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Figure 2. The area of study extends across the whole Delaware River 

Basin. We subdivided the basin in three sub-regions based on the 

topographic gradient. The northern region of the basin (Upper Dela-

ware) is mountainous and dominated by forest landscapes, while to 

the south the portion of the Coastal Plain region in the watershed is 

identified. The Piedmont then occupies the central area, being the 

transition between the Upper Delaware and the Coastal Plain and is 

characterized by  a diverse physiographic landscape and a fragmented 

mosaic of urban, agricultural and forest patches. Because of these 

characteristics, we focused specifically on the Piedmont to use PCA to 

describe fragmentation patterns. We subdivided the Piedmont sub-

region in  tiles of 4x4 km, and summarized fragmentation characteris-

tics for this array. We then used PCA to identify whether fragmenta-

tion patterns, as measured by multiple metrics, can be simply de-

scribed with just a few principal components; and if those compo-

nents logically relate to fragmentation patterns or process. 

Figure 1A. The land use change model takes a multi-factor approach 

where different drivers and conditions are combined to create a suit-

ability map. Two scenarios, “Smart Growth” and  “Urban Sprawl”  

were created. Smart Growth is a conservative approach with lower 

population growth, development concentrated around centers, and 

maximum land protection. Urban Sprawl maintains the current devel-

opment pattern with new development “sprawling” along transporta-

tion corridors. The suitability map is introduced into the stochastic 

model (SLEUTH) to generate 100 simulations of urban growth up to 

year 2100 for each scenario. 

Figure 1B. NLCD 2011 was used to obtain the 

current forest extent and form the basis for fu-

ture forest scenarios. Forest habitat was made 

up by the forest  (41, 42, 43), shrub (51), and 

forested wetlands (90) NLCD classes. To create 

each future forest landscape, new urban devel-

opments are removed from the 2011 forest. Fi-

nally, morphological elements of the habitat 

were obtained by applying the Morphological 

Spatial Pattern Analysis (MSPA) software (Vogt 

& Riitters 2017). Fragstats v4 (McGarigal et al. 

2012) was used to calculate fragmentation met-

rics of forest habitat and MSPA morphological 

types. 
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Methods 

Landscape metrics have limitations for linking the spatial pattern they describe to 

ecological processes (Kupfer, 2012). To introduce a more functional approach, we 

focused on MSPA metrics such as “core,” “bridge,” and “isle,” that emphasize the 

ecological role of the patch. The selection of the metrics also has to consider that 

fragmentation is tightly related to habitat loss, and selecting metrics with lower 

correlation to habitat abundance is recommended (Wang et al, 2014). 

Table 4. Relation of metrics that were selected and calculated. The metrics in 

gray were considered but ultimately eliminated for the PCA analysis. 

 

Tables 1-3.  Comparison of  changes produced by both scenarios on patches, 

core area, and MSPA types. Colored values indicate the rate of change with 

respect  to 2011 in percentage for absolute metrics while they are differences 

for relative metrics. 

Figures 3-5. Although there is an increment of patches the distribution of   

sizes greater than 1 hectare remains constant  for all scenarios.  Density distri-

bution is in the upper graphic while cumulative distribution is in the lower. 
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Figure 4. (A) A PCA analysis was performed with metrics calculated for the 777 tiles of the 2011 forest habitat. We tried to identify wheth er the variability of landscapes is orga-

nized into a couple of components with a logical fragmentation meaning. These components conform a “fragmentation space” and the arrangement of the landscapes in this space 

might show the presence of stages, gradients or groups.  (B) The changes caused by 

one development simulation are shown by arrows. The chart highlights changes in 

both scenarios for ten selected landscapes, where color indicates the degree of habi-

tat lost in each case. 

Figure 5.  Distribution maps of Urban development intensity (upper),  fragmentation 

change (middle) and habitat loss (lower) and for both scenarios, “Smart Growth” (left) and 

“Urban Sprawl” (right). 

Results 

Clarke, K.C., Gaydos, L.J., 1998. Loose-coupling a cellular automaton model 

and GIS: long-term urban growth prediction for San Francisco and Washing-

ton/Baltimore. International Journal of Geographical Information Science 

12, 699–714. https://doi.org/10.1080/136588198241617 

Didham, R.K., Kapos, V., Ewers, R.M., 2012. Rethinking the conceptual 

foundations of habitat fragmentation research. Oikos 121, 161–170. https://

doi.org/10.1111/j.1600-0706.2011.20273.x 

Kupfer, J.A., 2012. Landscape ecology and biogeography: Rethinking land-

scape metrics in a post-FRAGSTATS landscape. Progress in Physical Geogra-

phy: Earth and Environment 36, 400–420. https://

doi.org/10.1177/0309133312439594 

McGarigal, K., SA Cushman, and E Ene. 2012. FRAGSTATS v4: Spatial 

Pattern Analysis Program for Categorical and Continuous Maps. Computer 

software program produced by the authors at the University of Massachu-

setts, Amherst. Available at the following web site: http://www.umass.edu/

landeco/research/fragstats/fragstats.html 

Turner, M.G., Gardner, R.H., 2015. Landscape Ecology in Theory and Prac-

tice: Pattern and Process, 2nd ed. Springer-Verlag, New York. 

P. Vogt & K. Riitters, 2017: GuidosToolbox: universal digital image object 

analysis. European Journal of Remote Sensing (TEJR), DOI: http://

dx.doi.org/10.1080/22797254.2017.1330650 

Wang, X., Blanchet, F.G., Koper, N., 2014. Measuring habitat fragmenta-

tion: An evaluation of landscape pattern metrics. Methods in Ecology and 

Evolution 5, 634–646. https://doi.org/10.1111/2041-210X.12198  

 Urban development and energy infrastructure operate at different scales, producing different change 

patterns depending on the landscape. Energy infrastructure manifests its effects over a broad scale perspec-

tive, splitting large patches; this is more evident and pronounced in the Upper Delaware sub-region. Urbani-

zation operates at a local scale, increasing the amount of tiny patches dramatically. Differences between de-

velopment scenarios are mainly due to the difference of the growth intensity and its spatial distribution at a 

medium scale (figure 5). However, both scenarios have the same spatial pattern in landscapes of 4x4 km. Im-

pacts are exclusively related to the urban growth intensity, and this is due to the influence of how the urban 

simulation model (SLEUTH) works. SLEUTH’s algorithm probably tends to generate more small patches. 

 The results reveal the difficulty in differentiating fragmentation from habitat abundance, despite selecting 

metrics without a strong correlation to abundance. The two main fragmentation components are related to 

the core area. The first component shows the variation in the number of core patches, while the second is re-

lated with the size of cores. Landscapes are organized in this two-dimensional space, in what we can call the 

fragmentation path, which is tightly associated to the amount of habitat in the landscape (figure 4.A). 

 Changes in the position of the landscape along this ‘path’ might indicate the degree of change in the frag-

mentation (figure 4.B). However, this raises new difficulties because, apparently, some landscape configura-

tions at the ends of the ‘path’ are more sensitive to habitat loss. 

 Difficulties for simplifying the measurement of the fragmentation change are a consequence of the fact that 

fragmentation may increase or decrease heterogeneity and many landscape indices show a divergent behav-

ior from maximum heterogeneity, and because of the large spectrum of landscapes. 

 This is a first approach to the problem, and future improvements must introduce more functional measures, 

connectivity, and a multiscale approach. 

Conclusions References 

Landscape Ecology focuses on understanding landscape heterogeneity and how it influences organisms, populations, and ecosystems 

(Turner and Gardner, 2015), and fragmentation has played a central role in this approach. Habitat fragmentation is defined as the process 

where a  habitat in the landscape is divided into smaller and increasingly isolated patches. It can have important implications on habitat 

quality relating to population viability and the organization and functioning of communities and natural ecosystems (Didham, et al, 2012). 

This process is usually driven by habitat loss and it is accepted that human activities and the dynamics of change in land use, and in partic-

ular the expansion of urban land and energy infrastructure, play a main role in driving landscape change and forest fragmentation in the    

eastern United States. 

Traditionally, fragmentation studies have focused on past changes, but rarely on future changes. In this study, we compare a set of land-

scape metrics related to fragmentation of forests in two future urban land cover change scenarios in the Delaware River watershed. The 

first scenario assumes a continuation of post-World War II patterns of urban decentralization (“urban sprawl”), with increasing population 

and commensurate urbanization occurring particularly along major road corridors. The second scenario assumes widespread adoption of 

“smart growth” policies, and future urbanization is forecasted to occur in more compact patterns close to consolidated urban or town 

centers. We also assess the impact of future energy infrastructure on forests by incorporating planned electricity transmission line con-

struction. 

100 forest landscapes were generated for each scenario, subtracting the urban forecasts obtained with SLEUTH (Clarke & Gaydos, 1997) 

and the future energy infrastructure from the current forest extension. The analysis of patch distributions in three physiographic regions 

(Upper Delaware, Piedmont, and Coastal Plain) shows a common denominator: a large increase of patches smaller than 1 hectare, while 

the distribution of the rest of sizes remains invariable.  

The analysis of landscape metrics in the landscape and development intensity range for the Piedmont region confirms the difficulty in 

differentiating habitat loss from fragmentation per se. We tried to create an actual fragmentation space by synthesizing multiple metrics 

into principal components and visualizing how landscapes will move in this space under the changes imposed by the two scenarios. A pre-

liminary view of the results indicates that there are probably some common fragmentation paths that are determined by the grade of het-

erogeneity during the transition from a homogeneous forested landscape to a fragmented, but still forest-dominant, landscape. As is ex-

pected, the “Smart Growth” scenario has a lower impact than the “Urban Sprawl” scenario, however at finer scales the resultant fragmen-

tation is a consequence more of the intensity than the spatial pattern of development, and this is related to how SLEUTH simulates 

growth. 

This work is the first approach for assessing future tendencies of forest fragmentation in the context of the project “How will forest eco-

systems and hydrologic processes in the Delaware River Basin be affected by climate change and land cover change?” which explores how 

multiple stressors of climate change and land use/land cover (LULC) change will alter hydrologic systems and forest ecosystems in the Del-

aware River Basin (DRB). This project is funded by the Delaware Watershed Research Fund and aimed at generating useful tools to help re-

searchers and conservation practitioners who are actively participating in the Delaware River Watershed Initiative (DRWI). 
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