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Abstract 

Greenway planning has steadily grown in popularity in the planning and design professions as an efficient and socially 
desirable approach to open space planning. The purpose of this paper is to present a theoretical and methodological approach to 
greenway planning that accounts for regional biodiversity and systematizes the selection of greenway links. The approach used 

in this paper is based on the premise that a network of wildlife reserves and corridors should serve as the skeletal framework of 
a comprehensive greenway system. The paper draws from the knowledge bases of landscape ecology, conservation biology, 
network theory, and landscape planning. A case study is presented to demonstrate the approach using a forested region of Central 
New England. 
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1. Introduction 

In his book, Greenways for America, Little ( 1990) 

defined greenways as protected linear corridors that 
improve environmental quality and provide for outdoor 

recreation. Although much attention has been drawn to 
greenways recently, they have been a component of 
landscape planning for over a century (Fabos, 1991). 
Only recently, however, have greenways been consid- 

ered systematically as integral to the protection of eco- 

logical structure and function, and central to the open 

space planning process (Ahern, 1991a). There is still 

a need, however, for methods that make the link 
between ecological structure and function at broad spa- 

tial and temporal scales in both basic and applied 
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research (Turner and Gardner, 199 1) . Greenways pro- 

vide an excellent opportunity in this regard. 

This lack of a firm theoretical and methodological 

understanding of landscape ecology within the plan- 

ning and design professions is partly responsible for 

the failure to address adequately the role of regional 

biodiversity within the planning community. By link- 

ing ecological structure and function, a regional green- 

way system may be able to protect biodiversity, provide 

present and future open space needs, and allow for 

economic growth and development ( Ahern, 199 1 b) . A 

wildlife corridor system that protects regional diversity 

should be at the forefront of the greenway planning 

process and could serve as the skeletal framework of a 

regional greenway system. Such a system could then 

go on to provide recreational opportunities, help control 

community development patterns, guide overall 

growth management efforts, protect the character of a 

0169-2046/95/$09,50 0 1995 Elsevier Science B.V. All rights reserved 

SSDIO169-2046(94)02017-5 



180 J. Linehan et al. /Landscape and Urban Planning 33 (I 995) 179-193 

region, and protect the health, safety, and welfare of 
society. 

One of the attributes of greenways is that they pro- 
vide an approach to open space planning that better 
responds to the growing awareness of and concern for 

the interconnectedness of ecological systems. This rep- 
resents a significant improvement over approaches that 
determine open space on a residual basis of undevel- 
opable areas (Ahern, 1989). This approach generally 
includes floodplains, wetlands, steep slopes, and water 
resources, as well as agricultural, visual, and historical 
resources into an open space plan, but often fails to 
consider the configuration, juxtaposition, and func- 
tional relationships between these as an essential com- 

ponent of an ecologically sound approach to 

development (Forman and Godron, 1986). 
Part of the problem is that conventional zoning reg- 

ulations in the USA are designed a priori to open space 
planning, and often dictate the layout of development 

patterns that effectively mandate sprawl and hence 
fragmentation (Yaro et al., 1989). This ad hoc 
approach fails to address the disintegration of unpro- 
tected connected open spaces which once provided a 
sense of identity to communities and provided the basis 
for local biodiversity. The erosion of such de facto 
greenways is a direct contributor to the lost sense of 

region and place in many areas, and is one of the causes 

for the current interest of the greenway movement 

(Hiss, 1991). 
The purpose of this paper is to present a theoretical 

and methodological approach to greenway planning 
that better accounts for regional biodiversity and sys- 
tematizes the selection of greenway links. The 
approach used in this paper is based on the premise that 
a network of wildlife reserves and corridors should 
serve as the skeletal framework of a comprehensive 
greenway system. The paperdraws from the knowledge 
bases of landscape ecology, conservation biology, net- 
work theory, and landscape planning. First, we will 
discuss the potential and importance of greenways as a 

tool to combat habitat fragmentation and potential spe- 
cies loss. Second, we will present an overview of the 
methods used. Third, we will present a case study to 
demonstrate the approach using a forested region of 
Central New England. Finally, we will close by dis- 
cussing the advantages and limitations of the methods 
as well as how these can fit within the contexts of both 
the biodiversity and greenway movements. 

2. An ecological basis for greenway planning 

2.1. Habitat protection and fragmentation 

Greenways provide an opportunity to reduce the 
impacts of habitat fragmentation. Habitat fragmenta- 
tion is considered one of the most serious threats to 
biological diversity and is a primary cause of the extinc- 
tion crisis (Harris, 1984; Wilcox and Murphy, 1985; 
Brown et al., 1991; World Resource Institute et al., 
1992). The two major effects of fragmentation are loss 
of habitat and habitat isolation. Habitat loss decreases 
population sizes and increases extinction rates, and iso- 

lation decreases the likelihood of recolonization of oth- 
erwise productive habitat (MacArthur and Wilson, 

1967; Burgess and Sharpe, 1981; Wilcove et al., 1986; 

Opdam, 1991). 
The protection of connectivity of a forest matrix can 

function both as habitat and corridor for wide-ranging 
forest interior species that may otherwise be locally 
extirpated because of fragmentation. A greenway plan 

that addresses the needs of fragmentation-sensitivespe- 
ties may be able to approximate the natural landscape 
pattern required by these species and thereby prevent 

the loss of species that would otherwise be expected 
from fragmentation (Noss, 1987a). Whereas current 

suburban development patterns are largely responsible 

for fragmentation in eastern North America, other 
anthropogenic disturbances, including forestry prac- 

tices, chemical applications, pollution, and agriculture 
(dicastri and Hadley, 1988), and other more natural 
disturbances such as hurricanes and fires, can change 
the structure of a landscape matrix (Heinselman, 
1981). Understanding the potential of other distur- 
bances is as important as controlling development, as 
disturbances are closely tied to habitat availability and 
distribution. 

2.2. Conservation schemes 

Habitat protection has resulted in successes at con- 
serving some endangered species habitats, but these 
often fail because they are based more upon property 
lines, economics, and ad hoc acquisition strategies than 
on ecological function (Stolenburg, 1991). Protection 
of endangered species should remain a conservation 
priority; however, a larger challenge is to insure the 
integrity of existing natural communities and ecosys- 
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Fig. I. Pros and cons of wildlife corridors (Ness, 1987a) 

terns, thereby minimizing the number of species that 
become endangered. 

Once we change our focus from rescuing isolated 
critical habitat areas to insuring overall ecological 
integrity, the connection between patches becomes as 
important a parameter as patch size, shape, and type. 

Although a corridor network should not be seen as the 
end-all solution to conservation problems, it can be a 
cost-effective complement to the strategy of large mul- 

tiple reserve systems. The pros and cons of corridors 
have been the subject of debate, and are summarized 
in Fig. 1. Although it is uncertain if wildlife corridors 
will function as theorized (Simberloff and Cox, 1987)) 
Noss ( 1987b) stated that perhaps the best argument for 
corridors is that the landscape was connected before 
settlement, and that fragmentation has been largely an 
anthropogenic impact that has reduced connectivity, 
and that many of the disadvantages of corridors could 
be avoided or mitigated by enlarging corridor width or 
applying ecologically sound zoning regulations. At the 
center of this debate is the issue of scale. Ecological 
processes, physical characteristics, and the presence or 
absence of resources are all interrelated, and they each 
possess a scale at which they function. It is this scale 
that is responsible for the dynamic relationship between 
landscape configuration and function (Carlile et al., 
1989), so that neither corridors nor large reserves will 
work as a stand-alone solution to our wildlife protection 
problems; an integrative solution based on functional 
scales of operation may represent a more balanced 
approach. 

The issue of large versus smaller, numerous reserves 

is currently a contested topic in conservation biology. 
Too few reserves may lead to long-term failure as 
surely as having reserves that are too small (Quinn and 

Hastings, 1987; Gilpin, 1988). A basic premise is that 
a minimal viable population needs a minimum area and 
resource base to survive, and it appears that the current 

reserve system in the USA is grossly inadequate. In 
other words, there is no agreement on what an ade- 
quately large reserve is or what the full implications of 

fragmentation are (Grumbine, 1990). It is from this 
uncertainty that the question of maintaining overall ver- 
sus selective regional diversity and the role of corridors 
has arisen (Walker, 1992). 

3. Overview of methods 

The major steps for delineating corridors discussed 
in this paper are: ( 1) land cover assessment; (2) wild- 
life assessment; (3) habitat assessment; (4) node anal- 
ysis; (5) connectivity analysis; 6) network generation; 
(7) evaluation. The overall procedure is shown in Fig. 
2. 

3.1. Land cover assessment 

The first step involves aggregating land use data into 
habitat types, and then adding ancillary data that can 
better differentiate the required habitats based on veg- 
etation, hydrology, patch size, and the degree of urban- 
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Fig. 2. General overview of procedures: a habitat-based approach to 

greenway network assessment. 

ization. These vegetative and hydrological complexes 
can then be incorporated into a geographic information 

system (GIS) . 

3.2. Wildlife assessment: species inventory, guild 

formation, and indicator species selection 

Once the life histories and habitat needs of indige- 
nous wildlife species are incorporated into a database, 
guilds can be linked to vegetative and hydrological 
complexes, as plant communities are a major determi- 
nant of the movement of organisms and habitat suita- 

bility (Burley, 1989; Schwabe, 1989). This can be 
achieved by sorting the data into guilds based on the 
habitat types. A conceptual overview of this process is 
shown in Fig. 3. 

Once the relevant species have been assigned to a 
habitat type, species can be selected that can serve as 

indicators of local diversity (Scott et al., 1993). The 
selection of indicator species is one of the most signif- 
icant decisions in the overall corridor planning process 
for several reasons (Soule, 1986). Indicator species are 
often selected based on their overall role in the food 
web, so that if the chosen species disappears, exirpation 
of functionally dependent species may not be far 

behind. Another approach is to select species that are 
dependent on a number of ecosystems for their survival, 
so that adequate protection of the indicator species rep- 
resents protection of the other species dependent on 
each separate habitat type. A third approach is based 
on the ability of the species to represent the needs of a 

larger species assemblage. Such an approach may be 
unsuitable at the micro- and meso-scales, as a given 
habitat change may affect species differently, but may 

be useful at the macro-scale, where data resolution 
would not permit the analysis of these subtle changes 
(Starfield and Bleloch, 1986). 

3.3. Habitat assessment and suitability analysis 

Habitat can be viewed as an integration of the spatial 

component, area or quantity, and the essential resources 
of food, water, and cover found therein. If either ade- 
quate expanse or resources are lacking, the area can be 
considered as non-habitat for a given target species. An 
optimal habitat, therefore, is an area that is both attrac- 
tive to and highly productive for the species in question 

(Weller, 1985). Given this definition, in most cases 
suitability can be derived as a function of patch size, 
shape, cover type, accessability, and quality, although 

the parameters that determine quality will vary based 
on the species selected. The relationship between land- 
scape structure and function can now be assessed. The 

basis for analysis of landscape structure is based on the 
landscape ecological taxonomy described by Forman 
and Godron ( 1986). From this perspective, the land- 
scape can be interpreted as being composed of patches 
and corridors that exist within a landscape matrix. The 

matrix of a landscape has a greater relative area than 
any of the patch types within it and is the most con- 
nected part of the landscape, and plays a predominant 
role in the dynamics of the landscape. Patches are non- 
linear areas that differ in appearance from the surround- 
ing background landscape matrix. Corridors are linear 
areas or elements that differ from the surrounding 
matrix that may be isolated, but generally connect 
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Fig. 3. Conceptual overview of habitat clustering procedure used for 
guilding. 

patches of a similar vegetative cover. A network then, 
in a landscape ecological sense, can be understood to 

be the system of patches and corridors existing within 
and abstracted from the landscape matrix. 

3.4, Node analysis 

The purpose of this step is to determine the relative 
significance of each of the nodes. As a greenway is a 

network, it can be assessed with existing network anal- 
ysis theories and methods. Graph theory provides a 
useful approach for analyzing networks, as it allows 
the analyst to optimize a given flow-related objective. 
Since its emergence, graph theory has been used in 
numerous professions including economics, manage- 
ment, sociology, anthropology, electronics, neurology, 
linguistic analysis, and transportation planning (Hag- 

gett et al., 1977). In graph theory, the degree to which 
all nodes in a system are linked is known as network 

connectivity. The parameters that determine network 
connectivity are ( 1) the number of separate networks 
within the region, (2) the number of links within the 

network, and (3) the number of nodes within the net- 

work. Nodes are generally nonlinear elements that can 
be considered to be a place or an event. Within the 
wildlife conservation framework, these locations or 
nodes can refer to patches, habitats, protected areas, or 
corridor intersections. Links and routes can be seen as 
synonymous with corridors (Lowe and Morydas, 
1975)) and are defined as linear elements that facilitate 
the flow of energy, matter or species. Within the context 
of greenway planning, nodes could be any discrete non- 
linear resource that are to be included in the greenway. 
This could include such things as protected open 
spaces, critical habitat areas, historic buildings or dis- 
tricts, farms, recreation areas, overlooks, and water- 
bodies. As the ecological function used in this study is 
habitat for fragmentation-sensitive wildlife, nodes were 
defined as currently protected forested open spaces no 
smaller than 50 ha. Although this value is somewhat 

arbitrary, it was used as it corresponds to the data pro- 
duced by the US Forest Service wildlife inventory 
(DeGraaf and Rudis, 1983). Once the nodes were 
determined based on this rule, they were rated based 
on size, shape, and habitat value. 

3.5. Connectivity analysis 

The most common method for assessing the inter- 

action between pairs of nodes is the gravity model 
(Sklar and Constanza, 1991). The level of interaction 

between the nodes can be used to represent the signif- 
icance of potential greenway links. In general, the 

greater the size (or other quality attribute), closer the 

distance, and the less degree of ‘friction’, the greater 
the level of interaction. This can not only aid in deter- 

mining efficient greenway networks, but it can also be 
used to determine the probable accessibility to certain 
suitable habitat areas. A simple application of the grav- 
ity model is shown in Fig. 4. In its simplest form, the 
gravity model calculates the interaction between each 
pair of nodes a and b using the following formula: 

Gab= (N,xN,)f(D,,)* (1) 

where Gob is the interaction between nodes a and b, N, 
is node weight of node a, Nb is node weight of node b, 
and Dab is distance between the centroids of nodes a 
and b. 
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Fig. 4. Application of the gravity model where the level of interaction 

(G) of each pair of nodes can be assessed as follows from Eq. ( 1): 

G ~AB~=(10~10)/72=2.04; G~~C~=(10x10)/32=11.11; 

G ~,o,=(lOx5)/5’=2.00; G~BC~=(10x10)/42=6.25; 

GCao, = (10x5)/6’= 1.39; GCco, = (10x5)/2*= 12.50 (Forman 

and Godron, 1986). 

3.6. Network generation 

The next step is to generate schemes that connect the 
nodes based on the information gained from the model. 

One of the primary concerns in network analysis is 
efficiency, which is generally defined in terms of ‘cost 

to user’ and ‘cost to builder’ (Haggett and Chorley, 
1972). This cost balancing is a useful framework for 
determining the spatial patterning of networks. The 
case of ‘least cost to user’ is one where the costs of 
moving between any two points are kept to a minimum. 
In an ideal situation, this would be represented by a 

network in which all points are directly connected (see 
Fig. 5) _ When the ‘cost to builder’ is to be minimized, 

the network will be a branched network, or a minimum 
spanning tree (MST) (see Fig. 5). 

Two basic forms of MSTs are the ‘Paul Revere’ and 
the ‘Stiener point’ typologies. Paul Revere networks 
are MSTs in which all nodes are visited once and there 
are no extraneous segments. In contrast, a Stiener point 
network is an MST in which all the nodes are terminal 
and are served by only single links that converge on 
floating points, as is shown in Fig. 5. Conversely, Sti- 
ener point networks require floating nodes from where 

dispersion and concentration of flow both occur. The 
final open type described here are hierarchical net- 
works, which are a subset of the least cost to user 

network where flow is directed through a centralized 
point of redistribution. Riverine patterns can also be 
interpreted as hierarchical. 

As networks become more complex, they take on 
the form of closed loops. In its most basic form of a 
minimal loop network, such as the ‘traveling salesman’ 

BRANCHING NETWORKS CIRCUIT NETWORKS 

t t t t 

“Traveling Salesman” 

Hierarchvzal Least Cost to User 

Ye H 
Least Cost to Builder Beckman Topdogy 

(Steiner Points) 

Fig. 5. Examples of common network typologies (Hellmund, 1989). 

example, the network is computable from a multitude 
of readily available algorithms. The other extreme, as 
already stated, is the least cost to user typology where 
all nodes are directly connected. A third loop typology 

are ‘Beckman’ networks that attempt to balance cost to 
user and cost to builder by incorporating loops that vary 
from all points connected to a Stiener point network. 
When the cost to the user is the dominating concern, 
an open triangular polygon results. When a low cost of 

implementation is the main objective, a network in 
which all points are linked at a central point results. 

Beckman alternatives are based on the fact that inter- 
mediate solutions are common, and the ideal solution 
will vary depending on the relative importance between 

builder and user costs between each pair of nodes. 

3.7. Evaluation 

The alternative networks can then be evaluated 
through the use of connectivity indices; these are sta- 
tistical measures that are useful in calculating network 
efficiency. The indices selected for this study were the 
Gamma, Beta, and Cost Ratio indices. The Gamma 
index is calculated by dividing the number of links in 

the network by the maximum number of possible links. 
Gamma can be interpreted as per cent connectiveness. 
The Gamma index can be adjusted so that the values 
better correspond to the regional conditions, so that 
links that are either not feasible or not desirable can be 
factored out. (The issue of why to adjust the values is 
discussed in more detail in the case study section of the 
paper.) In the case study, adjusted values were calcu- 
lated by replacing the term representing the maximum 
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Fig. 6. Map of dominant matrix types and open space identification numbers. 

number of links (which is based on all nodes con- 
nected) with a value that represents the number of 
nodes that could be connected based on site conditions. 
The Beta index is calculated by dividing the number of 
links in the network by the number of nodes. Beta 
values of less than one signify a dendogrammatic pat- 
tern, a value of one signifies a single circuit, and values 
greater than one indicate more complex levels of con- 

nectivity (Haggett and Chorley, 1972). Whereas the 
Gamma and Beta indices are designed to measure fairly 

abstract attributes, the Cost Ratio is based on the land- 
scape conditions and socioeconomic realities where a 

measure of efficiency will inevitably have to return to 
concrete measures to account for cost differentials of 
alternative greenway networks and links. The Cost 
Ratio is calculated by dividing the number of links in 
the network by their total distance, resulting in a value 
per total distance. The formulae for these indices 
(adapted from Dalton et al. (1973, pp. 7-12) and For- 
man and Godron (1986, pp. 417-419)) are listed 
below: 

Gamma=no. of links/maximum no. of links 

(2) 

Gamma( adjusted) = (3) 

Gamma/Gamma for maximum 

network based on constraints 

Beta= no. of links/no. of nodes (4) 

Cost Ratio = 1 

- (no. of links/distance of links) (5) 

4. Case study 

4.1. Regional overview 

The study area is of 140 000 ha, located in Central 
Massachusetts, extending from Leominster State Forest 
in the east to the Quabbin Reservoir to the west (see 
Fig. 6). The area can be characterized as consisting of 
two matrix types: ( 1) a forested matrix consisting of 
mixed hard- and softwoods with a fairly evenly dis- 
persed density of contiguous hydrologic systems; (2) 
a human-dominated matrix characterized by older vil- 
lage development, newer subdivision and strip devel- 
opment, pasture, and a large amount of fragmented 
remnant forest patches. Forested areas within the 
human-dominated matrix were excluded from consid- 
eration for routing a wildlife corridor, as the ability to 

route a wide enough corridor for fragmentation-sensi- 
tive species in these areas is overly constrained by the 
degree of subdivision, the cost of land, and the density 
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Table 1 

Distribution of land covers in the study region 

Land use Hectares % 

Forest 130040.68 92.50 
Intensive agriculture 1477.92 1.05 
Extensive agriculture I1 17.36 0.80 
Nonforested wetland 1435.84 1.02 
Mining 97.68 0.07 

Open land 722.76 0.5 1 

Recreation 212.80 0.15 

Residential 1887.64 1.34 

Commercial 47.32 0.03 

Industrial 83.64 0.06 

Urban open land 136.28 0.10 

Transportation 366.24 0.26 

Waste disposal 62.04 0.04 

Water 2756.16 1.96 
Woody perennial 17.88 0.01 

Total 140462.24 

of roads. Whereas these areas are important in the plan- 

ning of a comprehensive multiple use greenway sys- 
tem, their utility for wildlife species with large home 
ranges is limited. As shown in Table 1, the study region 

is largely forested. In fact, forest, water, and open wet- 
land combines to account for over 95% of the study 
area. However, as Fig. 6 shows, the configuration of 
the land uses creates a situation where many of these 
‘natural’ areas are isolated, highly fragmented remnant 
patches that contain less than adequate forest interior, 
and hence in all likelihood, fail to function as habitat 
for fragmentation-sensitive species. Fig. 6 also shows 
the configuration of protected forested areas that are 
greater than or equal to 50 ha. 

4.2. Indicator species selection 

The indigenous wildlife species of the region were 
incorporated into a database and sorted to correspond 
to the vegetative complexes as shown schematically in 
Fig. 3. The data on wildlife species were taken from 
‘New England Wildlife: Habitat, Natural History, and 
Distribution’ (DeGraaf and Rudis, 1983). The species 
were sorted so as to fulfill the following objectives: ( 1) 
to determine any natural species associations; (2) to 
aid in the selection of appropriate indicator species; 
(3) to cover the habitat needs of a large number of 
other species; (4) to select species requiring large 

ranges so that species requiring smaller ranges may be 
adequately protected; (5) to select species that are 
uncommon enough to warrant attention, yet not rare 
enough to be unrepresentative of the guild (Linehan, 
1992). The purpose of the sorting was not to assume 
actual species associations, but to obtain a general over- 
view of what species may potentially occur within these 
habitat types at the landscape scale. Many species 
require specific landscape characteristics not addressed 
in this study; many other species require multiple hab- 
itats as part of their life history. Any efforts at protecting 
a specific species should be made on its specific habitat 
needs and on a more site-specific basis. 

For the purpose of this study, it was important to 
select an indicator species that was sensitive to frag- 
mentation and whose protection will buffer the effects 

of fragmentation upon other species. For this reason, 
the basis for selection of such a species was its sensi- 
tivity to fragmentation and disturbance, its habitat 

needs, its range, and its representational value in con- 
nectivity analysis. The two species selected for this 
study were the river otter (Lutra canadensis), and the 
fisher (Martes pennanti). As the needs of the two spe- 
cies differ greatly, adequate habitat and corridor pro- 

tection of these two species may effectively protect the 
habitats of, and provide corridors for, a wide range of 
wildlife species (DeGraaf and Rudis, 1983; Organ, 
1989; Ahern, 1991b; Linehan, 1992). Together, these 
two species cover a range of both terrestrial and aquatic 
habitats, are highly sensitive to fragmentation, are at 
the top of the food chain, and serve to indicate an intact 
tree canopy and good water quality. If adequate protec- 
tion can be provided for these two species, it is theo- 
rized that there is a good chance that adequate 
protection will be implicitly provided to a wide range 

of species. Although the role of the otter is incorporated 
in the research, for the purposes of this paper the 

approach described will be based on the habitat needs 
of the fisher, so as to simplify the paper. 

4.3. Habitat needs of the fisher 

The fisher is the largest species of the weasel family 
found exclusively in North America. Indigenous and 
reintroduced populations can at present be found in 
northern New England, in portions of the Appalachians 
south to Virginia, in the Northern Tier states, in eastern 
portions of Oregon and Northern California, and along 
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the western border of California (Allen, 1983). The 

fisher is currently reoccupying areas of Massachusetts 

because of the shift in the landscape matrix from aban- 

doned agriculture to forest ( DeGraaf and Rudis, 1983). 
Dense, closed-canopy coniferous and mixed forests 

are the preferred habitat for the fisher (Powell, 1982; 
Allen, 1983; Arthur et al., 1989), and all forms of 
urbanized land uses are considered to be unsuitable. 
Areas that were marginally suitable or have the poten- 
tial to become suitable (such as young forests and aban- 
doned fields) were determined to have a low suitability 
value. This includes the agricultural and woody per- 
ennial uses, as they have a strong propensity to revert 

to forest. It also includes areas that were shown by the 
literature to have only secondary values for fisher hab- 

itat. These uses include both water and open wetland 
areas, as the boundaries of these areas are highly pro- 
ductive in terms of prey value, and fishers were found 

to hunt on these edges. Kelly ( 1977) found that yearly 
overlap and mutual occupancy of habitats was com- 
mon. Kelly also found that ranges parallelel valleys and 
nearly always ended at or coincided with streams, and 
that home ranges varied from 650 ha to 4000 ha, with 

an overall average of 1920 ha. 

4.4. Node analysis 

The existing protected open spaces were considered 
to be the nodes of the network, as future large-scale 
land acquisitions are unlikely within this particular 

landscape; linkage of the existing conservation and rec- 
reation lands coupled with a program of rounding out 
existing nodes to improve their function has become a 
conservation policy objective (Massachusetts Depart- 

ment of Fisheries, Wildlife and Law Enforcement, 
1990). The node weight was determined by dividing 

the area of the node by the minimal required area for 

fsher of 650 ha and then multiplying by ten; the values 

for each node are shown in Table 2. This normalized 
the node weights so that weights less than ten were 
unsuitable for the selected species, values of ten were 
adequate to support a minimal viable population, and 
numbers greater than ten exceeded the minimum. Addi- 

tionally, although eight nodes exceed the minima, only 
two nodes exceed the average. As no population data 
were available, this value was used as an indication of 
‘fisher potential’. It is not assumed that this is a direct 

Table 2 
Sizeand node weights of protected open spaces shown in Fig. 6, 
where node weight$‘lOX (are of the node 650) and 650 is the 
minimal required are for fishers (Node 1 has been trooped in trhe 
maps, so that the weight does not correspond to the soze as shwon) 
Node no. Hectares % Node wt. 

I 707 1 37.88 110 
2 3521 18.86 110 
3 1507 8.07 23 
4 1183 6.34 18 
5 1094 5.86 17 
6 875 4.69 13 
7 807 4.32 12 
8 674 3.61 10 
9 358 1.92 6 

10 349 I .87 5 
I1 168 0.90 3 
12 100 0.54 2 
13 84 0.45 1 
14 78 0.42 1 
15 74 0.40 1 
16 73 0.39 I 
17 72 0.39 I 

Other 579 0.03 

Total 18669 

indication of carrying capacity, as range overlap has 

been shown to occur. 

4.5. Node interaction 

The level of interaction between the nodes was deter- 

mined by using a modification of the gravity model 
presented in Eq. ( 1) . This was done for the sake of 
improving the handling and display of decimal points. 
The formula as used can be expressed as 

Gnb= [WaXN,)~(~,,)21 X 100 (6) 
The calculation of node weights (N,, Nb) is 

described in the previous section. The matrix of inter- 

actions (G) between the 17 nodes is shown in Table 3. 
This matrix is useful for comparing the relative signif- 
icance of greenway links. An example of the utility of 
this matrix will be demonstrated in Section 5. Also, as 
(Gab) = Gbn), Table 3 is symmetrical; hence it is 
unnecessary to calculate both values. 

4.6. Network delineation and assessment 

The links between each pair of nodes were tested 
against the site conditions to determine which were 
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Table 3 

Node intemcetion (G) based on the gravity model 

Node Node 

2 3 4 5 6 7 8 9 10 II 12 13 14 1.5 16 17 

1 11.64 8.27 1.37 0.73 12.12 22.88 0.69 2.45 1.58 0.34 0.14 I .24 0.29 0.21 0.22 0.31 

2 0.00 12.18 8.26 2.53 2.63 10.02 5.03 1.08 2.32 1.48 1.40 0.37 0.38 1.41 1.84 0.49 

3 0.00 1.17 0.55 3.71 8.22 0.87 1.84 5.26 1.35 0.09 0.78 0.99 0.56 0.43 0.41 

4 0.00 3.83 0.36 0.47 2.84 0.17 0.17 0.17 1.69 0.04 0.06 0.17 0.20 0.12 

5 0.00 0.20 0.24 0.67 0.10 0.07 0.08 0.17 0.02 0.04 0.06 0.07 0.06 

6 0.00 2.87 0.20 6.15 0.36 0.12 0.04 1.77 0.18 0.07 0.07 0.08 

7 0.00 0.28 0.86 3.71 0.21 0.05 1.22 0.15 0.12 0.11 0.09 

8 0.00 0.10 0.11 0.20 0.32 0.03 0.05 0.22 0.36 0.11 

9 0.00 0.17 0.07 0.02 0.31 0.15 0.04 0.03 0.05 

10 0.00 0.11 0.02 0.06 0.05 0.05 0.05 0.03 

11 0.00 0.02 0.02 0.05 0.64 0.34 0.26 

12 0.00 0.00 0.01 0.02 0.03 0.01 

13 0.00 0.03 0.01 0.01 0.01 

14 0.00 0.02 0.02 0.04 

15 0.00 0.84 0.04 

16 0.00 0.02 

17 0.00 

feasible. Links were determined to be unfeasible if ( 1) based on these constraints. Graph A in Fig. 7 represents 

they were blocked by unsuitable areas, (2) they were the solution with the highest level of connectivity based 

redundant owing to diversion around unsuitable areas on these constraints, and was used as the basis for 

or 3) they converged upon another node. The remain- computing the adjusted Gamma index. An example of 

ing links were mapped out in graph format as a repre- the utility of these indices will be demonstrated in Sec- 

sentation of the greatest level of connectivity possible tion 5. The connectivity indices previously described 

Fig. 7. Network alternatives generated for connectivity analysis. 
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Connectivity indices for the seven network configuraions shown in Fig. 7 

Network Nodes Links Gamma 

Raw Adjusted 

Beta Cost ratio 

Theory max 
A Project max. 
B Paul Revere 
C Single loop 
D Major nodes 
E Ah. I 
F Ah. 2 
G Alt. 3 

136 1.00 N/A 8.00 
27 0.20 1 .oo 1.59 0.78 
16 0.12 0.59 0.94 0.80 
17 0.13 0.63 1.00 0.80 
9 0.07 0.33 0.53 0.82 

16 0.12 0.59 0.94 0.68 
19 0.14 0.70 1.12 0.75 
25 0.18 0.93 1.47 0.75 

N/A, not applicable. 

i I Proposed Network 

Protected Forest 

1 

9 In 

U-protected Forest 

Developed/open 

Proposed Corridor 

Fig. 8. Map of final network as applied to the study region. 

in Eqs. (2)-( 5) were calculated for all of the alterna- 

tive networks discussed below, and the calculated val- 

ues are shown in Table 4. 
Network alternatives were generated based on the 

typologies previously discussed. Some of the networks 
that were generated are shown in Fig. 7. As previously 
stated, Network A in Fig. 7 represents the maximum 
network that is possible based on the constraints dis- 
cussed above. Networks that represent the nearest 
approximations of the Paul Revere and the Traveling 

Salesman are shown in Fig. 7 (Networks B and C, 
respectively). It was found that (because of the degree 
of blockage and redundancy, as well as the levels of 

interaction between the node pairs shown in Table 3) 

none of the typologies previously discussed could be 

effectively implemented in their pure form, but rather 
served as rough guides. Networks D-G in Fig. 7 rep- 

resent a continuum of increasingly complex networks, 
with each being a subset of the next, where D links 
only the major nodes, E links all 17 nodes in an MST, 
F forms three small circuits that correspond to the 
region’s sub-basins, and G represents a complex multi- 
circuit network that approaches the least cost to user 
scenario. 

Network D in Fig. 7 represents a network that con- 
centrates on linking just those nodes that are greater 
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than 650 ha, the minimum range size for fishers (Kelly, 
1977), and where some smaller nodes are passed 
through in the process. Network E in Fig. 7 represents 
an MST that connects all 17 nodes efficiently and where 

the north-south links correspond to the region’s phys- 
iography. Network F in Fig. 7 represents a network 
consisting of three simple loops. Because of the config- 
uration of the open space, the topography, and inter- 

digitation of the human matrix, this solution was altered 
to consist of three loops where Nodes 2 and 3 serve as 
pivot points. Network G in Fig. 7 represents an even 
more complex network, which provides additional 
loops for the purposes of redundancy and increased 
access. This alternative (also shown as a map in Fig. 
8) represents a multiple loop alternative with higher 
levels of connectivity than the previous alternative, yet 

is slightly more realistic than the least cost to user 
alternative (Network A, Fig. 7). This alternative 

includes links to areas outside the region. These links 

are important, as linkage through these areas is already 
difficult owing to highway development that is quickly 
fragmenting the study areas to the north. 

5. Discussion 

The connectivity indices were found to be useful 
measures for describing the degree of connectivity. The 
adjusted Gamma index is very useful in that it can 

calculate the extent to which various degrees of green- 
way development correspond to either the maximum 
greenway possible or to an overall greenway master 
plan. In other words, if the maximum network based 
on the constraints (Network A, Fig. 7) was the desired 

plan, the adjusted Gamma indices represents the degree 
to which the plan has been achieved in terms of the 
number of links implemented. If Network G were the 
desired end, the adjusted Gamma shown in Eq. (3) 
could be altered so that the number of links in this 
alternative could be used in calculating the adjusted 
Gamma. 

The gravity model was useful in selecting between 
alternatives. For example, one of the obvious differ- 
ences between Networks B and C and Networks D-G 
is that Node 10 rather than Node 3 was used as the 
major path. Although this looks strange on the graphs, 
this is a function of the location of the centroid and the 
amount of node interaction. The actual distances 

between Node 2 and Node 10 are closer than they 
appear on the graph. The routing through Node 3 was 
done to maximize the amount of interaction within the 
networks because (as shown in Table 3) the amount 
of interaction between Nodes 2 and 3 (which has a 
value of 12.18) is significantly greater than the inter- 
action between Nodes 2 and 10 (which has a value of 

2.32). 
The Adjusted Gamma and Cost Ratio were also 

found to be important indices in network evaluation, 

especially in adjudicating between networks with sim- 
ilar distances. An example of this can be seen by com- 
paring Networks C and F. It would intuitively appear 
from the graphs in Fig. 6 that Network C is significantly 
more efficient from a least cost to implement perspec- 
tive. Indeed, if one examined the Gamma and Beta 

indices, Network C would appear more efficient (cost 
effective), as it contains 17 links, and links all nodes 

with the simplest single loop solution, with an Adjusted 
Gamma value of 0.63 and a Beta of 1 .O (a single loop), 
whereas Network F contains 19 links and has an 

Adjusted Gamma value of 0.70, and a Beta of 1.12. 
However, the difference in cost effectivity as measured 

by the Cost Ratio is 0.80 - 0.78, or a mere 2%, with a 
difference in total network difference of 86.25 - 85.10 
km, or 1.15 km. The planner could then substantively 

argue that the advantage of three loops in Network F 
that correspond to the region’s sub-basins is as effective 
as the single loop in Network C, and that the social and 

ecological benefits of the former make F a better deci- 
sion than C. 

This type of analysis could then be continued so that 

the effects of the various links can be systematically 
tested in terms of link efficiency as measured by the 

amount of connectivity achieved per unit distance. It 
should also be noted that the Cost Ratio will favor 
simple and efficient networks, which may be consid- 
ered less desirable for wildlife corridor networks 
because simple networks are more sensitive to future 
disturbances than are more complex networks with 

higher connectivities. Conversely, a comparison of the 
summation of interactions within a given network will 
favor complex networks. Both sets of comparisons are 
therefore useful when comparing networks with similar 
Gamma values, i.e. networks with similar levels of 
connectivity. The point of these examples is to dem- 
onstrate that ( 1) intuition alone may not yield the most 
efficient results, (2) the information gained from the 
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indices and gravity model when used together can help 
make more informed decisions, and (3) a single index 

used alone can be misleading, and should be used in 
conjunction with the other measures as well as with 
reference back to the landscape conditions. 

6. Conclusion 

Network analysis is an appropriate approach to 

greenway planning, as it provides a method of system- 
atizing the relationship between elements that can serve 

as greenway nodes as well as accounting for the con- 
ditions of the potential links. This approach also fits 
well within landscape ecology and landscape planning 
approaches, as the determination of node and link qual- 
ities can be directly obtained from standard overlay 
methods. Although the methods used were applied to 
the objective of maintaining suitable interior forest hab- 
itat for the fisher, the alternatives could well have been 
generated for and evaluated against other recreational, 

esthetic, economic, and cultural criteria. Regardless of 
the specific structure and function, any network can be 
defined in terms of nodes and links, and this allows for 
the reduction of otherwise complex flow patterns so 
that connectivity and efficiency can be readily assessed. 

Randomly connecting open spaces is inefficient at 
best, and, given two or more complex alternatives, it is 
difficult simply to guess which networks are more effi- 
cient, which links are most significant, which networks 
have higher levels of connectivity, and which networks 
would be the most cost effective. The value of these 
techniques lies in the ability to support the qualitative 

ideas of greenways with an approach that allows for 
systematic assessment. The use of landscape ecology 
as a theoretical and scientific basis, and graph theory 

as part of the methodological approach, could serve to 
help systematize greenway planning and, in turn, help 
give it additional credence as an important land use 
strategy. 

The alternative greenway networks presented here 
have been delineated with the single purpose of pro- 
tecting adequate interior habitat to insure the viability 
of wide-ranging fragmentation-sensitive species. It is 
argued that regional biodiversity should be treated as a 

central function of greenways. Clearly, this should not 
be the only basis of greenway delineation; a compre- 
hensive greenway should also evaluate for additional 

economic and cultural criteria. The point is that 
regional biodiversity protection can and should serve 

as the backbone of a more balanced greenway plan, as 
the resource needs of wildlife are generally more exten- 
sive and less flexible than the incorporation of cultural 
and recreational resources. As is evident in that the 
Gamma index shown in Table 4, the maximum network 
in the region is only 20% of the maximum amount of 
connectivity. 

There is as of yet little consensus on whether a green- 

way designed for regional biodiversity would work as 
designed. Wildlife corridor networks are still largely 

untested, and it can be debated whether or not such an 
approach would work as planned. What is being 
hypothesized is that a well-planned greenway may be 
able to approximate the natural landscape pattern and 
thereby prevent the loss of species that would otherwise 
be expected from fragmentation. It cannot be over- 
emphasized that greenways should not be seen as the 
end-all solution to wildlife conservation problems, but 
can be a cost-effective complement to an existing open 
space reserve system. It is our argument that current 
land use zoning schemes fail to account for biological 

diversity and may actually encourage fragmentation. 
To wait and debate the issue may result in a lost oppor- 
tunity. As stated previously, the best argument for cor- 
ridors is that the landscape was highly connected before 
settlement, and that fragmentation has been largely an 
anthropogenic impact that has reduced connectivity 
(Noss, 1987b). 

The design of greenways that contribute to the pro- 
tection of wildlife while providing the recreational, 

esthetic, and other human benefits is not a trivial task. 
First, a greenway designed as a conduit for one species 
will most likely serve as a habitat for others and as a 

barrier for still others. Second, the potential of viewing 
wildlife is a significant attraction for outdoor recreation 
(Mendelsohn, 1987). Landscape preference studies 
have demonstrated that wildlife has a positive, statis- 
tically significant, impact on scenic quality; the sheer 
expectation of seeing wildlife significantly increases 
landscape quality assessments (Hull and McCarthy, 
1988). This often leads to a conflict between human 
use and wildlife, and this problem seems to be growing. 
If the two are to coexist, a better understanding of the 
conflicts and compatabilities between the two must be 
achieved (Strutin, 1991). It also leads to the conclusion 
that it would be erroneous to assume that any particular 
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greenway can meet all of the human and wildlife needs 
of a given area. 

As previously stated, fragmentation is the most seri- 
ous threat to biodiversity. Given that the primary func- 

tion of greenways is to provide linkages, they represent 
one of the most effective tools in preventing fragmen- 
tation and perhaps species loss at the regional level. 

Planning efforts to date have not been responsive to the 
needs of wildlife and have continually been obscured 
by economic objectives. From this perspective, green- 

ways can be seen not only as an approach to linking 
open spaces, but, more importantly, as a tool to realize 
the relationship between ecological structure and func- 

tion in an economically viable and socially desirable 
way. 
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