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Abstract 

  The Washington Chapter of The Nature Conservancy (TNC) is interested in 
creating a method by which to identify statewide functional connectivity in order to guide a more 
effective conservation planning process.  Past conservation planning efforts by TNC had 
established conservation priorities separately for terrestrial and freshwater habitats, and did not 
consider functional connectivity as a necessary component of conservation targets. I developed 
this method using geospatial analysis and NHDPlus, a free geospatial data package, to identify 
focal habitat in western Washington in relation to stream reaches using hydrological catchments.  
I also identified the effect of high-impact land use on water quality in those catchments.  I 
created a graph network of focal habitat, and analyzed it in order to identify patches and scales 
important for maintaining connectivity.  The result is a method that uses readily available, 
standardized data to identify functionally connected habitat for multiple focal species at many 
spatial scales.  It includes a hydrological component that incorporates freshwater protection.  
With additional study, the method can be used to incorporate a functional connectivity 
perspective in conjunction with existing conservation planning strategies.  By identifying 
functional connectivity as an integral component of conservation planning, conservation efforts 
will better protect biodiversity by allowing for functional, viable populations to exist.   
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Introduction  

Past land conservation efforts have largely been unfocused and opportunistic.  Political, 

cultural, and economic pressures have resulted in many protected areas that are small, isolated, 

and located in remote, unproductive landscapes (Margules and Pressey 2000; Poiani et al. 2000; 

Noss et al. 2002).  Although much important conservation has been implemented in this manner, 

limited resources, competing interests, and rapid habitat loss have made more efficient action 

necessary.  In response, conservation organizations, planners, and researchers have made many 

attempts to establish effective, systematic conservation strategies to prioritize important areas for 

the protection of biodiversity (Groves et al. 2002).  

Many of these prioritization strategies emphasize the protection of either rare species and 

landscapes or representation of biodiversity.  Rarity-based strategies usually protect the rarest 

and most threatened targets first, although some strategies specifically identify areas that are not 

threatened in order to proactively protect intact systems (TNC et al. 2003).  While some 

representative strategies incorporate rarity or threat indices, overall their goal is to protect a 

representative sample of all the natural elements in a region (Olson and Dinerstein 1998).   

 The Nature Conservancy generally strives for a representative approach (Groves et al. 

2000; Tutak 2006, unpublished).  Although The Nature Conservancy has established an 

organizational conservation planning process, several methods of delineating priority areas at 

different scales have emerged within different divisions and chapters in an attempt to tailor 

efforts to regional conservation needs (Tutak 2006, unpublished).  Groves et al. (2002) describe 

The Nature Conservancy’s organization-wide seven-step framework for developing regional 

conservation strategies for the conservation of biodiversity.  Priority goes to conservation targets 

not already protected, and to threatened areas containing more targets with higher likelihoods of 

persistence.   

Few conservation planning methods specifically include a measure of landscape 

connectivity (Tutak 2006, unpublished).  Connectivity is a measure of the ability of organisms to 

move between habitat patches across a landscape.  Taylor et al. (1993) describe it as “the degree 

to which the landscape impedes or facilitates movement among resource patches.” It is 

dependent on both the physical structure of the landscape and the ability of an organism to move 

between habitat patches on that landscape (Tischendorf and Fahrig 2000b; Hilty et al. 2006; 

Taylor et al 2006).   
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This relates to two types of connectivity: structural and functional (Taylor et al. 2006).  

Structural connectivity describes the spatial arrangement of habitat within a non-habitat matrix 

on the landscape, while functional connectivity is a behavioral response to that physical structure 

(Tischendorf and Fahrig 2000b; Crooks and Sanjayan 2006b).   

Connectivity occurs at many spatial scales, depending on the species or process of 

interest.  Species perceive the connectivity of landscape differently, depending on their ability to 

disperse (Keitt et al.1997; Bunn et al. 2000). Habitat patches do not necessarily need to be 

structurally connected to be functionally connected, and the same landscape will not be 

functionally connected for all species.   

The concept of connectivity is relatively straightforward; however, translating and 

implementing it in the realm of practical conservation is not (Crooks and Sanjayan 2006b).  An 

understanding of functional connections between habitat patches could facilitate the protection of 

viable, sustainable biodiversity.  However, we must address multi-species conservation with a 

measure that is necessarily species specific.   

 

Previous conservation planning by The Nature Conservancy in Washington State 

includes separate terrestrial, freshwater, and marine analyses, using different methods in nine 

different ecoregions of the state.  These analyses were created with little explicit measure of 

functionality, and resulted in many small, disconnected portfolio sites that may not necessarily 

be viable habitat for the biodiversity they are meant to protect (M. Goering, E. Gray, M. 

Ingraham, personal communication, June 2006).   

To address this issue, The Nature Conservancy is interested in exploring methods to 

identify functionally connected landscapes to guide conservation activities beyond threatened 

species and biologically rich areas, to ecologically superior, connected areas of great biological 

value and viability.  As part of this process, The Nature Conservancy would like to establish a 

method by which to identify functional connectivity for multiple species across Washington 

State.  By including a measure functional connectivity in their conservation planning, The Nature 

Conservancy hopes to drive conservation efforts toward connected, functional areas.  If 

successful and practical, such a method could support conservation efforts worldwide. 
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My objective is to create a method to identify functionally connected habitat.  This 

method can be used at many spatial scales, particularly at a regional level, in line with The 

Nature Conservancy’s ecoregional approach.  The method should address both terrestrial and 

freshwater protection, and be flexible enough to easily analyze different habitats for the 

conservation of different focal species.   

 

Methods 

Study Area 

The study area for this 

project consists of the three 

western-most ecoregions, as 

defined by The Nature 

Conservancy, in Washington 

State:  the Pacific Northwest 

Coast, the Willamette Valley –

Puget Trough – Georgia Basin 

(WPG), and the Western 

Cascades ecoregions (Figure 

1).  The study area 

encompasses an area of 

525,535 km2.   

Temperate coniferous 

forest is the dominant 

vegetation type; however, 

physiographic factors such as 

mountain ranges, glaciers, 

rivers, rainfall, and marine 

proximity have resulted in 

many distinct ecological 

communities ranging from open prairies to oak savannas, particularly in the WPG ecoregion 

(Floberg 2004; Vander Schaaf 2006; Popper et al. 2007).  The Pacific Northwest Coast and West 

Figure 1.  The area of study consists of the three westernmost 
ecoregions in Washington State. 
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Cascades ecoregions contain many endemic plant communities and sensitive habitat for 

endangered species like the northern spotted owl (Strix occidentalis caurina) and the marbled 

murrelet (Brachyramphus marmoratus) (Vander Schaaf 2006; Popper et al. 2007).  There are 

over 400 natural vegetation communities in the Pacific Northwest Coast ecoregion alone (Vander 

Schaaf 2006).   

Development pressures from population growth and competing land uses are threatening 

the biological diversity of this unique area, particularly in the WPG (Floberg 2004; Vander 

Schaaf 2006; Popper et al. 2007).  Much of the biologically valuable and ecologically functional 

land in the region exists as habitat fragments surrounded by private land that is quickly being 

developed or harvested (Floberg 2004; Vander Schaaf 2006; Popper et al. 2007).  The 

Washington chapter of The Nature Conservancy has identified areas of high conservation value 

in the region as part of the ecoregional assessment process (Floberg 2004; Vander Schaaf 2006; 

Popper et al. 2007).   

 

Geospatial Data 

To identify habitat patches in relation to watershed units, I used NHDPlus and the 2001 

National Land Cover Dataset (NLCD).  NHDPlus is a free data package that incorporates many 

geospatial datasets for the United States.  It was developed by the U.S. Environmental Protection 

Agency (US EPA) and the U.S. Geological Survey (USGS) and incorporates information from 

the National Hydrography Dataset (NHD), the National Elevation Dataset (NED), the National 

Watershed Boundary Dataset (NWBD), and the 1992 National Land Cover Dataset (NLCD) (US 

EPA and USGS 2006).  I most used raster and shapefile datasets of hydrological catchments 

contained in NHDPlus.  There are 17,214 of these elevation-derived, stream segment catchments 

in the study area; their average size is 30 km2.  All NHDPlus grid datasets are mapped in the 

Albers Equal Area projection, NAD 83 (US EPA and USGS 2006).  In this study, I 

supplemented NHDPlus with the 2001 National Land Cover Dataset, a land-cover classification 

scheme with a spatial resolution of 30 meters mapped in the Albers Conic Equal Area Projection, 

NAD 83 (USGS 2006).  All geospatial data was analyzed using ESRI ArcGIS 9.2 program. 
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Analysis 

The analysis consists of three components.  A geospatial terrestrial analysis identifies 

forest habitat and provides the basis for the graph network analysis.  A hydrological geospatial 

analysis relates the effect of land cover on water quality, and the graph network analysis 

identifies patches and scales important for connectivity.  Both geospatial analyses result in data 

layers describing the ecological value that can be used in conjunction with the graph network 

analysis. 

 

Terrestrial Geospatial Analysis 

The terrestrial geospatial analysis results in three products:  A data layer of large, discrete 

forest patches, and a data layer of effective forest area for each catchment.  Catchment point data 

is generated to provide the data to form a graph network analysis.   

In order to create a graph network for analysis, a landscape of focal habitat must first be 

identified.  Because forests are the dominant habitat type in the study area, I used deciduous, 

evergreen, and mixed forest, as defined by the 2001 NLCD, as the focal habitat type for this 

analysis.  I identified forest habitat patches using the 2001 NLCD, and then hydrologically 

referenced them using NHDPlus catchments.  I excluded patches smaller than 250 hectares, and 

then calculated each catchment’s effective habitat area.  Catchments that contained forest patches 

larger than 250 ha formed the basis for the graph network analysis.  Contiguous forest patches, 

without catchment boundaries, were also identified. 

The ArcGIS model I created to do this can be seen in Appendix A.  I used the 2001 of the 

study area to identify patches of deciduous, evergreen, or mixed forest (Figure 2).  By 

reclassifying the 2001 NLCD, I created a binary raster of forest and non-forest patches in my 

study area (Binary Forest, Appendix A).  I identified discrete, contiguous forest patches in the 

study area from this binary forest dataset, after removing any patches smaller than 250 ha 

(Patches > 250 ha, Appendix A).   
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To further identify these patches by their catchment location, I first created a raster 

dataset of catchment boundaries. I identified cells in the NHDPlus catchment raster that were 

bordered by other catchments using the Focal Statistics tool and variety function.  This created a 

raster file with each cell identified by the number of different catchments adjoining it (Catchment 

Boundaries, Appendix A).  A cell in the center of a catchment, surrounded by eight cells within 

the same catchment, would have a value of 1.  A cell at the boundary of two catchments would 

have a variety of 2, etc.  In this way, the raster catchment boundaries are at least two cells wide, 

allowing for exaggerated but definite borders defining each catchment.  I reclassified this raster 

so that any cell with a value of 1 was set equal to NoData, and any boundary cells were classified 

as 0 (Catchment Boundary Reclass, Appendix A).   

Figure 2.  Forested habitat in the southeast of the study area.  See Figure A in Appendix B for location of site. 
Catchment boundaries are overlaid in black; Mount Rainier can be seen in the lower right. 
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These catchment boundaries were added to the binary habitat raster using the Map 

Algebra tool, by multiplying the habitat dataset by the boundary dataset.  This created a binary 

raster dataset of forest patches within a matrix of non-habitat and catchment boundaries (Figure 

3) (Forest Patch Boundary, Appendix A).  Patches may be no larger than a catchment, but there 

may be more than one patch within a catchment.   

I then identified individual patches in the raster dataset of catchment-bound forest patches 

using the Region Group tool (Catchment Forest Patches, Appendix A). This resulted in 295,046 

patches, many of which were very small and possibly not viable habitat.  Additionally, this large 

number made data analysis very cumbersome.  I used a minimum threshold of 250 ha to remove 

the smallest forest patches, allowing for a maximum number of patches to be efficiently analyzed 

(Figure 4) (Catchment Patches > 250 ha, Appendix A).  

Figure 3.  Forest patches larger than 250 ha within catchment boundaries. 
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These patches were again identified individually using the Region Group tool 

(Thresholded Catchment Patches, Appendix A).  Each patch’s area was calculated (Thresh 

Catchment Patches Area, Appendix A).  From this, I calculated the percent forest cover of each 

catchment as a measure of effective area (Catchment Effective Area, Appendix A), after first 

reclassifying the individual thresholded forest patches into one cohesive forest layer (Threshold 

Reclass, Appendix A).   

I converted the study area catchment shapefile to points and created coordinates for each 

catchment (Catchment Points XY, Appendix A).   These were projected into the UTM Zone 10N 

coordinate system to facilitate the graph analysis (Catchment Points Projected, Appendix A).  

After joining this data with the effective area data, this process resulted in a database containing 

each catchment’s ID, total area, effective area, and spatial location to be used in the creation of a 

graph network (Catchment Points Data, Appendix A). 

Figure 4.  Forest patches larger than 250 ha within NHDPlus catchments boundaries. 
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Hydrological Geospatial Analysis 

To further incorporate a hydrological perspective, I identified the potential effect of each 

catchment’s land cover on water quality.  To do this, I calculated the percent of each catchment 

in land cover types likely to have a negative impact on water quality.  

Non-point source pollution is a leading threat to water quality in the United States 

(Arnold and Gibbons 1996).  The impervious surfaces found in developed areas increase run-off, 

which in turn causes erosion, wider and straighter stream channels, water temperature 

fluctuations, and habitat degradation (Arnold and Gibbons 1996).  Pollutants that are carried in 

run-off include pathogens, nutrients, toxic contaminants, and debris (Arnold and Gibbons 1996).  

Agriculture can contribute significantly to water pollution as well; nutrients such as nitrogen and 

phosphorus, found in fertilizers, can cause a chain reaction in water bodies by creating algal 

blooms which deplete dissolved oxygen, which in turn leads to fish kills (Carpenter et al. 1998). 

The proportion of impervious surface in a watershed has been shown to negatively affect 

stream health.  The first signs of environmental degradation have been shown to occur at 10% 

impervious cover in the watershed, and beyond 30% environmental degradation may be 

unavoidable (Arnold and Gibbons 1996).  Calculating the percentage of a watershed under 

impervious surface can be a cost-effective method of quickly approximating land use effects on 

water quality (Arnold and Gibbons 1996).   

I identified land uses likely to have high percentages of impervious surface or run-off 

using the 1992 NLCD attributes derived for each catchment provided by NHDPlus.  These 

included high and low intensity residential, commercial/industrial/transportation, quarries/strip 

mines and row crop land cover types. I calculated the total percent cover of these land use types 

for each catchment, and then joined that information to geospatial catchment data. 

 

Graph Network Analysis 

Background 

Before describing the graph network analysis, there are some important concepts to 

understand about graph theory and its applications in landscape ecology.   

As it pertains to landscape ecology, a graph is a mathematical representation of a 

landscape (Bunn et al. 2000; Urban and Keitt 2001; Bodin and Norberg 2007).  Figure 5 is an 
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A 

B 

D 

E 

C 

F 

example of a simple graph network.  

Nodes represent habitat patches, and 

edges represent the distance between 

those patches across a non-habitat 

matrix (Bunn et al. 2000; Urban and 

Keitt 2001).  The length of edges 

reflects the ability of an organism to 

travel from one patch to another, and 

not necessarily a physical habitat 

connection on the landscape (Bodin and Norberg 2007).   

A path is a sequence of nodes connected by edges (Urban and Keitt 2001).  In Figure 5, 

the red line follows the path from node A to node E, following the path AB, BD, DE.  The 

diameter of a graph is the longest shortest path between any two nodes in the graph.  The 

shortest distance between every pair of nodes in a graph is calculated, and the diameter is the 

longest of those shortest paths (Bunn et al. 2000; Urban and Keitt 2001; Proulx et al. 2005).  In 

Figure 5, the diameter of the graph is the path from node A to node E.  A short diameter reflects 

a more traversable landscape because patches are closer together (Bunn et al. 2000; Bodin and 

Norberg 2007).   

The betweenness of a node is a measure of the number of shortest paths on which that 

node lies (Proulx et al. 2005; Bodin and Norberg 2007).  A node with high betweenness is 

important to many shortest and more direct paths, and may be more important to the landscape’s 

connectivity (Bodin and Norberg 2007).  In Figure 5, node D has a high betweenness because it 

is lies on the shortest paths between AE, AF, BE, BF, CE, and CF.   

 There are two graph operations of interest in this analysis.  Edge thresholding simulates 

the range of dispersal capabilities of different species, and node removal simulates habitat loss 

(Bunn et al. 2000; Urban and Keitt 2001).  Edge thresholding successively decreases the greatest 

possible length of the edges in a graph.  As the threshold distance decreases, the graph fragments 

into smaller subgraphs (Figure 6) (Bunn et al. 2000; Urban and Keitt 2001).  With this operation, 

we are interested discovering at which distance the graph disconnects, and how this distance 

compares to individual species’ ability to disperse (Urban and Keitt 2001). From this distance we 

can determine for which species the landscape appears connected. 

Figure 5.  An example of a graph network of six nodes and 
seven edges. The red line marks a path that is the diameter 
of the graph. 
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As threshold distance decreases, 

connectivity decreases. Urban and Keitt (2001) 

describe three indices of graph connectivity 

related to edge thresholding.  As the threshold 

distance decreases, the number of components 

increases, and the order (number of nodes) of the 

largest graph component decreases.  In Figure 6, 

the number of graph components increases from 

1 in 6A, to 6 in 6D, and the order decreases from 

11 to 3.   

The third measure of connectivity is 

graph diameter; as the threshold distance 

decreases, the diameter of the largest component 

first increases, as the shortest paths between 

nodes are broken and longer, less direct paths 

must be taken.  As the threshold distance 

continues to decrease, the diameter will 

eventually decrease as the graph breaks apart 

(Urban and Keitt 2001).   

 When removing nodes, we are interested 

in how the loss of each node affects the graph, 

and thereby which nodes are important for the 

preservation of connectivity (Urban and Keitt 2001).  Each node is iteratively removed and the 

graph re-calculated.  As patches are removed, the graph fragments into smaller, disconnected 

subgraphs (Figure 7) (Urban and Keitt 2001).  In Figure 7B, the patch in the lower left is 

removed; the graph that remains is still connected, and has a similar diameter to the original 

graph.  When the small, central node is removed in Figure 7C, the graph fragments into two 

smaller subgraphs.  This node is a cut-node, a key node that disconnects a connected graph 

(Urban and Keitt 2001).  A cut-node’s corresponding habitat patch is important for maintaining 

the connectivity of the landscape.   

Figure 6.  Edge Thresholding.  Edges are removed 
sequentially at decreasing lengths. 
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For further discussion of graph theory 

and its use in landscape ecology and 

conservation, see Urban and Keitt (2001); also 

Bunn et al. (2000), Theobald (2006), Bodin and 

Norberg (2007).  

 

Methods 

A graph network of the forested 

catchments was created using the centroids of 

forested catchments as nodes.  The edge-to-edge 

distance between nodes was calculated as the 

Euclidean distance between centroids, less the 

area-based radius of the catchment.  This graph 

network was created and analyzed using a 

custom written function in the Python 

programming language using the NetworkX 

model (Urban 2007, unpublished).        

The graph was analyzed for connectivity using the two graph operations discussed above.  

As edges were thresholded at 5 km increments from 50 to 5 km, the number of components, and 

order and diameter of the largest component were calculated.  Betweenness values for each 

forested catchment were also calculated.  Each node was iteratively removed individually, and 

the number of resulting components and the diameter of the largest component were calculated.  

 

Results 

Terrestrial Geospatial Analysis 

 Forest habitat covered 62.5% of the study area, and existed in 214,627 discrete patches 

(Figure 9).  After removing forest patches smaller than 250 ha, 440 discrete patches remained 

(Figure 10).  The largest discrete forest patch is 762,863 ha, and covers most of the Olympic 

Peninsula in the northwest of the study area (Figure 10).   

When these large patches were bounded by catchments, the analysis identified 3,391 

forest patches greater than 250 ha in size in 3,281 catchments.  This is less than 20% of the 

Figure 7.  Node Removal.  Nodes are iteratively 
removed, and the graph recalculated. 
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17,214 original catchments in the study area; many catchments were removed because they were 

smaller than 250 ha. (Of 17,214 total catchments, 40 percent were larger than 250 ha; see Figure 

B in Appendix B).   

 The percent forest cover of these 3,281 catchments was calculated as effective area 

(Figure 11).  Forty-eight percent of the 3,281 catchments containing forest patches greater than 

250 ha contained more than 75% forest cover (Figure 8).  

 

 

Figure 8.  Distribution of the proportions of effective area in catchments. 
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Figure 9.  Forest habitat. 
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Figure 10. Discrete forest patches greater than 250 ha. 
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Figure 11.  Effective area, calculated as percent forest cover. 
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Figure 12. Forest patches larger than 250 ha, within catchments. 
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Hydrological Geospatial Analysis 

A preliminary hydrological analysis of the region identified the potential effect of land 

cover on water quality in each catchment.  Although this analysis included an indirect measure of 

impervious surface, I used the impervious surface thresholds discussed by Arnold and Gibbons 

(1996) as an approximation of possible land cover impacts.  Eighty-nine percent of catchments in 

the study area contained less than 10% land use that negatively affects water quality; these areas 

may be relatively pristine (Figure 13 and 14).  Seven percent of catchments in the study area had 

10 to 30% land use cover in high impact land use; at this level, restoration actions may need 

restoration efforts to protect stream quality.  Only 4% of catchments had greater than 30% of 

their area under agricultural or developed land use (Figure 13 and 14).  These catchments contain 

so much developed and agricultural land use that ecological function is likely to be highly 

degraded. 

 

Figure 13.  Distribution of the proportions of high-impact land use within catchments. 
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Figure 14.  Potential effects of land cover on water quality. 
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Graph Network Analysis 

Edge Thresholding 

A graph network was created, and edges were thresholded in 5 km increments, from 50 

km to 5 km.  This network can be seen in Figure 18 at maximum edge lengths of 25, 10, and 5 

km.  At 25 km, the graph is highly connected.  At 10 km, there are fewer edges, but few 

disconnected patches or subgraphs (Figure 19).  In Figure 20, however, we see that at a threshold 

distance of 5 km, several 

disconnected subgraphs and 

patches have emerged.  This 

is reflected in the 

connectivity metrics 

calculated below. 

The number of 

components, and order and 

diameter of the largest 

component, were calculated.  

Betweenness values for each 

forested catchment were also 

calculated.   

 As the threshold 

distance decreases, the 

number of graph components 

increases (Figure 16).  At a 

threshold distance of between 

5 and 10 km, the number of 

graph components increases 

dramatically as the graph 

disconnects.   

The order, or number 

of nodes, contained in the 

largest graph component Figure 16.  Edge thresholding effects on graph order. 
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Figure 15.  Edge thresholding effects on number of graph components. 
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remains relatively constant as the threshold distance decreases from 50 to 10 km (Figure 16).  

Again, as the distance continues to decrease between 10 and 5 km, the order decreases 

dramatically as the graph breaks apart. 

As threshold distance 

decreases to 10 km, the diameter 

remains relatively stable, and 

increases from 15km to 10 km 

(Figure 17).  Up to this distance, 

the graph is still connected; an 

organism must travel further, in a 

less direct path, to move between 

the same patches.  Beyond this 

threshold, the graph begins to 

fragment into smaller subgraphs, 

and the diameter decreases.  

These three metrics show that the graph disconnects between distances of 5 to 10 km. Further 

analysis to refine this number will help to indicate what species perceive this landscape as 

connected, based on their ability to disperse across these distances.  

Betweenness is the number of shortest paths between all pairs of nodes on which the focal 

node lies; here it is normalized by the maximum possible betweenness value (the value for a 

focal node that lies on every single shortest path), scaled between 0 and 1 (Figure 21).   

Nodes that have high betweenness are disproportionately important to preserving the 

connectivity of the network, because so many shortest paths travel through these nodes.   Here, 

the catchments with the highest betweenness values are found as a string of patches surrounding 

Puget Sound, with the most between patches just to the south (Figure 22).  This is likely because 

those patches are the few that connect eastern habitat across the urbanized Puget Sound and 

Interstate 5 corridor. 
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Figure 17.  Edge thresholding effects on graph diameter. 
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Figure 18.  A graph network with edge lengths at 5, 10, and 25 km in the Puget Sound area. 
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Figure 19.  Graph network with an edge threshold length of 10 km. 
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Figure 20. Graph network with an edge threshold length of 5 km. 
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Figure 21.  Betweenness values for forested catchments.  Betweenness is calculated as the number of shortest 
paths the focal node lies on, normalized by the maximum possible betweenness value, scaled from 0 to 1. 
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Figure 22.  Betweenness values surrounding Puget Sound. 
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Node Removal 

The node removal graph operation was not successful.  The function iteratively removed 

3,321 nodes individually, recalculated the graph network, and then determined the number of 

graph components and the diameter of the largest one.  The function would not run, most likely 

due to the large amount of data points.  It may be that the large number of nodes and their pattern 

on the landscape result in no single node being necessary for connectivity.  Betweenness may be 

a better indication of a node’s value to the connectivity of the graph. 

 

Discussion 

Implementation  

There are several outputs from this analysis.  The terrestrial geospatial analysis produced 

GIS data layers of discrete forest patches larger than 250 ha in study area, and the effective area 

of individual catchments. The hydrological geospatial analysis produced data on the effect of 

land cover on water quality within catchments.  From the graph network analysis we can 

determine the threshold distance at which the graph disconnects, and betweenness values for 

individual catchments. 

These results can be used in combination to guide conservation efforts.  Target areas 

contained within large forest patches or have a high effective area would be of high conservation 

value.  Protecting catchments that contain little land cover that negatively affects water quality 

would be more desirable than an area with a large proportion of high-impact land cover.  

Catchments with high betweenness values are important to preserving the connectivity of the 

landscape, and the threshold distance that disconnects the graph can be used to identify species 

for which the landscape is connected.  By conducting the terrestrial and graph analysis with 

different habitat types and analyzing them in GIS, catchments important to preserving 

connectivity for many different species can be identified, and their ecological value considered. 

 

Benefits 

The method that I have put forth relies on readily available, standardized data, 

incorporates a hydrological component, and can be applied to many different focal species to 

facilitate multi-species analysis.  Using catchments allows for a free, universal, nation-wide 

assessment unit. The hydrological component links terrestrial habitat to water quality and 
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freshwater habitat.   It can be used with different hydrological analyses and habitat types to 

address different focal species.  These results can be overlaid for multi-species analysis. 

 

Recommendations 

Any future implementation of this method should address some drawbacks in the 

analysis.  It should include a more direct, in-depth hydrological analysis of the path pollutants 

take across the landscape from sources, through buffers, to streams, possibly similar to a method 

suggested by Baker et al. (2006).  The method used here should be considered a preliminary 

analysis to be built upon in the future. 

A balance must be found between small assessment units and large habitat patches.  

Future study should attempt to minimize the threshold effect that occurred when I removed 

patches smaller than 250 ha.  Many of the catchments were smaller than this minimum threshold, 

and were removed from the analysis without considering their effective area.  Analyzing the role 

of smaller forest patches within catchments through a parallel analysis of patch to patch 

connectivity may contribute to this understanding. 

 While this method is relatively easy to implement, it may not accurately reflect the 

functional distances between patches as seen from an organism’s point of view.  Bunn et al. 

(2000) suggest using least-cost-paths instead of Euclidean distances because of the high cost of 

traversing different types of habitat in the matrix.  A least cost path, calculated on a cost-surface 

specific to a focal organism, may better approximate the actual distance the focal species travels 

between patches. 

 

Conclusions 

I hope that conservation organizations will be able to use and build upon this method to 

help them make conservation decisions in support of the protection of biodiversity.  By 

identifying functional connectivity as an integral component of conservation planning, 

conservation efforts will better protect biodiversity by allowing for functional, viable populations 

to exist.  It is my hope that this method can be used by conservation organizations in conjunction 

with existing conservation practices to further identify areas for efficient and effective 

conservation. 
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Appendix B 

Figure A.  The red rectangle indicates area of focus in Figures 2-4.  



 c 

 

Figure B.  Catchment size.  Catchments in black are less than 250 ha in size, and were excluded from the 
analysis regardless of their forest cover. 


