m land cover data, Cadenasso et al. (2007) assert 

this is the appropriate level of distinguishing characteristics between land use and land 

cover in urban areas.  The method is termed High Ecological Resolution Classification 

for Urban Landscapes and Environmental Systems or HERCULES.  The focus is the 

biophysical structure of urban environments and it incorporates the recognized elements 

of the complex spatial patterns in the urban and suburban landscape. The primary 

elements in this classification (Cadenasso et al., 2007) are: coarse vegetation (trees and 

shrubs), fine vegetation (grass and herbs), bare soil, pavement, buildings and building 

typology. Notably this classification system was only tested in one watershed in 

Maryland and it is manually intensive to use (Pauleit et al., 2011 ). 
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1.5.4 Forman Urban Region’s Study  

Forman identifies the optimum urbanization pattern for the intermingling of 

people and the environment (Forman, 2008) and includes measures of natural systems 

and their human uses.  The ideal ‘model for urbanization’ consisted of 18 variables in 38 

regions.  In choosing the regions worldwide, the list of input variables was broad and 

included a variety of fourteen land cover types and twenty-six site types.  These include 

biodiversity sites, recreation/tourism sites, forest/woodland, grassland/pastureland, desert, 

nearby slopes facing city, rivers/major streams, major wetlands, flood hazard Sites, 

marine coast, reservoirs/lakes/other shoreline, drainage area for water, market gardening 

area, average distance to major road, degree of subdividing, edge density, center city to 

metro area border and a combination of these (Forman, 2008).  

1.6 Current Definitions of Zones in the Urban-Rural Gradient 

 Land classification systems are effective in determining ecological hot spot 

analysis. Because the transition zone between the urban core and rural areas is often the 

most ecologically vulnerable, this type of definition is valuable to decision makers and 

planners. However, the current systems do not give comprehensive measurement of 

zones along the urban – rural gradient.  For example, the classifications systems do not 

clearly differentiate between urban, urban fringe, suburban or rural zones. The Wildland 

Urban Interface (Radeloff, 2005) includes a ‘zone of transition’, labeled it “intermix” or 

“interface”.  The Census is the only other classification system that has a measureable 

definition of what it means to be urban, but doesn’t define any of the zones of transition 

nor does it define rural, except by elimination.   
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1.6.1 US Census Data 

The most widely accepted classification system for differentiating urban and rural 

is defined by the US Census Bureau (2000), which states: 

"An urban area consists of contiguous, densely settled Census block groups and Census 

blocks that meet minimum population density requirements, along with adjacent densely 

settled Census blocks that together encompass a population of at least 50,000 people.  An 

urban cluster consists of contiguous densely settled Census block groups and Census 

blocks that meet minimum population density requirements along with adjacent densely 

settled Census clocks that together encompass a population of at least 2500 people, but 

fewer than 50,000 people.  The initial core is a block group less than 2 miles squared and 

greater than 1000 people.” 

 

As stated above, in 2000 the definition of urban areas was solely based on 

population density - categorizing all other areas not fitting this description as rural. In 

2010, the Census changed the definition to include the National Land Cover Dataset 

impervious surface classification. The addition of land cover is an improvement to the 

definition of urban for natural resource purposes; however the reason for the 2010 change 

was not for the consideration of impervious surface to a city’s ecological systems. 

Instead, it is to enable the categorization of large uninhabited areas with impervious land 

cover such as an airport or office building complex (Census, 2010).  Rural is any 

geographic entity that does not fit the urban description.  

Census data is often used in research and is available in multiple extents.  The 

smallest area used is the Census block derived from population density.  The chart below 

describes the hierarchy of Census geographic entities.  
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Census blocks are generally delineated based on physical features, such as roads and 

rivers. Blocks vary in size; the median size is 0.01 km2 and the maximum reaches 

2700km2 in areas with no housing units (Radeloff, 2005). The core area of most urban 

agglomerations consists of a grid system of relatively small blocks, disrupted by water 

features; topographic relief; special land uses such as parks, industrial and commercial 

areas; transportation features such as airports, railroads and institutions such as hospitals, 

schools, and detention facilities (Census, 2000).  

 

 

 

Table 2: Census Geographic Entities 
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1.6.2 Wildland Urban Interface 

 

The Wildland-Urban Interface, developed in partnership with the US Fish and Wildlife 

Service and the US Forest Service, was created to determine the transition zone between 

highly forested areas and urban areas.  The Wildland Urban Interface, commonly known 

as WUI (pronounced ‘woo-ie’) was first officially documented in the Federal Register on 

January 4, 2001 (66, FR 751).  It was prepared in accordance with Title IV 

Appropriations Act for the Department of Interior and Related Agencies (Pub L 106-291) 

to determine the locations of homes with the highest exposure to wildfire (Radeloff, 

2005).  Hence, the variables used to determine the WUI are those critical and specific to 

assessing fire risk: vegetation cover and human presence/housing density. From a natural 

resource perspective, the WUI is defined as an area where increased human influence and 

land-use conversion are changing natural resource goods, services, and management 

techniques (Hermansen-Baez, 2009) 

Federal Register describes the two zones, interface and intermix, that indicate as 

those where housing is “within the vicinity” of forests and other wildlands as part of the 

WUI, but it does not quantify “vicinity.” In its identification of WUI, the California Fire 

Alliance (2001) defined “vicinity” as all areas within 2.4 km (1.5 mi) of wildland 

vegetation, roughly the distance that firebrands can be carried from a wildland fire to the 

roof of a house (Radeloff, 2005). For both interface and intermix communities, the 

Federal Register established a minimum density of one structure per 16 ha (40 acres).  

Stewart and Radeloff (2005) define ‘wildlands’ to encompasses NLCD classes that we 
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included as ‘wildlands’ are forests (coniferous, deciduous and mixed), native grasslands, 

shrubs, wetlands, and transitional lands (mostly clear-cuts).  

The current WUI is defined (Vogelmann, 2002):  

“To clarify the meaning and extent of the WUI, we map the WUI using housing density 

together with the presence of “wildlands.” For intermix communities, vegetation is 

continuous in housing areas; and for interface, and housing is within their vicinity. What 

vegetation types are considered “wildlands” is not specified. We utilized the National 

Land Cover Dataset, a satellite data classification produced by the USGS with 30m 

resolution based on 1992/93 imagery and available for the entire U.S. (Vogelmann, 2002) 

to identify ‘wildlands’.” 

 

Table 3: WUI Classification Scheme – Methodology from USFS (Stewart and Radeloff, 2005) 

WUI CATEGORIES 
Housing Density (housing 

units per km2) 

Vegetation 
within Census 

block 

Buffer from an area 
with > 75% 
vegetation 

LABEL 

INTERFACE - Low 
Density 

> 6.1777635 and < 49.42108 < 50%  within 2.414 km Transition 

INTERFACE - Medium > 49.42108 and < 741.3162 < 50%  within 2.414 km Transition 

INTERFACE - High > 741.3162 < 50%  within 2.414 km Transition 

INTERMIX - Low Density > 6.1777635 and < 49.42108 > 50%  NA Transition 

INTERMIX - Medium 
Density 

> 49.42108 and < 741.3162 > 50%  NA Transition 

INTERMIX - High 
Density 

> 741.3162 > 50%  NA Transition 

Vegetation - No Density 0 > 50% NA   

Vegetation - Low 
Density 

 > 0 < 6.1777635 > 50% NA   

No Veg  - No Density 0 < 50%  NA   

No Veg - Low Density  > 0 < 6.1777635 < 50%  NA   

No Veg - Med Density > 6.1777635 and < 49.42108 < 50%  NA   

No Veg - Med High 
Density 

> 49.42108 and < 741.3162 < 50%  NA   

No Veg - High Density > 741.3162 < 50%  NA   
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Stewart and Radeloff (2005) chose housing density instead of a population figure 

in the WUI definition.  Housing density is possibly a more “suitable measure of human 

presence and influence on the landscape than population density” (Stewart, 2005). This is 

proving particularly true for defining the WUI in fire management (Stewart, 2005).  As 

development pressure mounts in the WUI, environmental problems associated with it 

may increase (Radeloff, 2005). The base classification for the WUI uses housing density 

(available from the Census) and vegetation cover (grain uses NLCD data (30m) the 

extent is in Census blocks.   

1.7 Scale: Data Resolution 

Scale is a key factor in every discussion of ecological functions or landscape 

analysis.  The NLCD is derived from the LandSat satellite and is commonly used for 

assisting in identifying vegetation over large areas (Nowak et al., 2001). As mentioned in 

section 1.6.2, comparative studies of NLCD tree canopy and impervious cover with 

photo-interpreted cover estimates within selected locations revealed that NLCD 

underestimates tree and impervious cover (Nowak et al., 2007). A higher resolution is 

often needed when mapping urban areas (Nowak et al., 2007).  At the University of 

California, Santa Barbara, Brown (2010) chose to use multi spectral IKONOS 4m 

imagery for their mapping of the south coast of Santa Barbara’s urban areas. Higher 

resolution is often coveted for urban area land classification such as high resolution (one 

meter) National Agriculture Imagery Program data (NAIP). However, obtaining 1m data 

is often costly, resource- and expertise-intensive and not easily accessible.  
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Landsat Thematic Mapper (TM) was built in part for studying the earth’s 

vegetation; because it was launched in 1972 there are nearly four decades of land cover 

comparison imagery available (Fuller, 2001).  These data sets are free and accessible to 

all.  Grove et al. (2006) created a comparison chart that may be useful in determining 

what resolution is appropriate depending on the extent of the study or research area 

(Figure 9).  

 

Figure 8:  From J.M. Grove et al 2006 - Comparison of relatively coarse-scale (1:100,000) and fine-scale (1:10,000) 

Comparison of relatively coarse-scale (1:100,000) and fine-scale (1:10,000) vegetation analysis that can be performed 

using (1) Landsat and (2) IKONOS derived vegetation data. 

The cost of obtaining and classifying data increases with its resolution. Therefore the 

tendency among planners and public agencies is to use lower resolution data whenever 
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possible. Better information about the return on investment of using higher resolution data 

would help natural resource managers and community planners use their limited resources 

more effectively.  

Urban expansion involves both the spread of housing into new areas and 

increasing density in existing areas. The need for good data in areas that lie between urban 

and rural settings is especially great. These areas are vulnerable to unsustainable land use 

change practices and thus require careful monitoring. Landscape disturbance is unavoidable 

and brings a host of ecological problems in its wake (Troy, 2012). Having reliable and usable 

data is particularly important when disturbance is likely to bring changes in the ecosystem 

(Foresman, 1997). Until we understand more about the size and variability of the urban 

transition zone and its vegetative and social characteristics, we will be unable to pinpoint 

where to ideally focus in the case of limited resources.  

The literature summarized in this chapter creates the foundation for this research. 

This study aims to build and improve upon proven indicators of what constitutes a zone 

in the urban - rural transition.  The objective is to identify fundamental indicator 

variables, with a focus on environmental health, and test which variables best describe 

the zones in the urban to rural gradient between Baltimore – Washington, DC Corridor.     
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ABSTRACT 

Urbanization has created a complex transition zone between the urban core and rural 

landscapes. This zone faces environmental challenges that are distinct from those in 

urban and rural areas, yet no agreement exists on where this zone begins or ends. Existing 

classification systems of the urban-rural gradient fail to account for the transition zone in 

an ecologically meaningful way. 

 This project aims to: (1) define key indicators of transition zones within urban-rural 

gradients with an emphasis on environmental health; (2) develop a new method using 

cluster analysis and data reduction techniques to spatially define urban, rural, and 

transition zones, known as Urban-Rural Transition Zones (URTZ); and (3) implement 

this approach in the Baltimore-DC Corridor and demonstrate how it builds and differs 

from existing classification systems.  

 

A suite of ecosystem health indicator variables were summarized by 1911 Census Block 

Groups for the Baltimore to Washington, DC corridor. A two-step cluster analysis was 

used to differentiate the zones of the urban - rural gradient in the study area. This analysis 

was repeated using many different combinations of variables, including both high and 

medium resolution land cover data.  Of the many resulting outputs, the preferred one was 

determined based on three best fit criteria. This map’s five zones included urban, urban 

fringe, urban transition, rural transition and rural. The indicator variables used in 

differentiating these zones included coverages of total vegetation, total impervious 

surface density, a geographically weighted regression coefficient quantifying variation in 

the relationship between trees, and impervious surface cover, and a principal component 

coefficient summarizing a number of distance-based variables.    

The final output was compared to output from the commonly-used “Wildland Urban 

Interface” (WUI) method to determine which better predicts differences in population 

density and presence of buried streams, both established indicators of urbanization. 

Neither was used in the initial analysis. An ANOVA showed the five URTZ zones were 

significantly different from each other (P<.001) based on both population density and 
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buried stream density using the high resolution land cover data.  The medium resolution 

data showed each zone significantly different (P<.001) except the two transition zones. 

The ANOVA of the WUI zones and buried streams show no significant difference 

between the transition zone and rural areas. The results suggest that the URTZ method 

captures a significant amount of ecologically meaningful landscape variation, while the 

WUI method may not have enough specificity for determining transition zones at this 

scale. Further, high resolution imagery may only be required if several levels within a 

transition zone are needed for the project goals.   

 

Keywords: Urban-rural transition zone, cluster analysis, land classification, wildland 

urban interface, ecological vulnerability mapping 

2.1 Introduction 

More than thirty percent of the population in the United States lives in the city 

cores and an additional fifty percent live in the metropolitan area surrounding these 

centers (Census, 2010).  Places that were once distant from urban centers are becoming 

part of the metropolitan region. This transition involves both the spread of housing into 

new areas and increasing density in existing areas (Ewing, 2007). These urban growth 

trends can only be expected to increase, along with corresponding pressures on ecological 

function and the services they provide.  There is typically a greater focus on economic 

viability than on environmental health during the city planning and development stages.    

When this growth is unmanaged, it has two manifestations: using the wrong land and 

using the land in the wrong way (Chinitz, 1990).  Landscape fragmentation creates 

zoning anomalies in the areas on the urban fringe or newly transformed places (Pauleit, 

2011).  Managing the urban environment in a sustainable way will become one of the 

major challenges for the future (UNCHS, 2001). The September, 2011 issue of Scientific 

American warns that the existing metropolitan framework will not sustain the continuing 
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influx of residents without extensive change in urban development (Bettencourt & West, 

2011).  

Ecological studies show that substantial shifts in land use create stress on 

environmental systems in the urban to rural gradient (Pauleit, 2011; McKinney, 2002 ). 

These zones have characteristics of both metropolitan and non-metropolitan systems. 

Often these areas of transition are in the process of being more densely settled, and thus 

their natural resources are in a state of flux. The implications of rapid urban expansion 

include environmental degradation, lack of urban services and overburdening of existing 

infrastructure (UNEP 2001). By-products of road and building development such as loss 

of tree canopy and forest fragmentation further compromises biodiversity, (Cam, 2000) 

increases ambient air temperature and decreases air quality.  Roads, buildings and other 

impervious surfaces reduce the infiltration and retention capacity of natural areas, such as 

soil or vegetation (Illgen, 2011). All of these landscape disturbances created by the 

expansion of the urban core bring a host of ecological problems to the urban - rural 

gradient (Pauleit, 2011; Troy, 2011).  However with an increased focus on planning, 

urbanized areas can relieve pressure on natural habitats more efficiently than unplanned, 

less densely settled areas (UNFP, 2008).  Degrees of scale and spatial distribution of 

development dramatically affect the sustainability of urbanization (Cutsinger, 2005, 

Ewing, 2007). In the east, for example, there is a relatively dense tree cover overall. 

However, a fragmented forest or diminished riparian tree buffer cause exponential 

damage to the ecosystem even if there is a dense forest in the surrounding region. These 

previously pristine areas nearest to adjacent to recent development are the most 
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vulnerable to land use change and in turn to ecological stress. The challenge for the future 

is to monopolize on the possibilities urbanization offers and reduce the negative impacts.  

To respond to pressures of growth, more reliable information on the changing 

landscape becomes needed to improve economic viability and environmental health in 

cities (Altshuler, 2008, Pickett 2008). Pauleit (2011) suggests a more detailed 

characterization of urban land use is required for analysis of ecological conditions and 

states ecosystem mapping including human activities is key to studying the gradient.  

There needs to be a priority placed on good spatial information for those transition zones 

with the highest ecological vulnerability (Pauleit, 2011). A characterization and 

understanding of the composition of these zones being transformed from natural areas to 

urban spaces can enable planners to be more efficient with resources.  

However, the methods to classify this transition zone are slim. The two primary 

classification systems for defining zones along the urban - rural gradient are not designed 

toward depicting environmental vulnerability. Further, the variables used in these 

classification methods are limited. The Census defines urban and non-urban strictly by 

population density.  The Wildland Urban Interface (WUI), widely used in fire risk 

management, uses solely housing density and an aggregate of vegetation classes.  

2.2 Current Urban – Rural Gradient Zone Classifications 

US Census Data Urban Classification Method 

The US Census generates data available for use in every aspect of demographic 

analysis. The Census data has been used to advocate for causes, research markets, target 

advertising, locate pools of skilled workers, prevent diseases, and even rescue disaster 
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victims (Census, 2010). In 2000, the US Census Bureau defines urban areas solely by 

population (population > 50,000), categorizing all other areas as rural (Figure 9). In 

2010, the definition changed to include an impervious surface density to ensure areas 

largely uninhabited, but otherwise characteristic of urban, were not classified as rural, 

such as an airport or office building (Census, 2010).  A more ecologically-informed 

approach to mapping the urban transition zone requires more than just data on population.  

 

Figure 9: Urban - Rural Boundary created by the 2000 Census derived using population density data 

WUI – The Wildland Urban Interface 

The Wildland-Urban Interface is widely used to determine the transition zone 

between densely forested and urban areas.  It was prepared by the Department of Interior 

to determine the locations of homes with the highest exposure to wildfire (Radeloff, 

2005).  Hence, the variables used to determine the WUI are those critical and specific to 

assessing fire risk: vegetation cover and human presence / housing density.  The WUI 
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method delineates the transition zone, called intermix and interface (Appendix A), as 

opposed to urban and rural zones. In the definition of the WUI, Stewart and Radeloff 

(2005) chose housing density instead of population because of the connection between 

development pressures and associated environmental problems. The identified intermix 

and interface zones are described as an area where increased human influence and land-

use conversion are changing natural resource goods, services, and management 

techniques (Hermansen-Baez, 2009). 

 

Figure 10 - The Wildland Urban Interface (WUI) map of the study area.  Note the larger number of classes 

and intermixing across the study area. 

Resolution of Data to Classify Land Cover 

The WUI vegetation data is derived using the National Land Cover Data set 

(NLCD) (Appendix B) at a medium (30m) resolution (Figure 10). High resolution data is 

often preferred for land cover analysis in urban areas to account for the heterogeneity of 

the land cover of the region (Troy et al., 2007).  The cost of obtaining and classifying 



41 

 

data increases with its resolution. Therefore the tendency among planners and public 

agencies is to use lower resolution data if resources are limited or accessibility to high 

resolution data are is not available. Better information about the return on investment of 

using higher spatial resolution data would help natural resource managers and community 

planners use their resources more effectively.  However it is very costly and often the 

multispectral high resolution imagery is unattainable whereas the 30m Landsat based 

National Land Cover data (NLCD) and is free and widely available. 

2.3 Project Overview 

Project Goal 

This project proposes using additional data inputs, more targeted to ecosystem 

health that are not included in the Census and WUI methods, to delineate the gradient of 

zones from urban to rural. It also examines the differences in outputs using high and 

medium spatial resolution input data.  The overarching goal is to introduce a new method 

for determining the spatial distribution that characterizes the urban, rural and transition 

zones that best accounts for the differences between them in ecological structure and 

function.   The resulting model will create a classification for an urbanized area using the 

human component and the land cover that fully represents the heterogeneity of urban land 

cover.   

The specific objectives of this research include the following: 

1. Identify variables that are fundamental to defining the urban-rural gradient 

and indicate ecological vulnerability.    
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2. Determine which variables are the ‘best fit’ for the study area and the zones in 

the gradient they represent based on the criteria.   

3. Validate results by testing the extent to which zones predict differences in two 

key indicators of urbanization: population density and buried stream density. 

4. Compare the final designation to Census and WUI approaches at both levels 

of resolution. 

 

Study Area  

Baltimore - Washington, DC Corridor 

Currently, 110 million people live along the I-95 corridor along the Atlantic 

seacoast which occupies 10% of the nation’s land area but close to 40% of its population 

(Perry, 2009).  Greater than 80% of the population in the study area lives in a Census 

defined urban area (Census, 2010). Urban expansion planning has been in effect for 

decades in the Baltimore County. As a result, the county has been acclaimed nationally 

for its ability to manage growth of population and industry.   In 2002, Baltimore County 

was ranked 4th out of 40 urban areas for best management practices by the Government 

Performance Project (Outen, 2007), and in 2005, Baltimore County was rated among the 

top in the nation for resource planning and protection programs by a consortium of 

environmental associations (Outen, 2007).  

The establishment of the Urban - rural Demarcation Line (URDL) in Baltimore 

County has been touted as a major reason for the decreased growing pains in Baltimore 

County compared to other urban areas (Figure 11).  In 1967, Baltimore County 

established the URDL as part of its response to obvious growth pressures in the region.  
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The URDL created divisions that determined where the public water and sewer 

infrastructure would be built, as well as   clear boundaries for how much and where 

residential and commercial development would occur.   In turn, the divisions would also 

limit the amount of development in rural areas with limited water lines, sewage or 

drainage systems.  This was foreseen as a way to reduce growth and ensure conservation 

of land used for agriculture, natural resources, and low density rural residences.  And, 

settlement expansion still continues beyond the URDL in Baltimore and surrounding 

counties in the Washington corridor. Increasing human populations and the associated 

land-use changes are still the major factors contributing to water quality and habitat 

degradation in the Chesapeake Bay and its watershed (USGS, 2011). 

Baltimore City, a county on its own, and Baltimore County were chosen for this 

analysis because they have a range of different settlement patterns from dense urban to 

rural farmland and forest, along with growing urbanization pressures. Maryland’s 

Howard and Montgomery counties were added to the study because they do not have an 

URDL and to complete the metropolitan corridor between Washington, DC and 

Baltimore.  There is also land cover data available at the high and medium resolution for 

these counties.  
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Figure 11: The Study Area Boundaries: Four Maryland Counties and the Urban - rural Demarcation Line in 

Baltimore City and County 

2.4 Data and Methods  

The methods of the Census and the WUI classifications and applications are clear, 

but the model proposed here seeks a more nuanced approach to delineating transition 

zones to support ecological vulnerability mapping to support planning by adding key 

ecological indicators in an urbanizing area.  The input variables in this model go beyond 

population density and incorporate several other dimensions of density and distance as 

well as geostatistical techniques that can capture spatial relationships between the 

variables. The analyses carried out on this study area were done at the Census block 

group level using data from the 2010 Census survey. Census data is a common, universal 

geographic measurement, free and accessible to all. The Census block group (n = 1911) 

was chosen over using the Census blocks (n = 42,000) to ease data processing, statistical 

analyses and interpretation of output coverages.  The analysis was done using the 
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medium resolution land cover classification. The result was compared with the high 

resolution land cover data to determine the necessity of employing resources for analysis 

of the urban - rural gradient at this scale.  

Urban areas may be recognized for high density population and impervious 

surface while rural may be known for expansive fields or forest.  However, the transition 

between these zones is complex. Development and regional regulation allow for satellite 

cities, residential neighborhoods and shopping amenities throughout the transition (Troy, 

2012). This automobile dependent living creates a plethora of land use patterns including 

diverse road systems, forest fragmentation and intermittent buried streams. Cluster 

analysis is used as the determining factor to separate observations into distinct, relatively 

homogenous groups based on specified characteristics (Hammer, 2004). Census blocks 

groups are ‘clustered’ by calculating like land use and land cover patterns throughout the 

study area into zones along the gradient.  

A Two-step cluster method was chosen because it can help identify groups with 

like values for any number of input variables, these variables can be standardized with a 

specified number of output clusters (SPSS Inc., 2009). All analyses were completed using 

SPSS, a widely accessible software package, ensuring this method can be easily 

replicated.  

2.4.1 Static Input Variables 

Previous research on urbanization has highlighted many metrics that can be used 

to characterize the urban-rural gradient.  Based on these studies and current urban – rural 
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definitions for the Census and the Wildland Urban Interface, the following input 

variables were derived and calculated from available data sets for the study region:  

● Population density (Ewing, 2001; Census, 2010) 

● Housing Density (WUI, 2001) 

● Proximity to schools, amenities and major transit arteries (Ewing 2003) 

● Distance to roads (Outen, 2010; Speir and Stephenson, 2002; Forman, 

1998) 

● Road type (Outen, 2010; Speir and Stephenson, 2002; Forman, 1998) 

● Distance to buildings, residences (Speir and Stephenson, 2002) 

● Commuting distance to urban core (Ewing, 2003; Forman, 1998) 

● Land cover heterogeneity (Galster, 2009; Forman, 2008; Troy, 2007) 

● Degree of impervious surface cover  (Brabec, 2002; Booth, 2004; Census, 

2010) 

● Density of Vegetation (WUI, 2001) 

● Degree of building clustering (Galster 2001) 

● Wildlife presence/absence (McKinney 2002; King and Baker, 2002) 

 

To delve further into pertinent inputs used in this study the following variables are 

highlighted.  

 

Density Variables 

To quantify demographic density metrics for this study, the number of housing 

units and population count derived from the 2010 Census were divided by land area for 

each of the 1911 Census block groups. 

Land Cover/Land Use 
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Land cover and land use data are often used as indicators of transition and 

environmental health along the urban-rural gradient (Cutsinger, 2005) (Pauleit, 2011 ). 

Land cover represents the physical material at the surface of the earth and land use types 

are the human activities on or employing this surface (Forman, 2008; Pauleit and Breuste, 

2011; Cadenasso, 2007). The measure of land use and land cover is key factors in 

ecological health monitoring because they differentiate between the natural and built 

environment. Land cover data for the high (2m NAIP based cover type object based 

classification 2007 developed by the University of Vermont Spatial Analysis Lab) and 

medium (Landsat based 30m NLCD classification 2006) resolution are classified 

differently.  To enable comparison, forested areas and shrubs (medium resolution) was 

compared with percent tree canopy and shrubs (high resolution).  Impervious surface was 

calculated using roads, buildings, sidewalks, and pavement (high resolution) or medium 

and high density land cover (medium resolution). These inputs were calculated for each 

Census block group.  

Road Typology 

  Forman (1998) suggests roads are the chicken and the egg question of – “do roads 

lead to development or does development lead to roads?” If 1% of road area affects 15 – 

20% of land (Forman, 1998), then roads are an important part of the transition equation. 

Often looking at aerial images of metropolitan areas it is notable that the roads that ‘lead 

to nowhere’, except new homes, such as cul-de-sacs and horseshoes are often in areas of 

‘transition’ (Outen, 2011) (Figure 12). Older suburbs tend to still have a rural road 

pattern. But since the 1960s development often involved large residential blocks with 
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curvilinear street patterns and cul-de-sacs (Anderson, 1976). This new pattern of urban 

development reflects the application of urban planning concepts and a concern for 

residential conveniences (Anderson, 1976). Proximity to major highways is coveted 

because of ease to get to/from employment and urban amenities.  

 

Figure 12: Roads that lead to nowhere except homes are signs of development in the later 20th century and 

can be indicators of a transition zone.  
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Figure 13: Road Typology in Baltimore - Washington Corridor ranging from local to super highway. 

 

Distance Variables 

The roads from the ESRI base map database were used to determine road density 

for each Census block group in five levels: cul-de-sacs, local, secondary, US major roads 

(Figure 13). Distance to and from features and amenities are documented indicators of 

urban sprawl (Ewing 2003; Cutsinger, 2005).  Euclidean distance to key features such as 

distance to roads, distance to specific road types (Figure 14), distance to buildings and 

distance to urban core (either Washington, DC or Baltimore City)(Figure 15) were 

calculated for the entire study area and summarized by Census block group (ESRI, 2010).  

In addition to the inclusion of these variables in their original form, each of the distance 

variables were also combined in a principal components analysis.  
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Figure 14: Road Typology - Local, Secondary and Major Highways with varying colors based on 

Euclidean distance from each one meter cell to the 'nearest' Euclidean distance to road. 

 

Figure 15: Road Network Distance to Urban Core.  The urban core is the mecca of amenities and often the 

largest place of employment in the area. The driving distance to core is a significant indicator of transition.  
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2.4.2 Statistically -Derived Input Variables 

Because so many highly correlated variables were available for use in this 

analysis, it was evident that data reduction techniques would be necessary. One type, the 

principal components analysis (PCA), reduces data by simply examining the correlation 

structure within a vector of input variables. PCA was used to reduce multiple, correlated 

(Appendix D) variables into a smaller number of explanatory variables.  The other type, 

geographic weighted regression (GWR), reduces data by quantifying non-stationarity--

or spatial variability in the relationship between two variables, controlling for other 

variables (Appendix C) (Shekhar & Xiong, 2008). When non-stationarity exists, a 

particular variable could be proxying different phenomena in different locations. For 

instance, the relationship between tree cover and population density might vary 

considerably from suburban to rural areas, and capturing that variability might allow us to 

differentiate between otherwise similar-looking suburban and rural forests .  Put another 

way, the quantification of spatial non-stationarity gets at omitted effects that may be too 

complicated or unpredictable or impossible to include as static variables. 

The resulting PCA “components”  reduce the number of variables (8 variables 

measuring distance)(Table 4) being entered into the cluster analysis into a combined 

distance variable, remove some of the existing covariance (found by a Pearson product-

moment test) and still capture the variability and patterns in contained in the original 

distance variables, resulting in a more efficient cluster analysis.   

To test for non-stationarity, a geographically weighted regression (GWR) 

(Brundson et al., 1998) using a Gaussian, adaptive kernel model was created using 
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Euclidean distance (GWR 3.0).  GWR was run iteratively in order to test the relationship 

between several of the variables. A multivariate GWR test was used for efficiency on one 

dependent variable to multiple other variables. The first run was to test the relationship 

between coarse vegetation (trees canopy) and impervious surface.  The second run was a 

multivariate GWR used to test ‘distance to urban core’ in relation to coarse vegetation, 

fine vegetation, and impervious surface and housing density.  A Monte-Carlo test for 

spatial non-stationarity was used to identify variables where coefficients varied 

significantly across space (Appendix E). All the variables were tested in the some 

preliminary clusters to judge if they would fit the criteria. Variables were retained for 

inclusion in the final model if they more often than not fit into the criteria.  

2.4.3 Cluster Analysis and Validation 

The cluster analysis is used to identify Census block groups (1911) with similar 

input variable characteristics. The number of output clusters range from 4-8, to be similar 

to the number of zones in the WUI for comparison and in attempt to capture a gradient. 

The combinations of input variables was adjusted iteratively and assessed based on their 

ability to identify a distinct urban core and rural region, as well as a gradient of variation 

between them.  

The cluster results were assessed based on their ability to meet the following 

criteria: 

1. Relatively even distribution of the 1911 Census block groups in each 

cluster (no outliers).  

 

2.  Contiguity of clusters (e.g., no islands of “rural” in the center of the urban 

core) 
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3.  Logical relationship to known landscape features such as the city core, 

major roads and large forested or farmlands. 

4.  Adjust the number of zones or cluster to enable comparison and 

validation.  

 

Though the Wildland Urban Interface (WUI) uses Census blocks and the URTZ for this 

study used Census block group, a comparison between the two was performed using 

Census blocks.  Census block and Census block group have the same boundaries so no 

delineation changes were necessary.  However, the URTZ (5 zones) and the WUI (6 

zones) were each reclassified into three zones: urban, transition, rural. A comparison of 

the final result was performed between the WUI and URTZ methods by testing which 

segmentation better predicted differences in population density and presence of buried 

streams, neither of which were used as input variables. Population density was used as a 

validation variable because it is widely used as an indicator or urbanization (e.g., by the 

Census). Buried streams are used because they are an indicator of development (Speir, 

2002; Elmore, 2008) that is particularly useful in differentiating between rural and 

transitional areas that otherwise might look similar from an aerial perspective. .      

2.5 Results 

2.5.1 Key Variables Identified 

This table identifies the variables that are pertinent in defining a transition zone as well as 

indicate ecological health or environmental stress in this study area. This list was culled 

from several other variables (Appendix F) based on initial cluster analysis.  
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Table 4: Final Input Variable used in cluster analysis 

Variables Source Data Description 
Used in Final 

Cluster Analysis 

% Tree Cover LULC Mapping (SAL) 
% of total area  of a 
Census block with tree 
cover 

      Y alone and in 
GWR1 

% Building Cover LULC Mapping (SAL) 
% of total area of a Census 
block with building cover 

      Y 

% Grass Cover LULC Mapping (SAL) 
% of total area of a Census 
block with grass cover 

      Y 

% Pavement Cover LULC Mapping (SAL) 
% of total area of a Census 
block with pavement 
cover 

      Y 

% Road Cover LULC Mapping (SAL) 
% of total area of a Census 
block with road cover 

      Y 

% Road Type 
LULC Mapping (SAL) + 
Zoned Agricultural 
Areas  

% of total area of a Census 
block zoned for 
agriculture AND with 
grass cover 

      N 

Coefficient of the 
Distance to Core v. 
Housing Density 

Census 
Geographic weighted 
regression coefficient 

      N 

Coefficient of the GWR 
for %Impervious v. % 
Tree Cover 

GWR using LULC input 
variables 

LULC Trees vs. Pavement, 
Roads, Buildings 
Combined 

Y (via GWR) 

Commute Time to City 
Center 

Roads with Arc10 
Network Analyst 

Driving distance to city 
center in minutes 

Y  and (via 
GWR2) 

Mean Distance to a Road Baltimore County GIS 
Average Distance to a 
Road  (ft) 

Y (via PCA) 

Mean Distance to a 
Building 

Baltimore County GIS 
Average Distance to a 
Road  (ft) 

Y (via PCA) 

House Density 2010 Census # Houses / Square Mile Y (Via GWR2) 

2010 Population  2010 Census # People/ Square Mile N 
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2.5.2 Data Inputs Resulting From Geostatistical Techniques 

The Monte Carlo results showed that there was a non-stationary relationship 

between vegetation and impervious area (Figure 16).  The result of the multivariate 

analysis using distance to urban core as the dependent variable showed significance 

between each of the variables and distance to urban core.  Using the cluster analysis to 

visualize the spatial relationship, housing density and distance to urban were distributed 

and fit the criteria, therefore this coefficient was retained and entered in the analysis 

testing for variables (Appendix G). 

 

 

Figure 16: Local coefficient values by Census block group from the GWR comparing tree cover density to 

impervious surface cover. 
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Combinations of the eight distance variables were run to determine the principle 

component that accounted for the highest amount of variance. The final PCA included the 

medium resolution Euclidean distance to any road, distances to major US roads and 

distance to any building.  The first component alone accounted for 82% of the variance in 

the data was retained in the final model (Appendix H).    

Clustering Analysis 

Transition zones were identified by clustering Census block groups with similar 

input variable characteristics.  Resulting output maps ranged from highly pixelated, 

scattered clusters, to blocks with no discernible pattern.  The results of each cluster 

analysis were viewed in ArcMap (ESRI, 2010). The success of each run was evaluated in 

SPSS based on variable importance (informed by previous work, GWR and PCA output) 

and a visual assessment of the logical geographic pattern across the Baltimore – 

Washington, DC corridor. Hundreds of clusters were run (Appendix I) until a series of 

maps were produced that met the three criteria mentioned in section 2.4.3. 
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Model Filtering: Creating the URTZ 

This first cluster iteration (Figure 17) was run to give an example and set a 

baseline for how the model would look if based only on the commonly used land cover 

variables.  This iteration did not meet criteria #2, based on the presence of isolated rural 

clusters situated in the urban core.  As key input variables from the master list (Table 4) 

were added or removed to each iteration of the cluster analysis, the output became more 

refined and then increasingly met the three criteria.  Because the number of clustering 

iterations was extensive (hundreds), the remaining results will focus on the final ‘best fit’ 

for this study area.  

 

Figure 17: Initial Clustering using just land cover variables of trees, grass, buildings, roads and pavement.  This 

is an example of clustering without geostatistical techniques for spatial composition. 
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Figure 18: This clustering method shows the beneifts of assigning more clusters.  However for planning purposes 

fewer clusters may be more efficient. 

The URTZ process for the Baltimore – DC corridor produced  7 clusters based on the 

following variables: Trees and Grass Density separately, the GWR for Trees and 

Impervious, The GWR for housing density vs. distance to core and the first principal 

component of the distance PCA  (Figure 18). While matching all three model criteria, this 

final model also highlights the satellite cities (labeled transition fringe) and clustering of 

transition along the major corridors.  However, less than seven clusters or zones is ideal 

for planning purposes and for comparison.  
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When the cluster number was lowered to 5 to more closely match the WUI 

method, the resulting zones still fit all three criteria and knowledge of the development 

patterns across the region (Figure 19).  

 

Figure 19: The Final URTZ Model with medium resolution imagery.  Note the close delineation with the URDL. 

2.5.3 Examination of the Final Model Output 

  A closer examination of the percentage of each land cover type contained within each 

cluster defined in the final model follows expected patterns across the transition zone 

(Table 5).  The percentage of paved, roads and buildings decreases gradually from urban 

core to rural clusters and percent vegetation and tree canopy increases gradually.   In spite 

of this gradual transition, both Urban Transition and Transition Fringe are most similar 
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indicating the possibility that this model does not significantly extract the degree of 

difference in these two zones.  

Table 5: Land cover distribution of final model - note descending and ascending impervious surface and 

vegetation correlation as radiating from urban core. 

 

2.5.4 Evaluate and Verify Model  

 To evaluate the uniqueness of the clusters (zones) produced by the two-step 

cluster analysis, differences were assessed using an analysis of variance (ANOVA) by 

population density and then by probability of buried streams. The WUI method was also 

validated against buried streams.   
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Table 6: ANOVA results for medium resolution and high resolution imagery.  Notice high shows significant 

difference in all of the zones. Medium shows no significant difference between two transition zones. 

 
 

Significant differences (F = >.279 , p < 0.001) in population density were found between 

each of the five clusters except the two transition zones. Results for the probability of 

buried stream compared between the clusters was the same, with  no significant 

difference between the transition zones, but significant difference between the transition 

zones and the other zones (F = .288, p = <0.001) (Table 6).  

Based on the ANOVA for both population and buried stream probability, the two 

transition zones (Table 6) are not significantly different.  However when using the high 

resolution imagery for the land cover variables the transition zones, ANOVA results for 

both population and buried streams tests show statistically significant difference.  Table 8 

shows the results for the population ANOVA.  
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2.6 Discussion 

Comparing the output of the final model (Figure 19)  to output using the high 

resolution land cover (Figure 20) indicates that both were visually similar, and both 

matched the first three criteria for best fit.    However, when using the high resolution 

imagery for the land cover variables, significant difference, in population density and 

buried stream probabilities, between the transition zones is apparent (F = 579, p < .001)  

The distinction between the two zones, the urban transition and transition fringe,  was not 

distinguishable in the medium resolution.   

The overall distribution of each cluster differs between the high and medium 

resolution outputs.  Urban area using the medium resolution imagery is more than one 

third larger that with the high resolution imagery (Figure 19 and 20).  These results 

suggest that if classifying an urban area using the URTZ method or if the research 

requires multiple levels of transition, such as a rural fringe or a transition to urban zone 

high resolution may be necessary significantly cluster this highly heterogeneous area.  
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Figure 20: Final URTZ with high resolution data.  Note the significant change in the urban fringe with the 

urban transition compared to figure 19 (medium resolution URTZ). 

An ANOVA validation using buried stream probability and the WUI 

classifications for this study area (Figure 10) was performed.  The transition fringe zone 

was not significantly different from the rural region.  The other zones were significantly 

different from each other’s.  

To test the WUI methods using high resolution instead of medium resolution, a 

WUI map was created using the exact methods of the WUI, but replacing the NLCD land 

cover data with high resolution data. The WUI map with the high resolution imagery 

creates a transition zone (interface) across over 90% of the total study area (Figure 21).   
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Figure 21: The Wildland Urban Interface using the closest definition possible to the Stewart (Appendix A) 

method mapped using high resolution vegetation data in replace of the medium resolution imagery to test if the 

Stewart method could also be applied using high resolution data. 

If the WUI were to use the higher resolution land cover data for their approach the 

methods would have to be altered, or in regions similar to this study area, each block may 

be considered transition.   

Urbanization has created a complex transition zone between city centers and rural 

areas and has resulted in a significant increase of ecological stressors. Decision makers 

need strategic methods to understand the changing landscape to improve economic 

viability and environmental health in their respective cities (Pickett et al, 1997).   

Defining the characteristics of urban transition zones is important for planning and 

monitoring purposes.  Traditional models do not incorporate several of the input variables 
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that are available to model urban ecological systems. The results using the URTZ method 

define distinct zones using a suite of key input variables shown to characterize the urban -

rural gradient with higher detail and interpretability.  

Because the Census doesn’t have a transition zone defined, it is not appropriate for 

highlighting ecologically vulnerable areas a metropolitan region. Further, Figure 24 

demonstrates that population alone does fully explain the urban – rural gradient. The 

entire urban core, urban fringe and both transition zones depicted by the URTZ method 

would be labeled urban according to the US Census data.   

 

 

Figure 22: Comparing the Census to the URTZ method - Notice the entire urban and transition zones are 

encompassed in the Census defined urban area 
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The URTZ process, using spatial statistical techniques, does have some similar results 

to the current Wildland Urban Interface method.  They both define zones along the 

urban-rural gradient with a goal of natural resource and human interaction planning. 

However, the URTZ method incorporates new pertinent information.  The variables used 

to identify zones in the URTZ should include land cover, land use and incorporate the 

spatial component vital to ecological system planning.   

The WUI can be interpreted for natural resource decisions including the common 

fire risk, sociopolitical decisions, or from a geographical perspective (Hermansen-Baez, 

2009).  Variations on the WUI definition can also be based on geographic location and 

research goals (Hermansen-Baez, 2009).   Adapted versions of the WUI have been 

implemented in several studies (Radeloff, 2005, Lampin-Maillet et al., 2009). Each of 

these can bring a new perspective on the planning process. Lampin-Maillet et al. (2009) 

used an alternative definition of housing density by expanding the meaning to dwelling 

type for their WUI classification that statistically identifies four categories specific to the 

region of interest:  isolated, scattered, dense and very dense clustering. Other variations 

are based on the goal of the classification, such as forest management for fire or routing 

of emergency vehicles. There are many ways to define the WUI that capture the basic 

concept of human presence and wildland vegetation (Radeloff, 2005).  However, most 

WUI maps that cover a broad extent (such as the whole United States) are based on the 

original definition.  The URTZ method builds on the WUI definition, but without the sole 

focus of fire risk.  
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Figure 23: The WUI classification for the study area. 

To compare the URTZ model to the WUI we generalized each model into three 

categories or zones. To accomplish this, our final model was generalized into three 

classes to match the WUI output by combining urban and urban fringe from our model to 

make URBAN, combined the urban transition and the rural transition to make 

TRANSITION and left rural singly as RURAL. Similarly, in the WUI model interface 

and intermix were combined to create the overall TRANSITION zone. Using this 

simplified set of clusters, the final model presented here agrees with WUI classifications 

in 49 % of Census Block Groups (Table 7).   
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Table 7: The WUI categorizes using Census blocks so the URTZ model was degraded to enable comparison. There are 

approximately 45,000 Census blocks in the four counties in this study. The top three rows show the combined total of 

49% of Census blocks are defined in agreement.  The bottom six rows show the disagreement and the percentage and 

number of Census blocks that agree (count) by Census block.  

 

WUI NEW MODEL PERCENT  COUNT 

URBAN   URBAN 31% 14,587 

TRANSITION   TRANSITION 14% 6104 

RURAL RURAL 4% 1818 

URBAN   TRANSITION 30% 12,255 

TRANSITION   URBAN 2.50% 1067 

TRANSITION   RURAL 6.50% 2738 

RURAL TRANSITION 3.75% 1192 

URBAN   RURAL 3.50% 1453 

RURAL URBAN 0.06% 246 
 

 

 

Figure 24: Agreement between two models: WUI and URTZ 
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Though the WUI and the URTZ were in agreement in close to 50% of the Census 

blocks, only 14% of Census blocks were identified as the transition zones in both.  The 

largest difference occurred when the WUI method indicated urban in locations (in 

Census blocks) where the URTZ method labeled the Census block transition.  This 

comparison is based on medium land cover data, suggesting the difference in the two 

methods may lie in the inclusion of geostatistical techniques in URTZ.   

A visual check of the land distribution (Figure 25) shows the WUI method labels 

Census blocks as urban that have road typologies, distances to major corridors, housing 

densities and vegetation densities characteristic of transition zone.  The Census blocks 

depicted as urban by the WUI method (highlighted in Figure 25) is neither a majority of 

impervious surface or high in residential density as may be indicative of urban core.  

 

 

Figure 25: Highlighting Urban-Transition Disagreement.  Note that this disagreement between the WUI and our 

model is focused in regions of high road density. 
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The URTZ method presented in this paper suggests that land use, land cover and 

distance variables like those used in the WUI are important in transition zone modeling.  

However using the distance variables as part of a principal component analysis results in 

a detailed representation of the spatial relationships of land use and land cover that 

include of proximity and centrality, which Galster et al. (2001) describe as a key indicator 

of urbanization.  

The use of geostatistical techniques in the URTZ results in a more distinct element in 

the classification. Not only does this technique utilize key variables in land use and land 

cover analysis, but it also enables capture of the variables’ spatial relationships. Land use 

patterns fluctuate over time and space and these techniques can be used to better depict 

spatial changes that are important when considering ecological function.  

In the future, the URTZ method could be modified for specific types of natural 

resource planning as well as input into zoning regulations and municipal master plans.  

For instance, if a research goal was to focus on water quality or watershed health, the 

sample areas could be subwatersheds and a principal components analysis may use ‘land 

class distance to water bodies’ or non-point source pollution outfalls as  key variables.  A 

geographic weighted regression could be generated using non-point source pollution 

discharge points and stream type (buried or impaired).  Wildlife scientists and foresters 

could use this method to try to preserve wildlife corridors, for example, by using the size 

of forest fragments as an indicator of transition zones. City administrators may use this 

method to plan a new mixed use community as opposed to sprawling residential lots.  
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Metropolitan areas are expanding.  Rural and forested areas are becoming paved 

and inhabited. The pattern of growth in these areas negatively affects many ecological 

processes.  This research aims to help lessen the burden of development on natural 

systems by introducing a new method to target the most ecologically vulnerable places in 

transition zones.  Our method of evaluating urban-rural transition zones presents decision 

makers with an opportunity to allocate limited resources and to target areas strategically 

with an environmental focus.    
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Appendix 

A. Definition of the WUI – adapted from Radeloff (2005) 

WUI CATEGORIES 
Housing Density 

(housing units per km2) 

Vegetation 
within Census 

block 

Buffer from an 
area with > 75% 

vegetation 
LABEL 

INTERFACE - Low Density 
> 6.1777635 and < 

49.42108 
< 50%  within 2.414 km Transition 

INTERFACE - Medium 
> 49.42108 and < 

741.3162 
< 50%  within 2.414 km Transition 

INTERFACE - High > 741.3162 < 50%  within 2.414 km Transition 

INTERMIX - Low Density 
> 6.1777635 and < 

49.42108 
> 50%  NA Transition 

INTERMIX - Medium 
Density 

> 49.42108 and < 
741.3162 

> 50%  NA Transition 

INTERMIX - High Density > 741.3162 > 50%  NA Transition 

Vegetation - No Density 0 > 50% NA   

Vegetation - Low Density  > 0 < 6.1777635 > 50% NA   

No Veg  - No Density 0 < 50%  NA   

No Veg - Low Density  > 0 < 6.1777635 < 50%  NA   

No Veg - Med Density 
> 6.1777635 and < 

49.42108 
< 50%  NA   

No Veg - Med High Density 
> 49.42108 and < 

741.3162 
< 50%  NA   

No Veg - High Density > 741.3162 < 50%  NA   
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B. National Land Cover Data Classification Scheme (EPA, 2010) 
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C. Multivariate GWR Results 

 

 
 

 

  

Figure 26: Results of the multivariate Monte Carlo test for non-

stationarity Distance to Urban Core to Four Variables - Trees, 

Grass, Percent Impervious and Housing Density 
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D. Correlation Matrix to determine what my fit into the Principal Components 
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E. Data sources used to create input variables. 

Source Data Type Received From Projection/Datum 

Year 
Created Res Geographic Extent 

Land Use/Land 
Cover Raster 

UVM Spatial 
Analysis Lab NAD83/ MD State 2006 2ft 

Baltimore City, 
Baltimore, 
Montgomery, 
Howard County 

Contiguous 
Forest  Polygon 

Baltimore County 
GIS  NAD83/ MD State 2007  2ft 

Baltimore City, 
Baltimore, 
Montgomery, 
Howard County 

Roads Raster  Balt County GIS  NAD83/ MD State 2006  2ft 

Baltimore City, 
Baltimore, 
Montgomery, 
Howard County 

Building  Raster   Balt County GIS  NAD83/ MD State 2006  2ft 

Baltimore City, 
Baltimore, 
Montgomery, 
Howard County 

Census Block 
Groups Polygon 

Maryland 
Department of 
Natural 
Resources 

NAD83 / State Plane 
Maryland Feet 2010   

Baltimore City, 
Baltimore, 
Montgomery, 
Howard County 

Rural Legacy Area Polygon 

Maryland 
Department of 
Natural 
Resources 

NAD83 / State Plane 
Maryland Meters 2009   Maryland 

Zoned 
Agricultural Areas 
in Baltimore 
County Polygon 

Baltimore County 
Government 

NAD83 / State Plane 
Maryland Feet 2009   

Baltimore County, 
Maryland 

Zoned 
Agricultural Areas 
in Howard 
County Polygon 

UVM Spatial 
Analysis Lab 

 NAD83 / State Plane 
Maryland Feet 2006  2ft 

Howard County, 
Maryland 

 

 

 

F. Agricultural and Forest dismissed: 

This provided highly detailed land cover information, but did not necessarily 

provide information about land use. For example, a suburban neighborhood may 

appear to have a lot of tree cover, but it is not ecologically the same thing as a 

forest. To address this issue, the percent forest cover and percent agricultural land 

for each Census block were also calculated.  Percent forest was created by 

calculating the area dominated by the wooded area, forest cover, and major 

parkland data layers from Baltimore County, Howard County, Montgomery 
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County and Baltimore City respectively. Percent agricultural land was created by 

calculating the area of grass from the high resolution imagery (SAL, 2007) in 

areas zoned for agriculture. In the early stages of the analysis, these two land use 

variables, forest and agriculture were highly correlated with trees and grass and 

ultimately discarded before the final analysis to avoid redundancy. 

 

 

G. GWR of Housing Density vs. Distance to Urban Core 
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H. Principal Components Analysis: 
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I. Final Cluster Membership

 

 


