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Development and application of a statewide conservation 
network in Delaware, U.S.A. 

ABSTRACT:  The Delaware Ecological Network (DEN) is a statewide conservation network developed from 
GIS and field-collected data.  The DEN, based on principles of landscape ecology and conservation biology, 
provides a consistent framework to help identify and prioritize areas for natural resource protection.  The DEN 
is composed of the following elements: core areas, which contain relatively intact natural ecosystems, and 
provide high-quality habitat for native plants and animals; hubs, which are slightly fragmented aggregations of 
core areas, plus contiguous natural cover; and corridors, which link core areas together, allowing wildlife 
movement and seed and pollen transfer between them.  Core areas were validated using independent field 
data, and verified using aerial photos.  Core areas and hubs were ranked by ecoregion according to their 
ecological importance, critical linkages were identified, and a top-priority network was identified within the 
overall network.  Next, relative protection of core areas, hubs and corridors was evaluated; the natural 
resource features captured by the network were tabulated; and potential focus areas were examined.  The 
DEN is relatively efficient at capturing the state’s important ecological features, covering 30% of the state’s 
land, but including most of its forests, wetlands, streams, and rare species; especially natural areas of high 
quality.  The first application of the DEN was in Kent County, Delaware, where it was combined with parcel 
data and preferences from a leadership forum to develop a decision support tool, to allow conservation 
practitioners to both proactively identify new opportunities at the parcel level, and evaluate project requests as 
they arise. 
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INTRODUCTION 

The Importance of Natural Land 

Delaware's undeveloped lands provide the bulk of the 
state's natural support system.  Ecosystem services, such 
as cleaning the air, filtering and cooling water, storing and 
cycling nutrients, conserving and generating soils, 
pollinating crops and other plants, regulating climate, 
sequestering carbon, protecting areas against storm and 
flood damage, and maintaining hydrologic regimes, are all 
provided by the existing expanses of forests, wetlands, 
and other natural lands (Costanza et al. 1997, 
Conservation Fund 2000).  These ecologically valuable 
lands also provide marketable goods and services, like 
forest products, fish and wildlife, and recreation.  They 
serve as vital habitat for wild species, maintain a vast 
genetic library, provide scenery, and contribute in many 
ways to human health and quality of life.  

Costanza et al. (1997) estimated that ecosystem services 
contribute at least as much as to the global economy as 
do marketplace processes, and probably much more.  
Biosphere 2, an artificially closed ecological system built 
to house eight humans for two years, had operational and 
annualized construction costs on the order of $10 million 
per year (Marino and Odum 1999), and was not 
particularly successful (oxygen levels dropped, pollinating 
had to be done by hand, and the inhabitants lost an 
average of 25 pounds apiece).  If one extrapolated from 
this experiment, Earth’s support of 6.6 billion people in 
2006 (U.S. Central Intelligence Agency 2006) was worth 
$11 quadrillion, or 170 times the global Gross Domestic 
Product.  This does not include solar energy or legacy 
geologic, soil building, or evolutionary processes.  
Balmford et al. (2002) found that if the values of 
ecological services are considered, the benefits from 
conserving natural land gives a return on investment of at 
least 100 to 1. 

 

 

Delaware’s Changing Landscape 

Globally, the majority of ecosystem services examined by 
the United Nation’s Millennium Ecosystem Assessment 
(2005) are being degraded or used unsustainably, 
including fresh water, fisheries, biodiversity, air and water 
purification, and the regulation of regional and local 
climate, natural hazards, and pests.  Delaware’s natural 
history is typical of many heavily settled areas in the 
U.S.A., and perhaps other parts of the world.  Prior to 
European settlement, most of Delaware was covered by 
forests and wetlands.  When Europeans first arrived in 
Delaware in 1638, they found “vast acres” of salt marsh 
and inland forests dominated by oak, hickory, pine, and 
red maple (Melvin 2003).  The Nature Conservancy 
(2006) describes pre-settlement Delaware as covered by 
“towering trees of oak, hickory, elm and chestnut,” which 
maintained healthy streams and rivers, prevented 
erosion, and provided habitat for an assemblage of 
wildlife, including now-extirpated cougars (Puma 
concolor) and elks (Cervus canadensis).  

During the next two centuries, colonists cut most of the 
original tree cover for timber, fuel, and clearing for 
agriculture.  Some of this forest regenerated, especially 
after the 1920’s and 1940’s.  Loblolly pine trees were also 
planted for wood and pulp production.  Much of the state 
was ditched to lower the water table and make the land 
more suitable for farming.  This practice destroyed many 
of the state’s streams and wetlands, and degraded water 
quality.  Agriculture is still the dominant land use in 
Delaware (45% of land in 2002), but both farms and 
forests are now being converted to housing 
developments. 

The population and developed portions of Delaware have 
been growing rapidly.  Between 1790 and 2000, 
Delaware's population grew from 59,000 to 786,000 (U.S. 
Census Bureau 2006).  The increase was 18% between 
1990 and 2000 alone, almost twice the national average 
(U.S. Census Bureau 2006).  By 2030, Delaware is 
projected to add another 247,000 people, a further 32% 
increase (Delaware Population Consortium 2005).  Most 
of this increase is projected to occur in rural areas 
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(McMahon et al. 2004, Delaware Population Consortium 
2005).  Most of Delaware’s population increase is influx 
from other states, lured by beaches, proximity to 
metropolitan areas like Philadelphia and Washington, less 
expensive real estate, and low taxes (Fleishman 2003). 

Developed land has increased even faster than the 
population, thanks to the rapid spread of low-density 
housing.  The number of housing units increased by 25% 
between 1990 and 2000 (U.S. Census Bureau 2006).  
The average home and lot sizes have also increased.  In 
the Chesapeake Bay watershed, the average size of new 
single-family homes grew 37% between 1975 and 1999, 
from 1,645 square feet to 2,250 square feet (Chesapeake 
Bay Program 2002).  In Delaware’s neighbor, Maryland, 
average lot size increased 36% between 1985 and 1993 
(Chesapeake Bay Program 2002).  

Examining state land use data (sources in Table 1, page 
20), in just five years (1997-2002), almost 15,000 
hectares of land was developed in Delaware, a 16% 
increase.  Over a fifth of the state’s land is now covered 
by development, and as throughout the nation, the rate of 
land development is accelerating.  Property values have 
been rising rapidly in response to demand, increasing by 
10-15% annually (Fleishman 2003).  These economics 
are enticing more and more farmers and other 
landowners to sell to developers.  This development has 
come primarily at the expense of agriculture and forest.  
Further, about 16,000 ha of wetlands have also been lost 
in the past 40 years (Delaware Department of Natural 
Resources and Environmental Control 2001). 

Ecological Effects of Land Alteration 

Bockstael (1996) stated that land use change due to 
human activity “is perhaps the single greatest factor 
affecting ecological resources.”  Wildlife habitat and 
migration corridors are lost, and normal ecosystem 
functions such as absorption of nutrients, recharging of 
water supplies, and replenishment of soil are disturbed or 
destroyed.  When natural areas are converted to 
intensive human use, the population of species 

dependent on that habitat may decrease below the 
threshold needed for long-term persistence (Dramstad 
1996).  

Impervious surfaces (buildings, parking lots, roads, etc.) 
associated with development have adverse effects on 
streams and water quality.  Studies in neighboring 
Maryland show that when a watershed exceeds 5-15% 
imperviousness, there is a rapid degradation of stream 
stability and aquatic habitat quality (e.g., Baltimore 
County 2005, Southerland et al. 2005).  Another 
consequence of impervious surfaces is that as water is 
moved more quickly off the land, less of it percolates into 
aquifers (Frazer 2005). 

The scattered pattern of modern development in the 
U.S.A. not only consumes an excessive amount of land, it 
fragments the landscape.  Much of Delaware’s remaining 
forest is fragmented into small, isolated, and degraded 
patches.  Numerous studies have shown the negative 
ecological effects of forest fragmentation in the 
landscape.  Some generalist or ecotone (the transitional 
zone between two communities) species, like white-tailed 
deer (Odocoileus virginianus) and raccoons (Procyon 
lotor), can benefit from fragmentation.  But according to 
Sorrell (1997), habitat loss and fragmentation are perhaps 
the greatest worldwide threat to forest wildlife, and the 
primary cause of species extinction.  Fragmentation of 
formerly continuous habitat, especially by barriers like 
roads and buildings, reduces patch sizes, increases the 
edge to interior ratio, and restricts the movement of 
animals and many plant propagules (seeds, pollen, 
spores, vegetative offshoots, etc.) (Forman and Godron 
1986).  Smaller, isolated patches are less able than large 
patches to support interior or wide-ranging species, are 
more prone to stochastic extinctions, and are less likely to 
be recolonized (MacArthur and Wilson 1967, Dramstad 
1996, Hanski 1997, Tilman and Lehman 1997, With and 
King 1999).  Therefore, they tend to have lower species 
richness (MacArthur and Wilson 1967, Harris 1984, 
Forman and Godron 1986).  Ecosystems with lower 
diversity are generally less efficient (Odum 1983).  For 
example, diverse communities are more likely to contain 
species able to utilize different amounts and combinations 
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TABLE 1  GIS Data Used to Develop the Delaware Ecological Network 

Data Layer Original Source 
Year of 
ground 

condition 

Spatial 
resolution 

2002 land use / land cover EarthData International of Maryland, LLC for the 
Delaware Spatial Data Implementation Team 2002 1 foot 

(0.3 m) 

1997 land use / land cover EarthData International of Maryland, LLC for the 
Delaware Spatial Data Implementation Team 1997 1 foot 

(0.3 m) 

Impervious surface 
Mid-Atlantic Regional Earth Science Application Center 
(RESAC) Chesapeake Bay Watershed Impervious 
Surface 

1999-2001 30 m pixel 

Streams outside Nanticoke 
watershed U.S. Geological Survey (USGS) Delaware Hydrography 1973-1993 1:24,000 

Streams in Nanticoke 
watershed U.S. Fish and Wildlife Service (USFWS) 1998 1:40,000 

Floodplains Federal Emergency Management Agency (FEMA) Q3 
data 1995 1:24,000 

Wetlands 
Delaware Department of Natural Resources and 
Environmental Control (DNREC) System-Wide Monitoring 
Program (SWMP) 

1992 Unknown 

Watershed boundaries DNREC HUC-13 watersheds unknown Unknown 

Delaware roads Delaware Department of Transportation 2001 3 m 

Railroads USGS 1973-1993 1:24,000 

Maryland and Pennsylvania 
roads 

Tele Atlas North America, Inc/Geographic Data 
Technology, Inc. for ESRI Data and Maps CD 2005 1:100,000 

Protected lands with 
management status Mid-Atlantic GAP 1999 1:24,000 

Protected lands 
DNREC Division of Parks and Recreation, DNREC 
Division of Fish and Wildlife, Delaware Department of 
Agriculture, USFWS 

2005 Unknown 

Designated Natural Areas DNREC Natural Areas Program 2002 1:3,000 

Rare species and 
community point locations DNREC Division of Fish and Wildlife 1988-2001 Unknown 

Vegetation communities Mid-Atlantic GAP Analysis Program 1991-3 
Minimum 
mapping unit 
of 2 ha 

Native vertebrate species 
distribution models Mid-Atlantic GAP Analysis Program 1991-3 

Hex or quad 
range 
distribution 

Forest in 1937 DNREC Natural Areas Program 1937 Unknown 

Ecoregions U.S. Environmental Protection Agency (US EPA) Unknown 1:250,000 

Topography University of Delaware Spatial Analysis Lab - Digital 
Elevation Model (DEM) Unknown 30 m 

Aerial photographs University of Delaware Spatial Analysis Lab - 1997 
Greyscale Orthophotos 1997 5 m 

Forest plot data Forest Inventory and Analysis data from FIA National 
Spatial Data Services, U.S. Forest Service 1999 Unknown 
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of limiting resources like nutrients or light, and more likely 
to have symbiotic relationships. As species are lost from 
an ecosystem, those that depend on them for food, 
pollination, or other needs, also begin to disappear 
(Ehrlich and Mooney 1983). 

Exotic plants, like multiflora rose (Rosa multiflora), 
Japanese honeysuckle (Lonicera japonica), and mile-a-
minute (Polygonum perfoliatum), invade fragmented 
forests and wetlands, and displace native species.  One 
quarter of Delaware's flora is now non-native (Delaware 
Nature Society 2005).  Brown-headed cowbirds 
(Molothrus ater) parasitize songbird nests near forest 
edges (Reese and Ratti 1988, Brown et al. 1990, Gates 
and Evans 1996).  Nest predation by raccoons and other 
animals is also highest near edges (Reese and Ratti 
1988, Yahner 1988, Brown et al. 1990, Sinclair et al. 
2004).  Several studies have shown that fragmentation 
and increased edge have reduced the distribution and 
abundance of forest birds and other wildlife species 
throughout North America (Yahner 1988, Hansen and 
Urban 1992, Donovan et al. 1995, Robinson et al. 1995).  

Delaware leads the nation in the loss of native plant 
species, with more than 40% either extirpated or rare 
(Delaware Nature Society 2005, The Nature Conservancy 
2006).  The loss of native plants and habitats often 
means the loss of insects, birds, and other animals whose 
life cycles depend on them (Delaware Nature Society 
2005).  Twenty-five species of birds, reptiles, insects, and 
mussels have not been seen in Delaware for over 15 
years (Delaware Nature Society 2005). 

The Green Infrastructure Approach 

“Green Infrastructure” is a term that describes natural 
features in the landscape like forests, wetlands, and 
streams.  Just as built infrastructure like roads and utilities 
are necessary for modern societies, green infrastructure 
provides ecosystem services that are just as necessary 
for our well-being (Benedict and McMahon 2006).  

The concept underlying green infrastructure protection is 
to link large blocks of ecologically significant natural areas 
with natural corridors that create an interconnecting 

network of natural lands across the landscape.  Large 
natural areas are usually more effective than small areas 
for protecting aquifers and watersheds, sustaining viable 
populations of most interior species, providing core 
habitat and escape cover for wide-ranging vertebrates, 
and allowing natural disturbance regimes (Dramstad et al. 
1996; also see previous section).  

Retaining connectivity, as appropriately sited and 
configured corridors can accomplish, can help to offset 
the functional losses caused by fragmentation (e.g., 
Anderson and Danielson 1997, Beier and Noss 1998, 
Bennett 1998, Söndgerath and Schröder 2002).  
Corridors are linear features (White and Pickett 1985, 
Forman and Godron 1986), although still wide enough to 
provide adequate cover (after studies in Forman and 
Godron 1986, St. Clair et al. 1998, and Bélisle and 
Desrochers 2002), that link core habitats together and 
allow animal and plant propagule movement between 
them (e.g., Forman and Godron 1986, Harris 1989).  The 
hope behind maintaining this pattern is that there will be 
enough populations of species in the discrete patches 
within a region (i.e., a metapopulation), and that 
connectivity will facilitate movement between them, such 
that any localized extinction will be offset by 
recolonization, and ensure long-term persistence of the 
species in the region (Dunning et al. 1992, Tilman et al. 
1997, van Dorp et al. 1997, With and King 1999). 

Many studies have shown that corridors facilitate animal 
movement (e.g., Tewksbury et al. 2002, Haddad et al. 
2003, Lee and Vaughan 2003, Levey et al. 2005) and 
gene flow (Mech and Hallet 2001, Hirota et al. 2004, 
Dixon et al. 2006).  For example, Bélisle and Desrochers 
(2002) and Robichaud et al. (2002) found that woodland 
corridors can facilitate the movement of forest birds within 
a fragmented landscape.  Tewksbury et al. (2002) and 
Levey et al. (2005) found that corridors facilitate seed 
dispersal by birds, and that seed dispersal between 
connected patches was greater than between isolated 
patches. Black bears (Ursus americanus) also utilize 
corridors and disperse seeds through the consumption of 
fruits (Willson 1993, Noss et al. 1996, Lee and Vaughan 
2003, Dixon et al. 2006).  Townsend and Levey (2005) 
found that corridors facilitate pollen transfer by butterflies, 
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bees, and wasps.  A study conducted in South Carolina 
showed that corridors increased native plant diversity 
while having no effect on the number of invasive plant 
species (Damschen et al. 2006).  Beier and Noss (1998) 
reviewed published studies of corridor impacts on 
population viability.  The evidence from well-designed 
studies demonstrated positive impacts of wildlife corridors 
on immigration rates, colonization rates, patch 
occupancy, and species diversity.  Ten of the 12 studies 
allowing meaningful inferences of conservation value 
offered persuasive evidence that corridors connecting 
habitats provide sufficient connectivity to improve 
population viability.  None of the studies demonstrated 
negative impacts of conservation corridors. 

Our purpose was to provide a consistent framework for 
green infrastructure protection in Delaware. To that end, 
we developed the Delaware Ecological Network (DEN) 
model, which attempts to identify and prioritize the areas 
of greatest ecological importance within the state.  The 
DEN is based on principles outlined above, and best 
available Geographic Information System (GIS) and field 
data.  It builds on methods developed earlier in 
neighboring Maryland (Weber and Wolf 2000, Weber 
2003, Weber et al. 2006b), in the state of Florida (Hoctor 
et al. 2000), for the Delmarva peninsula (Delmarva 
Conservation Corridor: T. Weber, 2000, unpublished 
data) and for the Chesapeake Bay watershed (Weber 
2004a).  We then applied the DEN at the county level, 
using stakeholder input, fine-scale analyses, property 
boundaries, and zoning information to recommend 
specific implementation plans.  We hope that this 
approach can serve as an example for other areas. 

METHODS 

Study Area 

The DEN assessment was carried out within the state of 
Delaware, plus adjacent land in neighboring states out to 
the nearest paved road or major river (Figure 1).  Most of 
Delaware’s land boundary is shared with Maryland, with a 
smaller portion shared with Pennsylvania.  The state is 

bounded to the east by Delaware Bay and the Atlantic 
Ocean. Delaware is the second smallest state in the 
U.S.A., with 505,000 ha of land. Most of the state is 
located in the low-lying Coastal Plain, with about 5% in 
the hilly Piedmont region.  

As mentioned earlier, Delaware’s landscape is dominated 
by agriculture, with housing developments comprising an 
ever-increasing portion.  According to the most recent 
GIS data (Table 1), only 26% of the state’s land is 
forested.  This forest is also heavily fragmented by 
agriculture, development, and roads; 57% is within 
patches <100 ha, and only one patch is >1000 ha.  Much 
of Delaware’s forest is actually managed pine plantations.  
Davis (2003) lists only a few small remnants of old growth 
forest, but perhaps 20-25% of the state’s forest is now 
mature regrowth based on 1937 aerial photo 
interpretation and GAP vegetation classification.  

FIGURE 1  Location of Delaware and its ecoregions. 
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Delaware has around 50,000 ha of forested wetlands, 
about 7,000 ha of scrub-shrub wetlands, and 33,000 ha of 
emergent wetlands.  Most of the emergent wetlands are 
tidal marshes along Delaware Bay.  Many, perhaps most, 
of the state’s wetlands have been degraded by ditching, 
road building, and other hydrologic alterations.  

Delaware’s streams are even more impacted by ditching 
and channelization.  In the Nanticoke watershed, the only 
part of the state where reliable data is available, 92% of 
waterways are channelized streams or field ditches.  
Pollution, especially contaminated runoff from farms and 
development, is also a problem.  According to the 
Delaware Nature Society (2005), only 4% of the state’s 
waterways fully support standards for swimmable waters, 
and only 29% fully support standards for fish and aquatic 
life.  

Despite its small size and altered landscapes, Delaware 
has over 800 species of catalogued wildlife (including 
some 400 species of mammals, birds, reptiles and 
amphibians), and over 1500 species of native plants.  The 
shores of Delaware Bay are an important rest stop for 
migrating birds, including hundreds of thousands of 
shorebirds.  However, over half the state’s wildlife species 
were listed in the Delaware Wildlife Action Plan as 
requiring conservation action in order to sustain or restore 
their populations.  Furthermore, about 41% of the state’s 
plant species are rare or uncommon.  The main threat to 
these species is habitat loss. 

Overall Network Concept and Approach 

The DEN consists of core areas, hubs and corridors.  
Core areas contain naturally functioning ecosystems, and 
provide high-quality habitat for native plants and animals.  
Core forest, wetland, and aquatic systems, which contain 
relatively undisturbed, mature forest, wetlands, and 
streams, are the nucleus of the ecological network.  Hubs 
are slightly fragmented aggregations of core areas, plus 
contiguous natural cover.  Corridors are linear features 
linking core areas together, to allow wildlife and plant 
propagule movement between them.  

Table 1 lists GIS data used to develop the DEN.  All data 
were projected to Delaware State Plane, NAD 1983.  
Raster data were in Arc Grid format, and analyzed with a 
common cell size (10 m, which balanced precision and 
required computer time) and map extent (the state 
boundary plus 10 km beyond to account for patch overlap 
and landscape effects in neighboring states).  Rare 
species and community locations and descriptions were 
obtained from the Department of Natural Resources and 
Environmental Control (DNREC), as point locations.  
Field data were obtained from state and federal agencies, 
or collected where none existed.  Analyses were 
conducted using ArcGIS 9.1, ArcInfo Workstation, 
ArcGrid, ArcView 3.2, Microsoft Excel, and Number 
Cruncher Statistical Software (NCSS).  

Core Forests 

We defined core forests as contiguous areas of relatively 
undisturbed, mature forest (see Figure 2a for example), at 
least 100 hectares in size.  We used forest interior  

(c)

FIGURE 2  
Photographs of 
sample core 
ecosystems in 
Delaware:  
(a) old-growth 
pine forest in 
Sussex County; 
(b) depressional 
wetland in 
Chester River 
headwaters;  
(c) tributary to 
Nanticoke River. 

(a) 

(c) 

(b) 
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dwelling bird species (FIDS) as indicators of high-quality 
forest.  The method of using bird guilds as ecological 
indicators to evaluate habitat quality is well documented 
(e.g., Verner 1984, Roberts 1987, Croonquist and Brooks 
1991, Canterbury et al. 2000, O'Connell et al. 2000).  
FIDS are defined as birds that require large forest areas 
to breed successfully and maintain viable populations 
(Jones et al. 2000).  FIDS are considered “umbrella 
species” in forest habitats.  The habitat needs of FIDS 
overlap those of numerous other plant and animal 
species, including many large mammals, wildflowers, and 
amphibians (Jones et al. 2000).  When sufficient habitat is 
protected to sustain a diversity of forest interior birds, 
other species and microhabitats of the forest will be 
encompassed and protected (Jones et al. 2000).  Among 
these microhabitats are seasonal wetlands and forested 
streams. 

We considered interior forest (i.e., not impacted by edge 
effects) to be >30m from the nearest edge, although we 
also considered optimal FIDS habitat to be >100m from 
the nearest edge.  Ness (2003) reported that in North 
American temperate deciduous forests, microenvironment 
(e.g., temperature, shrub cover, litter moisture, litter 
depth, humidity, rainfall, soil moisture and canopy cover) 
>30m from the forest edge is indistinguishable from that 
further inward.  Ranney et al. (1981; in Roman et al. 
2001), Labaree (1992), Matlack (1994), Fraver (1994), 
Spackman and Hughes (1995), Cadenasso et al. (1997), 
and Rowley et al. (1999) found edge ecotones varying 
between 7 and 60m, depending on location, aspect, 
temperature, wind, and the nature of the edge.  On the 
other hand, Harris (1984), Brown et al. (1990), and Kapos 
et al. (1993) cite a distance of 2-3 tree heights from the 
forest edge (50-80m) to reduce the effects of sunlight and 
wind penetration.  Haskell (2000) reported that the effects 
of forest roads on invertebrate abundance and leaf litter 
depth may be seen up to 100 m from the road.  Some 
species of birds typically nest at least 100-200 m from the 
edge (Roswell 2004), and increased nest predation or 
parasitism may extend 300 to 600 meters inside the 
forest (Reese and Ratti 1988, Yahner 1988, Brown et al. 
1990). 

We first identified forest cover from land use/land cover 
and other spatial data.  Then we delineated forest 
patches, which are contiguous areas of forest bounded by 
non-forest, paved roads, or active railroads.  Finally, we 
used a variety of data to identify core forest areas.  Core 
forest had to meet the following criteria, based on reviews 
of FIDS habitat requirements and examination of the data 
(many thresholds had to be lowered because Delaware is 
smaller than many of the study areas in the source 
literature, and more fragmented than ideal landscapes): 

• At least 100 hectares in size (after Bushman and 
Therres 1988, Robbins et al. 1989, Herkert et al. 
1993, and Roswell 2004);  

• At least 50%, or 100 hectares of, mature broadleaf 
forest except areas historically dominated by conifers 
(from Jones et al. 2000, Blackbird-Millington Corridor 
Conservation Area Plan 2004, and Weber et al. 
2006a); 

• At least 20% of forest greater than 100 meters from 
edge (modified from Jones et al. 2000);  

• At least 200 meters deep in spots (modified from 
Blackbird-Millington 2004); 

• At least 25% forest cover within 2 kilometers 
(modified from Blackbird-Millington 2004); and 

• Contain one or more of the following: 

⇒ Perennial streams or other water, with riparian 
forest at least 200 meters wide on average 
(Hodges and Krementz 1996, Jones et al. 
2000); 

⇒ Large permanently or seasonally flooded 
wetlands (at least 20 ha, after Jones et al. 
2000); 

⇒ Contiguous forest area of greater than 200 
hectares (Jones et al. 2000, Roswell 2004); 

⇒ Rare community point locations; 
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⇒ One of the following habitat types: Rich 
Woods, Xeric Sand Ridge Forest, Atlantic 
White Cedar Swamp, Bald Cypress Swamp, 
Floodplain Forest, or Swamp Forest; 

⇒ One of the following indicator species of 
mature, unbroken forest: American redstart, 
barred owl, brown creeper, cerulean warbler, 
Delmarva fox squirrel, hooded warbler, 
northern parula, red-shouldered hawk, or 
yellow-throated warbler (Bushman and Therres 
1988, Freemark and Collins 1992, 
Pennsylvania Dept. of Conservation and 
Natural Resources 1998, Jones et al. 2000, 
Pennsylvania Game Commission 2001); 

⇒ Area within Delaware’s Natural Areas 
Inventory, which contains Delaware's best 
examples of native plant and animal 
communities, old growth forests, wetlands, rare 
and endangered species sites and 
archeological and geological sites;  

⇒ Area within a Nature Conservancy (TNC) 
matrix block; 

⇒ At least 725 meters maximum depth 
(Blackbird-Millington 2004); or 

⇒ At least 75% mature forest. 

Areas meeting the above requirements were then 
compared to aerial photos (see Table 1) to filter out pine 
plantations that were erroneously included.  We also 
compared Forest Inventory and Analysis (FIA) data (see 
Table 1) to core forest delineations, to see if mature, 
undisturbed forest (which is better habitat for forest 
interior breeding birds and many other animal and plant 
guilds) was more likely to be found in core forest areas.  
Mature forest was defined as plots with canopy trees at 
least 80 years old, 16" diameter at breast height (DBH) on 
average, or 85 feet tall on average.  Disturbance was 
measured in terms of whether the plot had been 
selectively logged or clearcut, versus no signs of logging. 

 

Core Wetlands 

We defined core wetlands as contiguous natural areas 
with at least 10 hectares of relatively unimpacted 
wetlands (see Figure 2b for example).  We used four 
wetland-dependent birds (prothonotary warbler 
(Protonotaria citrea), Louisiana waterthrush (Seiurus 
motacilla), northern parula (Parula americana), and king 
rail (Rallus elegans)), as well as salamanders (seven 
species were of state conservation concern) and turtles 
(three non-marine species were of conservation concern), 
as indicators of high-quality wetland habitat.  In theory, 
areas that meet the habitat requirements of these animals 
will also provide habitat for other animals and plants that 
rely on undisturbed wetlands (see discussion in core 
forests).  

First, wetlands were identified from state and federal data 
(Table 1).  From these, we selected wetlands that had not 
been ditched, drained, excavated, converted to pine 
plantations or farms, or otherwise heavily modified.  We 
also removed areas less than 30 meters from 
development, agriculture, clearings, and roads, as subject 
to adverse edge effects.  From these relatively 
unimpacted wetlands, we selected the following:  

• Riparian forested wetland at least 300 meters wide on 
average and 100 contiguous hectares (Bushman and 
Therres 1988, Mason et al. 2003); 

• At least 60 hectares of contiguous marsh 
(Pennsylvania GAP Analysis Project 2000);  

• Wetlands surrounded by at least 210 meters of forest 
or other wetland (Semlitsch and Jensen 2001); 

• Wetlands containing rare species or communities; or 

• Wetlands in a designated natural area. 

If there were at least 10 hectares of wetlands meeting the 
above conditions within a contiguous natural area, the 
contiguous area was designated a core wetland area.  As 
with core forest, areas meeting the above requirements 
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were then compared to aerial photos to filter out pine 
plantations.  

We examined non-tidal riverine and interfluvial wetland 
data collected by DNREC in the Nanticoke watershed.  
An Index of Wetland Condition (IWC) was computed from 
hydrogeomorphic variables describing hydrologic 
alteration, other human disturbances, microtopography, 
vegetation composition and structure, invasive species 
presence and dominance, and buffer width (Amy Jacobs, 
unpublished data).  The IWC for wetlands within core 
areas was compared to the IWC outside core areas, 
using a single factor analysis of variance (ANOVA). 

Core aquatic areas contained at least 1 kilometer of 
relatively unimpaired streams, plus their associated 
riparian forest and wetlands (see Figure 2c for example).  
We considered only freshwater streams and rivers; bays 
and estuaries are only included indirectly (e.g., they are 
impacted by land use upstream).  Most of Delaware’s 
streams are ditched or otherwise degraded.  As 
mentioned earlier, the Nanticoke watershed is over 90% 
channelized.  Fully functional streams are not only rare, 
but fragmented: separated by unbuffered or channelized 
reaches, dams, road culverts, pollution inputs, etc.  

Like forests and wetlands, stream health is a function of 
both local and landscape conditions.  Stream stability and 
aquatic habitat quality depend not only on riparian cover, 
morphology, etc. in the immediate vicinity, but also on the 
amount and intensity of land and hydrologic alteration in 
the drainage area upstream.  Thus, we first attempted to 
identify the least-impacted watersheds in Delaware.  

To do so, we collected data at 47 unmodified, non-tidal 
stream reaches throughout the state (selected as 
described below), and compared this to land cover and 
human impacts in their upstream catchments.  All 
perennial non-tidal stream reaches in the state were 
sampled that met the following criteria to control for local 
impacts and maximize the likelihood that stream 
degradation was the result of watershed condition: 
unchannelized and unimpounded; between 2nd and 4th 
order (preferably 3rd); riparian forest on both sides of the 
bank; no point source pollution; near a bridge or other 

non-highway road crossing for ease of access; and 
upstream from the road crossing, past any obvious 
influence from ponding.  All sample points had to be 
independent, i.e., drainage to one point must not go to 
another sample point as well; and the catchment had to 
be entirely or mostly within Delaware.  At each suitable 
site, we walked upstream up to 100 m from the road 
crossing, noting conditions.  The beginning location was 
marked with a Garmin GPS.  We followed EPA’s protocol 
for visual-based habitat assessment (Barbour et al. 
1999), with a parameter added for visual-based 
eutrophication assessment (an indicator of excess 
nutrients in the water).  A composite site rating was 
constructed as follows: the stream reach was rated 
optimal or suboptimal if eutrophication was optimal or 
suboptimal, sedimentation was marginal or suboptimal 
(only one site was suboptimal, and no sites were optimal), 
and stream stability was optimal or suboptimal. 

Catchment boundaries were manually delineated for each 
sample site because hydrologic GIS models could not 
accurately delineate watersheds due to the state’s low 
topographic relief and hydrologic modification from 
ditches and roads.  We calculated the following metrics 
within each catchment: percent forest or wetland cover; 
percent impervious surface; percent riparian forest cover; 
number of road-stream crossings; number of dams; 
number of industrial discharge sites; number of 
Superfund sites; number of toxic release facilities; 
number of wastewater treatment facilities; number of 
drinking water intakes; percent of channelized streams; 
percent forest or wetland in 1992 (to see if stream 
condition is a function of past land cover rather than 
present; i.e., if there is a lag time); percent riparian forest 
or wetland in 1992; percent mature forest (another way to 
look at disturbance history in the watershed); and percent 
mature riparian forest.  

Next, we compared site habitat characteristics, especially 
assessments of eutrophication, sedimentation, and 
stream stability, to the catchment metrics.  We 
extrapolated thresholds from these analyses to the whole 
state, identifying those watersheds (generally draining to 
third order streams; see Table 1) most likely to contain 
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relatively unimpaired streams.  We compared these 
watersheds to our field data to see what proportion of 
highly-rated sites were included. 

Our next step was to identify core streams within the 
least-impacted watersheds.  These were streams that 
were unchannelized and unimpounded, contained 
riparian forest or marsh on both sides of the bank, and 
were not constrained by dams, road crossings (except for 
bridges), or other stream blockages.  Core streams had to 
run at least 1 kilometer with the above conditions.  We 
also added natural streams containing rare fish, mussels, 
or salamanders (from DNREC point locations), if they 
were not already included.  To delineate core aquatic 
areas, we added adjacent forests and wetlands.  

Combined Core Areas and Hubs 

We combined core forests, wetlands, and aquatic areas, 
and added other natural areas (e.g., beaches) missed by 
these delineations.  Other natural areas were added if 
they were at least 10 hectares, contained rare species or 
communities, or were within Natural Areas Inventory 
sites, state parks, state Fish and Wildlife areas, or 
National Wildlife Refuges.  We discarded “tendrils” - 
narrow strips attached to a core area.  Such areas were 
likely to be dominated by edge effects and their 
associated impacts.  

We then identified hubs, defined as aggregations of core 
areas divided by major roads (primary or secondary 
highways) or gaps >100 m wide.  Hubs were at least 100 
ha in size, and contained one or more core areas, as well 
as adjacent natural land and agricultural buffers.  

Corridors 

We assessed the landscape between core areas for its 
linkage potential, identifying conduits and barriers to 
wildlife and non-windborne seed and pollen movement 
(Table 2).  Mirroring habitat definitions for core areas, 
corridor suitability was classified into three groups: forest, 
wetland, and aquatic.  In general, preference was given to 

Linkages  
between core  
forest 

Linkages 
between core 
wetlands 

Linkages 
between core 
streams 

Land cover: Forest 
was the easiest to 
traverse, then 
other natural land, 
then grass, then 
agriculture. 
Developed areas 
and large water 
bodies were 
considered 
impassable. 

Land cover: 
Wetlands were the 
easiest to traverse, 
then other natural 
land, then grass or 
sand, then 
agriculture. 
Developed areas 
and large water 
bodies were 
considered 
impassable. 

Land cover: Only 
water was 
passable. Bays 
and coves were 
less passable than 
fresh water. 

Mature forest was 
more suitable than 
young forest. 

Streams: 
Unchannelized, 
unimpounded 
streams were 
more suitable than 
modified streams, 
ditches, etc. 

Roads: The 
difficulty of 
crossing roads 
was a function of 
paved vs. 
unpaved, width, 
and traffic. 
Unimproved roads 
are much easier to 
cross than major 
highways (which 
were considered 
impassable). 

Roads: The 
difficulty of 
crossing roads 
was a function of 
paved vs. 
unpaved, width, 
and traffic. 
Unimproved roads 
are much easier to 
cross than major 
highways (which 
were considered 
impassable). 

Road-stream 
crossings were a 
barrier except at 
bridges. Since no 
details were 
available on 
culvert size and 
placement, these 
were all treated 
the same. Dams 
were a greater 
barrier. 

Forest adjacent to 
water was more 
suitable. 

Land adjacent to 
water was more 
suitable. 

Streams with 
riparian forest or 
wetland were 
more suitable. 

Interior forest was 
more suitable. The 
further from the 
forest edge, the 
more suitable. 

Interior unmodified 
wetlands were 
more suitable. The 
further from the 
wetland edge, the 
more suitable. 

The wider the 
riparian buffer, the 
better. 

Designated natural 
areas were more 
suitable. 

Designated natural 
areas were more 
suitable. 

Designated natural 
areas were more 
suitable. 

Protected land was 
more suitable. 

Protected land 
was more suitable. 

Protected land 
was more suitable. 

Hubs were more 
suitable. 

Hubs were more 
suitable. 

Hubs were more 
suitable. 

TABLE 2  Landscape Features Used To 
Determine Linkage Suitability 
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interior forest and wetland (the deeper, the better) and 
unmodified streams with wide riparian buffers.  Urban 
areas were avoided, as were major roads (except where 
bridges cross floodplains).  

A GIS technique called least-cost path analysis was used 
to determine the best linkages between core areas.  The 
least-cost path was the pathway between two given core 
areas with the fewest obstacles (like roads and 
development), and the most favorable habitat (like interior 
forest and wetlands).  Impedance (the inverse of 
suitability) values assigned to roads depended on their 
width, traffic volume, and whether they were paved.  We 
wrote a program in Arc Macro Language (AML), using the 
Arc Grid Costdistance and Costpath functions, the core 
layers, and the corridor suitability surfaces, to determine 
for each core area in the study area, the least-cost paths 
to all other core areas of that ecotype within 10 km.  The 
program delineated a one cell (10 m) wide pathway 
between core areas with the lowest cumulative resistance 
to postulated wildlife movement. 

We examined the computer-generated linkages, and 
edited them where necessary.  We manually added 
linkages between those core areas (especially if they 
were in hubs) where none were identified by the program, 
if a feasible pathway existed.  Most of these followed 
streams.  Conversely, we deleted some unnecessary or 
marginal linkages.  Multiple pathways between the same 
core areas provide redundancy against disturbance or 
conversion to incompatible land uses (see Weber and 
Aviram 2002), so only a few marginal linkages were 
deleted, where adequate alternatives existed.  

Once we determined the best potential linkages between 
core areas, we delineated corridors by adding adjacent 
forests and wetlands.  We chose a minimum width of 
200m, based on interior forest bird preferences (Hodges 
and Krementz 1996, Jones et al. 2000) and a study by 
Vidra (2004) that showed that corridors >200m wide 
generally had <10% exotic invasive plants.  A width of 
300m is preferable (Bond 2003, Mason et al. 2003), but 
200m was more realistic in heavily-modified Delaware.  
Where natural cover was <200m, we added adjacent 

undeveloped land like agricultural fields, with the 
understanding that reforestation might be possible in the 
future.  

Network Rankings 

To help prioritize protection efforts, we ranked core areas 
and hubs according to their relative ecological 
importance.  We felt that conservation networks should 
represent the full suite of biodiversity within their study 
area, and contain the best examples of each ecosystem 
type.  Ecoregions are areas of relative homogeneity in 
ecological systems and their components (Woods et al. 
1999).  We therefore compared core areas and hubs 
within their ecoregion to capture high-quality natural 
communities adapted to differing geology, topography, 
and other geographic conditions.  

We computed 20 ecological parameters for each core 
area: available measurements of biodiversity; high-quality 
forest, wetland, and aquatic habitat; distance to edges; 
whether the core area was in a hub; and the nature of the 
surrounding landscape.  Variables were examined for 
interdependency using Spearman rank correlations.  We 
transformed some variables (e.g., taking the square root) 
to increase spread evenness and decrease the 
dominance of outliers.  For each variable, we then divided 
the transformed value for each core area by the 
maximum in its ecoregion, giving a score between 0 and 
1.  Next, these calibrated variables were weighted 
according to their ecological relevance and data reliability, 
and summed to derive an overall percentile rank (e.g., in 
the top 1%, top 10%, etc.) for each core area within its 
ecoregion.  We compared several different weighting 
schemes, including weighting all variables equally.  

Hubs were also ranked within their ecoregion, combining 
two variables: total core area within the hub (transformed 
by taking the square root); and mean area-weighted rank 
of cores within the hub, plus the type of non-core land 
(natural cover was most preferable, agriculture in the 
middle, and developed land the least preferable).  These 
variables were calibrated by ecoregion, giving a score 
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between 0 and 1; then summed to determine hub 
percentile ranks by ecoregion. 

Using composite ecological rankings and rare species 
data, we identified a subset of the network that could be 
considered the highest priority, or top tier.  This included 
top 10% hubs and core areas, hubs with at least 10 rare 
species or community locations, and linkages between 
these areas.  By including linkages between top tier 
areas, we hoped to maintain the emphasis on 
connectivity even when considering a subset of the 
network.  

Network Composition and Protected Status 

We examined the DEN for its efficiency at including the 
state’s important natural resources, and its current level 
of protection.  We considered protection to be permanent 
restrictions on development, although other management 
goals and practices might differ (e.g., nature preserves 
have a stronger emphasis on biodiversity than state 
forests or agricultural easements).  An efficient network 
would retain most of the biodiversity and other ecological 
features of an area, while minimizing the total area of land 
required.  We compared the DEN to a green 
infrastructure network mapped earlier by the state 
(Livable Delaware Green Infrastructure Natural 
Resources Map: DNREC Division of Parks and 
Recreation 2005), which was an overlay of conservation 
priorities that included the Delmarva Conservation 
Corridor network, existing protected lands, State 
Resource Areas, the Delaware Natural Areas Inventory, 
TNC ecoregional planning data, and the Department of 
Agriculture's conservation easements and agricultural 
districts.  We also compared the DEN to TNC’s matrix 
forest blocks, which are ecoregional protection priorities.  
Finally, we examined the protected status of the highest-
priority parts of the network. 

 

 

Leadership Forum in Kent County 

The first application of the DEN was in Kent County, the 
central of Delaware’s three counties, where we were 
asked to identify and prioritize the county’s natural and 
agricultural resources for conservation purposes.  The 
DEN was to be combined with other data according to the 
preferences of local stakeholders.  After DEN core areas 
and hubs were identified (but before corridors were 
delineated), we convened a green infrastructure 
leadership forum.  We identified and invited a wide variety 
of stakeholders (Table 3), and solicited both qualitative 
and quantitative feedback. 

At the meeting, we discussed our approach and displayed 
maps of core areas, hubs, protected lands, zoning, and 
other features like land use, roads, and streams.  Besides 
soliciting feedback on these, we asked participants about 
their local conservation priorities and knowledge. 

We also solicited important quantitative data through a 
conservation values scaling exercise.  Participants 
reviewed and prioritized mapping criteria and then 

TABLE 3  Kent County Green Infrastructure 
Leadership Forum Invited Representatives 

City of Dover 
Delaware Department of Agriculture 

Delaware Department of Transportation 
Delaware Division of Fish and Wildlife 

Delaware Division of Parks and Recreation 
Delaware Economic Development Office 

Delaware Forest Service 
Delaware Greenways 

Delaware Office of State Planning Coordination 
Delaware Wild Lands 
Dover Air Force Base 

The Nature Conservancy 
Kent County Conservancy 

Kent County Department of Planning Services 
Kent County Levy Court 

Kent County Parks Division 
Kent County Tourism Convention & Visitors Bureau 

U.S. Fish and Wildlife Service 
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assisted in developing subjective GIS model weights to 
be used in a conservation suitability analysis and parcel 
scoring system.  We used an Analytic Hierarchy Process 
(AHP) (Saaty 1980) to help weigh factors within 
categories such as natural resources, working forests 
(managed for timber or pulp production), and working 
farms.  The multiple categories reflected the diverse 
interests of county stakeholders.  

The AHP is a quantitative method for ranking decision 
alternatives, using pairwise comparisons.  Within each 
category (e.g., natural resources), stakeholders compare 
each factor against every other factor, and assign a 

relative preference (e.g., consider core wetlands more 
important than proximity to protected lands).  When used 
in a conservation planning process, the stakeholders 
compare the relative values of GIS layers and data sets 
for determining the weights used in a particular targeting 
model. 

Pairwise comparisons can be done manually or 
electronically.  For the Kent County Leadership Forum, 
we utilized the manual approach, creating a written 
questionnaire that included the pairwise comparisons for 
each factor within the various prioritization models (Figure 
3).  We asked stakeholders to assign a relative value to 

KENT COUNTY RAPID ASSESSMENT OF GREEN INFRASTRUCTURE - SCALING FORM

Organization:  

Filled out by:

Suitability Analysis Factors

Please rank the relative importance of each factor against the factor on the opposite side.

Working Farms
Land Evaluation Score 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Site Assessment Score
Land Evaluation Score 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Green Infrastructure

Site Assessment Score 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Green Infrastructure

Working Forests
Land Evaluation Score 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Site Assessment Score
Land Evaluation Score 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Green Infrastructure

Site Assessment Score 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Green Infrastructure

Natural Resources
State Green Infrastructure Map 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Forest Resources
State Green Infrastructure Map 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Wetland Resources
State Green Infrastructure Map 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Aquatic Areas
State Green Infrastructure Map 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to Protected Lands

Core Forest Resources 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Wetland Resources
Core Forest Resources 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Aquatic Areas
Core Forest Resources 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to Protected Lands

Core Wetland Resources 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Core Aquatic Areas
Core Wetland Resources 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to Protected Lands

Core Aquatic Areas 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to Protected Lands 

Factor Weightings
Working Farms 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Working Forests
Working Farms 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Natural Resources

Working Forests 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Natural Resources

FIGURE 3  Form used by participants at the Kent County Leadership Form to rank conservation 
priorities. 
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green infrastructure layers we generated, the state’s Land 
Evaluation and Site Assessment (LESA) (Natural 
Resources Conservation Service 2006) model layers for 
agricultural lands, proximity to existing protected lands, 
and the State’s own green infrastructure map.  The LESA 
system is a GIS-based decision making tool for the 
evaluation and prioritization of agricultural lands suitable 
for preservation within Delaware's purchase of 
development rights program.  The Land Evaluation factor 
is a measurement of agricultural or forest productivity 
based on soils and land cover, while the Site Assessment 
factor measures multiple impacts on long-term 
productivity and other environmental, economic or social 
factors, including development potential, proximity to 
existing farming operations, utilization of farm programs, 
and biodiversity value of the parcel. 

Following the meeting, the preferences from each 
questionnaire were entered into a program called Expert 
Choice (Expert Choice, Inc. 2005), which calculates factor 

weights from pairwise comparisons. Expert Choice also 
reports whether the pairwise comparison results are 
logically consistent. 

Suitability Analysis and Parcel Rankings  

Using the DEN, other GIS layers, and the weights derived 
from the Leadership Forum, we created resource 
targeting models and parcel scoring systems for Kent 
County.  We developed conservation suitability surfaces 
with a 10-meter raster cell resolution that assigned 
relative values to forest, wetland, and aquatic features, as 
well as practical considerations like relative proximity to 
existing protected lands.  Table 4 summarizes the range 
of values for the five primary suitability surfaces. 

The highest scores for each cell on the suitability surface 
were assigned a value of 9, while the lowest scores were 
assigned a value of 1.  The core forest, wetland, and 

Surface High Suitability Medium Suitability Low Suitability 

Forests DEN Core Forest Area Hub outside core, mature    
non-hub forest Non-forest 

Wetlands DEN Core Wetland Area Non-core unmodified 
wetland 

Modified wetland,          
non-wetland 

Aquatic DEN Core Aquatic Area Riparian, unchannelized Riparian along ditch,     
non-riparian 

Livable Delaware Inside GI Boundary n/a Outside GI Boundary 

Proximity Within 100m of protected 
land Between 100-800m >800m from protected 

land 

TABLE 4  Suitability Surfaces Created for Green Infrastructure Resources in Kent County, DE 
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aquatic surfaces were combined with the Livable 
Delaware Green Infrastructure Map (described earlier) 
and proximity to protected lands to develop a composite 
conservation suitability surface for natural resource 
protection.  Also, a core green infrastructure surface that 
evenly weighted core forests, core wetlands, and core 
aquatic systems was combined with LESA scores to rate 
working (i.e., production) forest and farm priorities. 

Parcels, which are legal property boundaries and 
therefore the basis of any implementation measures, 
were also ranked for conservation importance.  Parcels 
were ranked by averaging the suitability surfaces for 
natural resources, working forests, and working farms, 
and weighting these surfaces according to the Leadership 
Forum results.  

Implementation Quilt 

The final step was the development of an “implementation 
quilt”: a framework for matching available resources 
(tools, programs, funding, and people) to the needs of the 
green infrastructure network.  Every planning context, like 
every quilt, is unique.  For Kent County, the quilt was an 
implementation strategy that identified what tools could 
be used, who could use them, when the activity should be 
undertaken, and how it could be financed.  The quilt also 
underscored the underlying principle of green 
infrastructure that natural resource and working lands 
should be identified and protected prior to development. 

RESULTS 

Core Forests 

We identified 188 core forest areas, covering a total of 
37,136 ha.  This represented 7% of the state’s land and 
50% of its forest (48% with clearcuts included in the forest 
total).  Core forest ranged in size from 100-1440 ha, with 
a mean of 200 ha.  FIA data indicated that forest in core 
areas was more likely to be mature than forest outside 

core areas (Chi-square, p<.05, n=56).  Only 15 sample 
points fell within core forest.  

Core Wetlands 

Core wetland areas covered a total of 73,466 ha (not 
including open water), or 15% of Delaware’s land.  Much 
of this (about 40%) was coastal marsh.  Forested 
wetlands were another major component; these often fell 
within both core forest and core wetland areas.  Core 
wetlands within these areas comprised 44% of the state’s 
wetlands.  The Index of Wetland Condition was 
significantly higher within core wetland areas than outside 
(p < 0.005, df = 85), indicating that these wetlands were 
likely to be in better condition. 

Core Aquatic Systems 

Although stream variability was high, and no sites were 
absolutely pristine, we found that conditions were 
generally better (site condition optimal or suboptimal vs. 
marginal or poor) in watersheds with >45% riparian forest 
or wetland buffers and <10% impervious surface (Chi-
square, p<0.05, n=42).  Extrapolating these thresholds, 
49 of 74 (66%) HUC-13 watersheds had >45% riparian 
forest or wetland and <10% impervious surface.  Of 
these, five in the Nanticoke watershed were >90% 
channelized, and omitted.  Comparing the resulting 44 
“core watersheds” to our field data, 82% of sites scoring 
“Optimal” for eutrophication, 100% of sites scoring above 
“Marginal” for sedimentation, and 79% of sites scoring 
“Optimal” for stream stability were included. 

Core aquatic areas contained about 2700 km (24% of the 
total) of Delaware’s streams and rivers, and about 67,000 
ha of forests and wetlands (13% of the state’s land).  
They ranged in size from narrow (60 meters wide) 
riparian buffers to large contiguous blocks like White Clay 
Creek Valley and the Nanticoke River floodplain.  
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Combined Core Areas, Hubs, and Corridors 

The DEN assessment revealed significant overlaps 
between core forests, wetlands, and aquatic areas.  Core 
areas and hubs comprised 28% of Delaware’s land.  Not 
all core areas fell within hubs, if they were isolated and 
<100 ha.  Corridors comprised only 2% of the state’s 
land, but linked core areas together. Figure 4 shows the 
DEN’s core areas, hubs, and corridors.  

Network Rankings 

Table 5 shows the distribution of core areas by ecoregion.  
The following variables were highly correlated (>85%) 
with other variables, and dropped: number of rare species 
or community occurrences (correlated with their weighted 

score), maximum distance to nearest edge (correlated 
with mean edge distance), and percent >100m from 
nearest edge (also correlated with mean edge distance).  
The next highest correlation (81%) was between stream 
length and area of unmodified wetlands, but we decided 
to retain both of these because of their importance to 
different species and ecosystems.  The remaining 
variables, after transformations, are listed in Table 6, 
page 34. 

Overall core ranks did not change significantly (98-100% 
Spearman correlations) as weights were changed.  This 
was encouraging: the same areas (e.g., Great Cypress 
Swamp, Nanticoke River, White Clay Creek, Blackbird 
Creek watershed, Bombay Hook and other coastal 
wetlands, and Rehoboth-Indian River Bays) were 
identified as particularly important no matter how we 
prioritized the data.  We chose the weighting scheme in 
Table 6 based largely on expert judgment and 
examination of the data.  Conditions within the core area 
received a higher weight than conditions in its vicinity.  
Core areas within hubs were considered more 
ecologically viable than small, isolated core areas.  We 
considered rare species and community presence, 
richness, rarity, and viability especially important to 
maintaining regional biodiversity.  The presence of old 
growth forest received a low weighting because we had 
only one confirmed site.  

FIGURE 4  Core Areas, Hubs, and Corridors of 
the Delaware Ecological Network (DEN). 

Ecoregion 
Number 
of core 
areas 

Area in 
cores 
(ha) 

Barrier Islands/Coastal 
Plain Flatwoods 29 16,394 

Delaware River 
Terraces and Uplands 69 39,735 

Delmarva Uplands 625 66,295 

Piedmont Uplands 72 4,521 

TABLE 5  Core Areas By Ecoregion 
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Because larger core areas and hubs tended to rank 
better, the area within each rank quantile declined with 
decreasing ecological rank. For example, core areas 
ranking in the top 10% comprised 56% of total core area, 
and those ranking in the top 25% comprised 75% of all 
core area.  In contrast, the bottom 25% comprised only 
4% of all core area.  We selected a top 10% rank 
threshold to help define a top tier network rather than an 
areal-based approach (e.g., top 25% of area) to ensure 
that more than one core area or hub per ecoregion was 
included. 

Figure 5, page 35, shows the top tier of the network, 
comprising top 10% hubs and core areas, hubs with at 
least 10 rare species or community locations, and 
linkages between these areas.  To note, 18% of hubs had 
at least 10 rare species or community locations.  About 
half of these also had a composite ecological rank in the 
top 10%.  Almost 80% of the network by area was in the 
top tier category, limiting its usefulness until existing 
protection and other criteria were considered.  

Network Composition and Protected Status 

The DEN contained the majority of the state’s important 
natural resource features, despite covering only 30% of 
the land (Table 7, page 36).  A comparison of the DEN 
and the Livable Delaware Green Infrastructure Map 
showed that the DEN was more efficient at including the 
state’s important ecological features.  The DEN covered 
less overall land than the Livable Delaware map, but 
included more forest and wetlands, especially higher 
quality forest and wetlands; more unchannelized streams, 
riparian buffers, and floodplains; more rare species and 
natural areas; and more beaches and river coves.  

TNC delineated four matrix blocks in Delaware, totaling 
around 67,000 ha: Redden/Ellendale, Black Bird/
Millington, Nanticoke River, and the Great Cypress 
Swamp.  The latter three areas fell partly in Delaware, 
partly in Maryland.  Within Delaware, 26,600 ha fell within 
both the DEN and TNC blocks, representing 17% of DEN 
land and 58% of TNC blocks.  Most of this overlap was  

Variable Weight 

Square root of  weighted score of rare 
species or community occurrences 3 

Number of GAP vegetation types 2 

Square of # of GAP modeled vertebrate 
species 2 

Presence of old growth forest 1 

Square root of mature broadleaf forest area 2 

Square root of minimally impacted wetland 
area 2 

Square root of unchannelized stream length 2 

% in Natural Areas Inventory 2 

% in TNC matrix block 1 

Square root of number of unmodified 
wetland types 1 

Square root of mean distance to nearest 
edge 2 

Is the core area in a hub? (1 = yes) 3 

% mature broadleaf forest within 1 km 1 

% minimally impacted wetlands within 1 km 1 

Square root of unchannelized stream length 
within 1 km 1 

% forest or wetlands within 2 km 1 

Square root of mean distance to nearest 
major road 1 

TABLE 6  Variables and Weights Used To 
Rank Core Areas 



Weber / Journal of Conservation Planning Vol 3 (2007) 17 — 46 

35 

 FIGURE 5  Highest Priority Core Areas, Hubs, and Linkages within the DEN. 



Weber / Journal of Conservation Planning Vol 3 (2007) 17 — 46 

36 

within the top tier of the DEN.  TNC matrix block 
boundaries were more coarsely defined than the DEN.  

Although much land is at risk of development, Delaware 
has thus far been relatively efficient at protecting 
important ecological areas.  Wildlife refuges, parks, state 
forests, and private conservation groups protected almost 
41% of core areas, and over 32% of the network as a 

whole, while protecting less than 3% of land outside the 
network (Table 8).  61% of core areas in the top 10% 
were protected, and 48% of the top 10% hubs.  Timber 
and agricultural easements, while targeted primarily for 
non-ecological values, protected another 6% of core 
areas and 7% of the network as a whole.  About 21,000 
ha of top 10% core areas, and 34,000 ha of top 10% 
hubs, were unprotected; 16,000 ha of these overlapped.  

Landscape feature Core land Non-core 
hub land 

Corridor 
land DEN water Total inside 

DEN 
Total area 17% 5% 2% 2% 26% 

Land area 22% 6% 2% 0% 30% 

Forests and wetlands 61% 9% 4% 0% 74% 

Forest >30m from edge 62% 10% 4% 0% 76% 

Forest >100m from edge 74% 9% 3% 0% 86% 

Mature forest 57% 9% 5% 0% 71% 

Unmodified wetlands (SWMP) 59% 6% 4% 13% 82% 

Unimpacted wetlands (acc. to data) 67% 4% 3% 14% 89% 

Riparian forest or wetland (<30m from 
shore) 65% 6% 4% 0% 75% 

Unchannelized stream length 58% 4% 4% 7% 73% 

Beach or river coves 75% 2% 2% 0% 80% 
Rare species and communities (from 
BCD) 64% 6% 2% 5% 78% 

Natural areas (from NAI) 94% 0% 0% 6% 100% 

100-year floodplains 44% 5% 2% 12% 63% 

TABLE 7  Percentage of Natural Landscape Features Within the Delaware Ecological Network 

Feature Total area 
(ha) 

Parks, refuges, 
state forests, and 
pvt. conservation 
areas (ha) 

Timber 
easements 
(ha) 

Agricultural 
easements 
(ha) 

Total 
protected 
(ha) 

Area 
protected 
(%) 

Core land 109,725.0 44,871.0 226.5 6,824.8 51,922.3 47.3% 

Non-core hub land 31,694.8 3,812.5 556.2 2,382.0 6,750.7 21.3% 

Corridor land 10,805.7 274.4 21.2 843.7 1,139.3 10.5% 

  

Land inside DEN 152,225.5 48,957.9 803.9 10,050.5 59,812.3 39.3% 

Land outside DEN 353,255.2 10,189.0 1455.8 21,761.7 33,406.5 9.5% 

TABLE 8:  Protected Land Inside and Outside the Delaware Ecological Network 
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Leadership Forum in Kent County 

Twenty-three stakeholders, representing 18 public and 
private conservation practitioners, attended the Kent 
County Green Infrastructure Leadership Forum.  Forum 
participants provided feedback on the draft assessment of 
green infrastructure in the form of qualitative information 
and quantitative data on weighting preferences of GIS 
layers. 

On the qualitative side, stakeholders provided an 
overview of different data sources, a critique of the rapid 
assessment approach and updates on various policy 
initiatives at the local, county and state level.  
Stakeholders shared their organization’s priorities as well 
as their views of obstacles to land conservation outcomes 
in Kent County.  On the quantitative side, the results of 
the scaling exercise (Table 9) provided valuable input into 
the suitability models that were utilized in the parcel 
scoring systems: natural resources, working forests, and 
working farms. 

Suitability Analysis and Parcel Rankings  

Table 9 summarizes the results of the weighting exercise 
at the leadership forum. Natural resources were a higher 
priority of stakeholders (49% of the overall parcel scoring) 
than were working forests and farms.  Within the natural 
resources category, proximity to existing protected lands 
received the highest weight (36%), reflecting desires to 
protect contiguous blocks of land and ease management.  
Agriculture was considered more important (31% of 
overall parcel score) than forestry (20%) from a working 
lands perspective.  

Figure 6, page 38, shows the composite suitability 
surface for natural resources conservation, based on the 
stakeholder factors and weights.  Most of the highest cell 
scores went to core areas within or near wildlife refuges 
and other protected lands on the coast.  Correspondingly, 
unprotected parcels within core areas and adjacent to 
existing protected lands also received the highest 
conservation scores.  

Natural Resources Suitability   

Proximity to Existing Protected Lands 36% 

Livable Delaware Green Infrastructure Map 18% 

DEN Core Forests 16% 

DEN Core Aquatic Systems 16% 

DEN Core Wetlands 14% 

    

Core Green Infrastructure Suitability   

DEN Core Forests 34% 

DEN Core Wetlands 33% 

DEN Core Aquatic Systems 33% 

    

Working Forests Parcel Scoring   

LESA System – Site Assessment Score 56% 

DEN Core Green Infrastructure 32% 

LESA System – Land Evaluation Score 12% 

    

Working Farms Parcel Scoring   

DEN Core Green Infrastructure 58% 

LESA System – Site Assessment Score 31% 

LESA System – Land Evaluation Score 11% 

    

Composite Parcel Scoring   

Natural Resources Overall Score 49% 

Working Forests Overall Score 20% 

Working Farms Overall Score 31% 

TABLE 9  Leadership Forum Pairwise 
Comparison Results 
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FIGURE 6  Natural resource conservation suitability in Kent County, DE, based on 
stakeholder weighting of DEN core areas, proximity to existing protected lands, and the 
Livable Delaware Green Infrastructure Map. 
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Implementation Quilt 

Implementation tools for Kent County included land 
acquisition, conservation easements, purchase and 
transfer of development rights, zoning, and conservation 
development.  Our recommendations included guidance 
on where state funding and policy could be directed to 
achieve the most beneficial and cost effective strategies 
for ecological and working landscape protection.  The 
recommendations also provided guidance to local 
governments and nonprofits on how to best leverage their 
available planning tools. 

Our first recommendation was for the state and county to 
develop planning overlay zones that delineate protection 
areas for the DEN and important working landscape 
areas.  In addition, designated sending and receiving 
areas should be delineated for a transfer of development 
rights (TDR) system, to channel development into 
designated growth areas.  Development rights could be 
purchased from rural sending areas to increase allowable 
development densities in designated receiving areas. 

For properties without appropriate development sites, the 
vested development rights could be donated by the 
landowner for a tax deduction or would be available for 
purchase either by developers seeking density bonuses 
for development within designated growth areas or by 
conservation land acquisition programs.  Density bonuses 
are increases in allowable development density when the 
landowner or developer takes advantage of available 
incentives (e.g., purchase of development rights).  
Conversely, the underlying permitted residential density in 
the overlay zones would drop to a very low level, such as 
one dwelling unit per 20 ha (50 ac).  For conservation 
practitioners, the goal is to protect important green 
infrastructure from development.  For developers, the 
goal is to provide a higher return on investment for 
development in areas with existing infrastructure to 
support growth, to encourage higher densities and more 
affordable residential development in designated growth 
areas, and to create a predictable and fair regulatory 
environment.  For landowners, the goal is to permit 
subdivision of their property for small numbers of dwelling 

units (e.g., houses for family members), to facilitate the 
sale or donation of development rights to maintain their 
properties as working landscapes or important natural 
areas, and to provide certainty for financial planning of 
land assets.  

Incorporation of green infrastructure into municipal 
planning is also essential.  Specifically, we recommended 
that Kent County’s local jurisdictions utilize our 
assessment to update their comprehensive plans and to 
strengthen their policies on natural resource and working 
landscape protection through best management 
practices, site plan review, design review, and other tools.  
These municipal plan updates and policy changes should 
also be consistent with the cluster development and 
transfer of development rights provisions outlined for the 
overlay zones.  Non-profit organizations can incorporate 
the green infrastructure network into their land acquisition 
priorities.  County and municipal governments as well as 
farm interests also could launch initiatives that support 
the working landscape economy, including tourism, farm 
stewardship cooperatives, or locally branded agricultural 
products. 

We identified opportunities for the state to leverage funds 
and refine the geographic scope for their three primary 
land acquisition programs: the Open Space Conservation 
Program, the Forestland Preservation Program, and the 
Delaware Agricultural Land Preservation Foundation 
(DALPF). Within Kent County, we recommended that the 
State’s Open Space Conservation Program focus 
primarily on coastal and aquatic systems.  Priority 
projects would fall within approximately 9100 ha identified 
within the DEN.  Targeting these lands would enhance 
the leverage opportunities with three key Federal funding 
sources: the Land and Water Conservation Fund (LWCF), 
the North American Wetlands Conservation Act (NAWCA) 
and the National Oceanographic and Atmospheric 
Administration (NOAA) Coastal and Estuarine Land 
Conservation Program (CELP).  The Program’s 
secondary focus should be protection of inland core 
forests most suitable for forest-dependent wildlife.  
Focusing in these areas would help protect the 
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conservation and recreation priorities for Kent County 
outlined by the state government. 

We recommended that the State’s new Forestland 
Preservation Program focus on protection of core forest 
within the DEN that is most commercially viable.  These 
areas would be appropriate for voluntary easements.  
This also will help leverage two key Federal funding 
sources: the USDA Forest Legacy Program and the 
USDA Farm and Ranchland Protection Program.  We 
also made recommendations for agricultural protection 
(see Conservation Fund 2006), but these fall outside the 
scope of this paper. 

DISCUSSION 

GIS techniques allow the rapid assessment of landscapes 
for strategic conservation targeting. The core area-hub-
corridor design of the Delaware Ecological Network 
identified remnant high-quality habitat in a fragmented 
landscape, and linkages between these areas to allow 
wildlife movement and seed and pollen transfer between 
them.  It provided a strategic framework to help identify 
and prioritize areas for natural resource protection.  The 
DEN explicitly considered both terrestrial and freshwater 
aquatic ecosystems.  Aquatic ecosystems were analyzed 
at both the watershed and reach scales.  At the 
watershed scale, both riparian cover and imperviousness 
were related to stream condition, consistent with data 
from neighboring Maryland (e.g., Southerland et al., 
2005).  

The DEN was relatively comprehensive and efficient: 
covering 30% of the state’s land, but including most of its 
forests, wetlands, streams, and rare species, especially 
natural areas of high quality. Independent field data 
demonstrated that forests and wetlands in core areas 
were in better condition than their equivalents outside 
core areas.  However, on-site verification of ecological 
condition and value is highly recommended before 
implementing conservation measures.  This is especially 
true for aquatic systems: available data in Delaware did 

not comprehensively indicate stream condition, such as 
channelizing, impounding, pollution, or species present. 

Core areas and hubs were ranked by ecoregion 
according to their relative contribution to biodiversity, 
habitat availability and condition, and landscape context.  
A top tier, or highest priority, portion of the network was 
identified by selecting the highest ranking core areas and 
hubs, concentrations of rare species and communities, 
and connections between them.  Much of this top tier was 
already protected.  Of course, the reason some of these 
natural areas exist today is at least partly because they 
were protected in the past.  About 40% of the overall 
network was in the top tier and unprotected from 
development, making a logical starting point for 
conservation efforts.  

We then applied the DEN at the county level, using 
stakeholder input and preferences, fine-scale analyses, 
property boundaries, and zoning information to develop 
decision support tools and recommend specific 
implementation plans.  Engaging a diversity of 
stakeholders at the leadership forum ensured broad 
acceptance of the project, and the Analytic Hierarchy 
Process was a useful method to quantify their collective 
values and conservation objectives.  The Expert Choice 
software allowed us to convert a diversity of stakeholder 
opinions directly to weights to be used in fine-scale 
ranking of the landscape for various conservation 
objectives (e.g., natural resource protection, forestry use, 
and agricultural use).  Some of the stakeholder 
preferences were counterintuitive; for example, core 
green infrastructure received over half the composite 
weight for farmland protection.  Yet forests and wetlands, 
rather than agricultural fields, dominated green 
infrastructure core areas.  

We recommended changes to state and local zoning and 
comprehensive plans to protect areas within the DEN, by 
restricting development there, and encouraging 
development where it was more appropriate.  Zoning has 
a broad geographic scope, and can be applied to an 
entire landscape in a few years or less.  One drawback is 
that zoning and planning are subject to politics, and can 
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be changed by new administrations.  Therefore, zoning 
cannot be considered a permanent form of protection.  

We also ranked land parcels in Kent County according to 
the overall priorities of the stakeholders.  Since fee simple 
and easement purchases are done parcel by parcel, 
negotiating with individual property owners, this step was 
essential.  Parcel ranking allows local conservation 
practitioners to both proactively identify new 
opportunities, and evaluate project requests as they arise.  
We also identified possible funding mechanisms and 
which high-priority properties were best suited for each 
funding program.  Purchase of properties or conservation 
easements has an advantage over zoning in that 
protection is permanent.  However, this approach is 
piecemeal, and usually limited by available funds. 

We hope that the DEN and Kent County approach can 
serve as an example to conservation practitioners 
working in other areas.  While geographic, ecological, 
legal, community preference and other specifics may 
differ, some underlying principles and lessons may 
translate.  These include: 

• Important natural resources should be identified and 
protected prior to development. 

• Ground conservation efforts in best available science. 

• In fragmented or fragmenting regions, maintain 
connectivity.  

• Include the full suite of ecosystems.  Based on 
Delaware’s historic landscape, we aggregated these 
into forest, wetland, and freshwater aquatic, but also 
included other elements like beaches and rare 
communities.  

• We used an umbrella species approach to identify 
core habitat.  

• We performed analyses at multiple scales.  For 
example, streams were prioritized at both the reach 
and watershed levels. 

• In areas with rapid development or land clearing, 
identify the highest conservation priorities.  These 
should maintain connectivity as well as include 
important biodiversity and ecological elements.  

• Conservation networks should be representative.  We 
prioritized core areas and hubs within each ecoregion 
to capture high-quality natural communities adapted 
to differing geology, topography, etc.  

• Validate and verify conservation priorities and 
networks as much as possible. 

• Engage local stakeholders early in the process, and 
let them decide overall conservation priorities. 

• The Analytic Hierarchy Process and Expert Choice 
software allow the translation of diverse opinions into 
a collective weighting of priorities. 

• Match available resources (tools, programs, funding, 
and people) to conservation needs. 

• Both zoning and acquisition can be used to protect 
high-priority land.  Each has strengths and 
weaknesses, and can be used complementarily.  

Shortcomings of the DEN include its reliance on available 
data and heavy dependence on expert judgment.  
Available data were actually relatively good in Delaware, 
although we had to collect stream condition data, and in 
most of the state, ditches were not identified.  Although 
we used studies of habitat preferences as much as 
possible, many of the decisions regarding criteria and 
weightings were subjective, relying on expert judgment.  
We hope that empirical studies, especially regarding 
connectivity for less mobile species like amphibians and 
small mammals, will quantify more landscape 
parameters, but the reality is that such studies are 
expensive and generally restricted to small areas.  Seed 
and pollen transfer studies (as in Tewksbury et al. 2002) 
would be especially useful.  Our ranking criteria were 
particularly subjective, but exploratory cluster analyses 
were unable to discriminate any groupings that 
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corresponded to ecological condition.  Variables might 
have been calibrated without transforming them first. 

Time and budgetary constraints restricted our analyses.  
For example, we could not analyze the landscape for 
each species present in Delaware, but had to aggregate 
by ecotype.  Corridor identification was still in progress at 
the time of the Kent County leadership forum, so corridors 
were not included in the fine-scale and parcel priorities.  
Some analyses that would strengthen the DEN are listed 
in the next section.  

CONCLUSION  

In summary, the DEN appeared to be a useful tool to 
focus conservation activities in the state of Delaware.  It 
contained the majority of the state’s important natural 
resource features, and connections to facilitate long-term 
species persistence, despite covering less than a third of 
the state’s land.  Land within the DEN, especially in its top 
tier, should be high priorities for land protection.  

The DEN methodology could also be modified for other 
states or regions, using appropriate data and decision 
rules.  The Conservation Fund applied the DEN at the 
local scale by considering additional data, broadening the 
focus to include working forests and farmland, convening 
a forum of stakeholders to determine priorities, using 
these priorities to rank areas at the cell and parcel level, 
and developing implementation recommendations.  

Possible future steps include:  

• Ranking corridors according to the importance of the 
areas they link, contribution to species viability, 
continuity, and feasibility of protection; 

• Identifying core grasslands, if ground truthing 
determines that available land cover data is 
sufficiently accurate; 

• Validating core areas, hubs, and corridors with 
additional field investigations; 

• Modeling risk of development (as in Weber 2004b); 

• Identifying restoration opportunities that will provide 
the most ecological benefits per cost; 

• Replicating the Kent County assessment for the 
state’s other two counties; and,  

• Working with interested individual landowners to 
implement protection of high-priority areas. 
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