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Abstract 

 The Upper Delaware River encompasses the intersection of three states, each 

with a vested interest in the protection and management of the Upper Delaware River 

system. This research focuses on the impacts of future urban growth on priority 

conservation lands within the Upper Delaware River watershed.  These lands include 

floodplains, the headwater catchments, and wetlands. Each of these areas provides 

ecological services and is an important component in maintaining stream health and 

biodiversity, not only for the Upper Delaware River, but for maintaining and restoring the 

downstream Delaware Bay ecosystem.  

 The data used were obtained from the Nature Conservancy (2011) and 

Jantz and Morlock (2011) and were used to calculate zonal statistics urban growth 

probability values for base and linear growth models of four unique policy planning 

scenarios. The results of the calculations varied and depended on the accuracy, 

distribution, and categorization of data within each dataset. It was determined that 

different categories of conservation land should be evaluated on a case by case basis 

because the results of each method are case dependent (Table 1). The Monte Carlo 

method from the SLUETH 3r model yields varying results each time the model is run. 

The reliability of the data is further brought into question because the wetlands were 

categorized differently in the methods used by Jantz and Morlock 2011, and the Nature 

Conservancy 2011. Further research should categorize these two datasets in the same 

manner in order for more accurate results. 
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Introduction 

The Upper Delaware River Basin encompasses the intersection of a three state 

area: Pennsylvania, New York and New Jersey (See Figure 1).  All of these states have 

a vested interest in the protection and 

resource management of this 

environmentally sensitive region.  This area 

provides multiple recreation and resource 

functions for the nearby urban population 

centers. (Jantz and Morlock, 2011). 

The basin contains multiple classes of 

priority conservation lands that have been 

identified and mapped by the Nature 

Conservancy and the Delaware River Basin 

Commission.  These lands are further 

categorized into three primary classifications of Floodplains, Wetlands and Headwaters 

Catchments.   

Floodplains 

Floodplains occupy an ecologically important niche, as they are the setting for 

the growth of floodplain forests mixed with ice-scour grasslands and mixed hardwood 

shrub lands. The canopies of these ecosystems regulate light and temperature while the 

bases help regulate the flow of nutrients, sediments, flood water and runoff flow. Lands 

with the most potential to serve as functional floodplains must be identified to protect 

and restore not only the ecosystem, but also the residents of the whole Delaware River 

Figure 1. Upper Delaware River watershed study area 
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that may be affected by flooding and pollutants carried by it. (Nature Conservancy, 

2011).  

Headwaters 

Headwaters are defined as the area where overland flow from unchannelized hill 

slopes converges to form ephemeral, first, and second order stream channels. Stream 

health and biodiversity downstream is greatly affected by the conditions in the 

headwaters. The Northeast Aquatic Habitat Classification was used to spatially define 

the headwaters as: streams with drainage areas less than 40 square miles are 

considered to be headwater streams (Nature Conservancy, 2011).  

Wetlands 

According to the Nature Conservancy 

(2011), wetlands provide many vital 

ecosystem functions. Headwater wetlands 

are important sources of water, sediment, 

organic and inorganic material to support 

aquatic systems downstream. Riverine 

wetlands provide a local supply of large 

woody debris and coarser organic matter to 

rivers (Nature Conservancy, 2011). 

Headwater wetlands exist around riparian 

corridors and in small headwater regions 

and riverine wetlands exist in floodplains of 

Figure 2. The Upper Delaware River Watershed boundaries and wetland 
distribution throughout the watershed area.  Image on the lower left 
shows the variety and distribution of wetland types 
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rivers with drainage areas greater than 40 square miles (Nature Conservancy, 2011). 

Figure 2 illustrates the distribution of priority and riverine wetlands throughout the Upper 

Delaware River watershed boundaries. The objective of this paper is to quantify how the 

priority conservation lands of the Upper Delaware will be affected by a series of urban 

development scenarios.   

The Upper Delaware River Basin is a patchwork of private, public and resource 

conservation lands.  The basin features management parcels such as the Catskill 

Forest Preserve, The Delaware Water Gap National Recreation Area, and headwaters 

source areas that serve residents of New York and New Jersey.  The river covers an 

area of approximately 10,724 km2.  The study region extends slightly beyond the basin 

to include some contiguous, at-risk urban growth areas. (Jantz and Morlock, 2011).  

Data  

The input data for this analysis are secondary data sets that were acquired from 

the product originators.   The vector data were a primary output of the Nature 

Conservancy, Partnership for the Delaware Estuary, and Natural Lands Trust. Delaware 

River Basin Priority Conservation Areas and Recommended Conservation Strategies. 

2011 study.  These data are described in the following sections:  

Floodplains 

A floodplain is the area that a stream floods roughly within 10 year flood events 

(Nature Conservancy 2011). It can further be divided by energy and elevation of the 

event as high and low. Higher energy events allow water to reach higher elevations. 

High energy floods have the probability of occurring every1-10 years. Low energy 

events happen regularly.   
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The priority floodplains, in this analysis, are part of the active river area and are 

the framework described in Smith et al. (2008).  The geospatial model uses the primary 

components of: floodplains, riverine wetlands, and woodlands that control woody debris, 

course particulate organic matter, sediment, and energy to the watershed. (Smith et al. 

2008 and Nature Conservancy 2011).   

Floodplains were mapped for rivers 

in the Delaware River basin that have at 

least 40 square miles of contributing 

drainage area.  Land cover within the 

mapped patches was analyzed to create 

natural cover and undeveloped land 

floodplain feature classes (Figure 3). 

Natural cover is defined as primarily forest 

and wetland, with small areas of shrub 

and grassland. Undeveloped land cover 

expands upon the natural cover class, with 

the addition of agricultural lands. (Nature 

Conservancy 2011). 

 Floodplains were also divided by corridor, core, undeveloped corridor, and active 

river areas. The Nature Conservancy (2011) study identified 62 flood plain complexes. 

Headwaters 

The headwater vector data were also compiled within the Nature Conservancy 

(2011) study. Since headwaters would then comprise a large part of the entire Upper 

Figure 3. Illustration of flood plain complexes 
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Delaware River watershed, the headwater 

streams were split into two unique classes: 1. 

small headwater catchments and 2. riparian 

corridors (Figure 4). The small headwater 

catchments are defined as headwater streams 

with a drainage area less than 3.9 square 

miles. Since most maps under-represent 

these types of headwater streams, the entire 

catchment is used here in order to capture all 

of the ephemeral and first order streams. The 

riparian corridors are for streams that have a 

drainage area larger than 3.9 square miles but 

less than 38.6 square miles. The active river 

area is used as the riparian corridor instead of 

using the entire subwatershed (Figure 4). The 

riparian corridors are further broken down into 

two groups: natural patches and undeveloped 

patches (less than 3% impervious). 

Wetlands 

The data for this project were derived 

from the Nature Conservancy (2011). They 

Figure 4 Illustration of priority headwater areas 

Figure 5 Illustration of riverine and priority headwater 
 wetlands 
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defined wetlands by selecting the woody and emergent wetland land cover classes from 

the National Land Cover Dataset (NLCD, 2001). Open features such as lakes and 

reservoirs were not included. Wetlands were tagged and divided into tidal and non-tidal 

classes by using the National Vegetation Classification system (Nature Conservancy, 

2011) (Figure 5). The focus was on non-tidal wetlands which were separated further into 

headwater (exist around riparian corridors and in small headwater regions) and riverine 

wetlands (exist in floodplains of rivers with drainage areas greater than 40 square miles) 

(Nature Conservancy, 2011). Once mapped, riverine complexes were identified as: 

 Wetland cores as >10 acres within the active river 

area. 

 Riverine wetlands as those areas including at least 

one core wetland and containing at least 50 total 

acres of wetlands (Nature Conservancy, 2011). 

Urban Growth Modeling 

The urban development projections were created using the SLEUTH 3r model for 

“Modeling Urban Land Use Change in the Upper Delaware River Basin” (Jantz and 

Morlock, 2011).  The Monte Carlo method from the SLUETH 3r model yields varying 

results each time the model is run.  The output grids contain development probability 

values for the year 2030.   These values may be used to calculate the potential changes 

in the affected priority area. The forecasts included two different growth rates, 25% 

increase and linear (70%) increase, which were applied to 2005 urban values.  These 

rates were used to estimate urban growth patterns that would result from four different 
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policy planning scenarios: business as usual, limited planning, resource protection, 

smart growth. (Jantz and Morlock, 2011) 

The planning scenarios represent an application of specific protections that were 

applied to certain resource features.  These protections are included within the model 

as an exclusion/attraction layer.  The layer is calibrated, based on varying weights, to 

refine how the exclusion/attraction values affect model output.  (Jantz and Morlock, 

2011) 

Data uncertainty and alignment issues 

The priority resource conservation lands data set was derived from both raster 

and vector data from a variety of data sources.  The incongruent nature of working with 

data sets of disparate resolutions can often lead to analysis errors.  The two primary 

types of errors are boundary disagreements and raster alignment issues.  The lattice 

that defines a raster's resolution, extent and origin must be consistent across all raster 

data sets.  The conservation lands were created from unsmoothed, vectorized raster 

data and thus misalignment issues were clearly evident (Figure 6).  In an effort to 

resolve the issue for purposes of this analysis, vector data were rasterized based on the 

extent and cell size of the urban growth scenario grids and then revectorized.  This 

corrected some minor issues, but there may still be some misalignment.  It is unclear 

how this will affect such a coarse analysis. 
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Methods 

The vector data for each of the 

seven priority conservation land zones 

were used to calculate zonal statistics 

urban growth probability values from the 

base25, baselin, lp25, lplin, rp25, rplin, 

sg25, and sglin rasters.    The zonal 

statistics tool sums the probability 

values for every cell in a zone.  The 

probability values were converted into 

an aggregated percent urban growth 

using equation 1. 

 
 

Zonal Calculation Equations 
 

 
 
 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛1: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑈𝑟𝑏𝑎𝑛𝐺𝑟𝑜𝑤𝑡ℎ =
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Figure 6 Illustration of misaligned data 
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Urban Growth Scenario 

Figure 7 -Urban Growth Scenarios on headwaters priority catchments 

Results 

 Headwaters 

Urban development projection within the headwaters priority catchments seems 

to be similar regardless of the urban growth scenario (Figure 7). In each of the three 

subareas there are only minimal differences in the projected land percentage lost to 

urbanization. The only instance of the planning scenario having a significant impact on 

urbanization is in the headwaters priority catchments under a smart growth plan.  

 

 

 

 

 

 

 

 

 

Using a linear growth pattern, the land lost to urbanization can be reduced from 

3.52% (baseline) to 2.57%. The smart growth scenario yields the same result under 

both the 25% growth and linear growth patterns. 

Similar projections are given for the natural patches headwaters priority riparian 

corridors (Figure 8). There is very little difference in projections assuming a 25% growth 

(2.21%-2.35%); the limited planning, resource protection and smart growth are all within 

0.03% of each other. There is more variance in projected values for the linear growth 
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Figure 8 - Urban growth in headwaters priority riparian corridors natural patches  
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Figure 9- Urban growth in headwaters priority riparian corridors undeveloped patches  

pattern; the high is 3.06% of land lost to urbanization (baseline scenario), the low being 

2.71% (resource protection).   

 

The undeveloped patches of headwaters priority riparian corridors were the most 

prone to urbanization (Figure 9). Even still, the urban growth scenarios seemed to have 

little effect on the projected results. Under the 25% growth pattern the baseline plan was 

the highest (10.60% land lost to urbanization), and the limited planning was the lowest 

(10.32% land lost to urbanization). The linear growth pattern saw similar but higher 
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Figure 10: The projected difference between linear growth and 25% growth for 

undeveloped patches for the Upper Delaware Bay Watershed floodplains. 
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results. The low in this case was the resource protection planning scenario (12.22% 

land lost to urbanization) with the high remaining the baseline projection at 12.53%. 

None of the urban growth scenarios seem to stand out as means to stop urban 

land from infringing upon headwater areas. Smart growth seemed to be the best choice 

for the priority catchments. For the other areas limited planning, resource protection, 

and smart growth work better than the baseline but not at a consistent basis. 

 Floodplains   

 The increase of impervious cover on undeveloped patches in floodplains 

is relatively level for a linear projection in all four categories (Figure 10). When projected 

at a 25% increase, the average growth is 2.59% lower. The best approaches at 25% 

growth appear to be limited planning followed by smart growth, business as usual, and 

resource protection.  

 

Undeveloped patches 

can be divided into natural 

patches and agricultural 

patches in order to better 

understand the changes in 

land use. Resource 

protection and Smart growth 

work slightly better than a 

business as usual and limited planning for a linear projection of natural patches (Figure 

11). When projected at a 25% increase, the average growth is 2.17% lower. Smart 



14 
 

Figure 11: The projected difference between linear growth and 25% growth 

for natural patches for the Upper Delaware Bay Watershed floodplains. 
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Figure 12: The projected difference between linear growth and 25% growth for agricultural 
patches in the Upper Delaware Bay Watershed floodplains. 

 

growth and limited planning appear the better choices when compared to business as 

usual or resource protection approaches.  

 

Agricultural patches 

portray similar patterns 

between a 25% increase and 

linear growth (Figure 12).  A 

25% increase in projection is 

on average 0.41% lower than 

linear projections. Resource 

protection appears to be the 

worst approach to preventing 

growth of impervious surfaces in agricultural flood plains and business as usual as a 

better option for both growth scenarios.  
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Figure 13: Illustration of the comparison between the 25% growth model 

and the 70% linear model for riverine wetlands 

The reason for the success of business as usual practices is probably due to 

farmland protection practices such as easements and other tax incentives programs 

that have been introduced in the last few decades. The different approaches for each 

only cause fractions of percent variations in already small areas such as flood plains. 

The only major differences in numbers were created by the projections.  Tighter 

restrictions along with lack of space to develop on flood plains will eventually slow the 

growth of impervious surfaces on floodplains. The only question is whether the growth 

will slow by 2030.   

Wetlands 

Urban growth development in all wetlands appears to be the same regardless of 

the model used. In all model scenarios there is only about a one percent difference 

between the base (25%) growth model and the linear (70%) growth model. The priority 

headwater wetlands had the lowest percentages of loss compared with riverine wetland 

loss.  

For riverine wetlands, 

the projected loss for each 

scenario using the 25 percent 

growth rate show around a four 

and a half percent loss in 

wetlands with the highest loss 

being associated with resource 

protection and the lowest with 
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Figure 14: Illustration of the comparison between the 25% growth model and the 

70% linear model for priority headwater wetlands. 

the limited planning model (Figure 13). When using the linear model (70 percent 

growth), the loss in wetlands increases to about six percent with the highest loss 

associated with resource protection. 

For the priority 

headwater area, the 

model that had the 

lowest percentage of 

area lost was the 

limited planning model 

which showed a loss of 

2.80% (Base) and 

3.95% (Linear). This 

percentage rate equals 11.14km2(Base) and 15.69km2 (Linear) of area lost due to 

development under this scenario.  The model with the highest percentage of loss was 

the resource protection model with percentages from 3.06 (Base) and 4.22 (Linear) 

(Figure 14). Using this scenario, the amount of land lost due to development would be 

12.17km2 (Base) and 16.75km2 (Linear).  

For the riverine wetland complexes, the lowest percentage of loss was 

associated with the base smart growth scenario (4.65%) and for the linear model the 

lowest percentage was found in the base or business as usual model (5.90%). The 

highest percentage of loss was the resource protection model with 4.89% (Base) and 

6.15% (Linear). Using the resource protection model would result in a loss of riverine 

wetland area between 2.30km2 and 2.89km2.  



17 
 

The resource protection model had the highest percentage of wetland loss and 

should have shown the lowest percentage of loss. This is due to error within the 

different data sources that were used. 

Conclusion 

The results of this study show that the different categories of priority conservation 

lands should be evaluated on a case by case basis because the results of each method 

are case dependent (Table 1).  However, the Monte Carlo method from the SLUETH 3r 

model yields varying results each time the model is run. The reliability of the data is 

further brought into question because the wetlands were categorized differently in the 

methods used by Jantz and Morlock 2011, and the Nature Conservancy 2011. Further 

research should categorize these two datasets in the same manner in order for more 

accurate results. 

The model has limitations with respect to an analysis of this focus.  The zero (0) 

and one hundred (100) probability values are retained, independent of the rate or policy 

scenario.  There are also a large number of cells where probability values decrease, 

even at the higher (70%) projected growth rate.  This may not have a significant effect, 

but could have implications for statistics across a large region.  The exclusion/attraction 

layers and how protections are applied to features of concern will result in varied model 

outputs.  It is critical to maintain consistency between GIS datasets especially with 

respect to such a discrete analysis. 
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Table1: Distribution of area lost to urbanization in the Upper Delaware River watershed with the worst approach 

underlined and the best approach in bold. 
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  Urban 
Growth 
Scenario 

Percent 
Urban 

Growth 

Area 
Lost 

(km2) 

Floodplains 
Complexes 

Natural 
Patches 

base25 9.44 20.15 Headwaters 
Priority 

Catchments 

base25 2.69 114.10 Wetlands 
Priority 

Headwaters 

base25 2.94 11.68 

baselin 11.53 24.61 baselin 3.52 149.23 baselin 3.99 15.87 

lp25 9.15 19.52 lp25 2.54 107.55 lp25 2.80 11.14 

lplin 11.59 24.73 lplin 3.35 141.96 lplin 3.95 15.69 

rp25 9.49 20.24 rp25 2.70 114.59 rp25 3.06 12.17 

rplin 11.38 24.28 rplin 3.45 146.39 rplin 4.22 16.78 

sg25 9.14 19.51 sg25 2.57 109.03 sg25 2.83 11.24 

sglin 11.40 24.34 sglin 2.57 109.03 sglin 4.02 15.97 

Floodplains 
Complexes 

Undeveloped 
Patches 

base25 11.75 31.29 Headwaters 
Priority 
Riparian 
Natural 
Patches 

base25 2.35 10.01 Wetlands 
Riverine 

Complexes 
Wetland 
Patches 

base25 4.75 2.24 

baselin 14.15 37.65 baselin 3.06 13.05 baselin 5.90 2.78 

lp25 11.43 30.41 lp25 2.21 9.45 lp25 4.67 2.20 

lplin 14.34 38.16 lplin 2.93 12.52 lplin 6.09 2.87 

rp25 11.97 31.86 rp25 2.24 9.56 rp25 4.89 2.30 

rplin 14.32 38.11 rplin 2.71 11.58 rplin 6.15 2.89 

sg25 11.48 30.56 sg25 2.22 9.49 sg25 4.65 2.19 

sglin 14.19 37.76 sglin 2.87 12.24 sglin 6.04 2.85 

    Headwaters 
Priority 
Riparian 

Undeveloped 
Patches 

base25 10.60 3.48     

    baselin 12.53 4.11     

    lp25 10.32 3.38     

    lplin 12.48 4.09     

    rp25 10.55 3.46     

    rplin 12.22 4.01     

    sg25 10.35 3.39     

    sglin 12.37 4.05     
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