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ABSTRACT:  The primary objective of this work is to provide military installation planners with a sourcebook on the 
state of the art in how to analyze the probability and risks of habitat fragmentation for animal Threatened and 
Endangered Species (TES).  The document provides a review of habitat fragmentation issues, focusing on those of 
highest concern to Army Military Installation Land Managers.  It has been designed to capture information developed 
during the 4-year ERDC research project called: Quantify Effects of Fragmentation and Approaches to Mitigate.  Major 
components include: 
• TES habitat background survey 
• Army TES Life histories and potential supporting data types 
• Description of major Fragmentation initiatives 
• Survey of the major Fragmentation modeling techniques 
• Evaluation of Data Quality 
• Potential inputs for a long term TES monitoring capability 
• Recommendations for future directions. 

DISCLAIMER:  The contents of this report are not to be used for advertising, publication, or promotional purposes.  
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.  
All product names and trademarks cited are the property of their respective owners.  The findings of this report are not to be 
construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN IT IS NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

Background 

Army lands must, first and foremost, support troop training to optimize a soldier’s 
battlefield success and survivability. Therefore, soldiers must “train as we fight” 
and continually train to keep skills fresh. However, the optimal use of military 
lands to fulfill this goal is threatened by federal, state, and local laws that require 
managing the same lands to simultaneously meet other objectives. And, urban de-
velopments near installations, many of which were originally established in very 
isolated areas, destroy areas with habitat suitable for supporting Threatened and 
Endangered Species (TES) populations. Military installation planners need a way to 
improve their ability to identify appropriate land near an installation that, if pur-
chased, will relieve threats of TES habitat fragmentation and thereby sustain fu-
ture training and testing requirements and opportunities. 

Army training lands were often originally placed in remote areas where potential 
conflicts with surrounding land use could easily be avoided. Installation property 
boundaries delineated where people were not allowed to trespass, but the actual re-
sult of military impacts (in the form of dust, smoke, noise, and eventually radio in-
terference) were known to extend well beyond the property lines. Property bounda-
ries did not influence the use of landscapes by plants and animals. Habitat patterns 
and mosaics continued to evolve through natural succession and disturbance proc-
esses, including fire, disease, and insect invasions. Although the occupation of a spe-
cific piece of land by plant and animal species would change over time, the overall 
texture of broad landscapes allowed populations of animals and plants to persist 
over tens of thousands of years in North American landscapes. In this ever-
changing matrix of habitats, populations of plants and animals would be destroyed 
through various natural disasters, but could then easily repopulate areas progress-
ing through the steps of habitat succession. 

Human settlement patterns have dramatically changed the landscapes, but have 
done so in a way that the landscapes cannot and are not reclaimed by native spe-
cies. This affects remaining natural areas in two important ways. First, the amount 
of natural habitat continues to shrink—decreasing the total carrying capacity for 
certain species. Smaller populations are more susceptible to total annihilation. Sec-
ond, remaining habitat becomes disconnected. That is, animals and propagules from 
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plants in the remaining good habitats cannot reach other populations through mi-
gration of animals or dispersion of plant pollens and seeds, resulting in the loss of 
genetic connectivity among islands of remaining habitat. This is habitat fragmenta-
tion. The different behaviors and habitat requirements of animals as well as the 
seed and pollen dispersal approaches for plants means that a given landscape may 
be fragmented for one organism but not for another, and the patterns of fragmenta-
tion can also be different. The loss of genetic connectivity will eventually result in 
the loss of genetic diversity within each sub-population, which makes the population 
more susceptible to disasters, thereby increasing the probability of local extinction. 

The loss of habitat and connections among habitats to support genetic exchange in-
creases the value of remaining habitat. Because military training generally is con-
ducted in areas compatible with the habitats of threatened and endangered species, 
the value of military land for the conservation and preservation of these habitats 
continues to increase. In most cases, land on military installations is, by itself, in-
sufficient for ensuring the long-term viability of populations. Areas of primary habi-
tat for threatened species on installations must remain genetically connected and 
these areas must also remain connected to other off-installation areas. Habitats 
must not become so fragmented that small populations become isolated. The need to 
maintain connectedness has resulted in the loss of installation land to training. 

While urban settlement patterns erode suitable habitat, resulting in the loss of on-
installation training land, emerging weapon systems, tactics, and inter-service 
training requirements are requiring more extensive tracts of land to properly train 
the forces. The pressure to shrink training lands to accommodate the loss of habitat 
due to urbanization is met with the important need to increase training land to ac-
commodate new requirements for inter-service training with modern and emerging 
weapon systems. 

A number of tools are being used to address this double-pronged challenge of ad-
dressing training land encroachment and increased training land needs. Installa-
tions can work closely with local communities to help develop zoning and city/county 
master plans that are favorable to installation training sustainability. Working with 
state governments, legislation can be developed to help ensure that future growth 
occurs in a manner that sustains the viability of the installation as an economic en-
gine. Smart land acquisition can help develop increased training and testing areas. 

As the human settlement patterns in the United States have grown, the real ability 
of the government (state and federal) to forcibly acquire land to meet public needs 
has diminished. Although the legal ability to condemn land to allow the creation or 
expansion of an installation still exists, the political ramifications of such actions 
are so powerful that the Department of Defense (DoD) is extremely wary of land ac-
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quisitions in this manner. Instead, acquisition of private lands is generally accom-
plished through agreements with willing sellers. Such agreements take many forms 
and can involve many different private and governmental entities, agencies, indi-
viduals, clubs, and organizations. Each agreement can be unique and creative. 

Objective 

The objective of this research was to provide an initial source document that an in-
stallation land manager can reference as a state-of-the-art survey of TES habitat 
fragmentation studies and initiatives that have relevance to Army installation 
needs. It provides a review of habitat fragmentation issues, focusing on those of 
highest concern to Army Military Installation Land Managers, including ap-
proaches to identifying appropriate land for protection under the Army Compatible 
Use Buffer (ACUB) program. 

Approach 

To meet the above objective, researchers completed the following tasks: 
• TES habitat background survey 
• Army TES life histories and potential supporting data types 
• Description of major fragmentation initiatives 
• Survey of the major fragmentation modeling techniques 
• Potential inputs for a long term TES monitoring capability 
• Recommendations for future directions. 

Scope 

Although this volume was conceived to be a comprehensive source, is dwarfed by the 
plethora of excellent work already completed on this subject. The bibliographies in 
the Appendix (page 161) lend credence to this observation. 

This study tends to focus on initiatives that have had more relevance and reference 
to military installations. Because of the nature of the issue of habitat fragmenta-
tion, this report leans heavily toward the discipline of regional-scale landscape ecol-
ogy. Many fine studies are available for specific TES at a local level. 

Finally, where possible, the relationship to specific needs of Army land managers 
has been emphasized. It is acknowledged that other groups and agencies might 
have different needs and a different focus. 
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Mode of Technology Transfer 

An article describing this work has been published in the U.S. Army Installation 
Management Agency’s Public Works Digest, Volume XVIII, No. 4, July/August 2006, 
p 19, “Endangered species land management guide available.”  

This report will be made accessible through the World Wide Web (WWW) at URL: 

http://www.cecer.army.mil 

http://www.cecer.army.mil/�
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2 Fragmentation Overview 
Author:  Robert Lozar 

Delineating the Issue of TES Habitat Fragmentation 

Fragmentation Issues for the Army 

One may rightly wonder why the military and the Department of the Army in par-
ticular are worried about questions of fragmentation and habitat conservation. Over 
the past decade such questions have become increasingly important at military in-
stallations throughout United States due to laws and regulations that require the 
military to manage its lands and resources, particularly those that support threat-
ened and endangered species, by using the best scientific and technological methods 
available. Because natural species (particularly species of concern) cannot be ad-
ministered solely on installation lands, the Army is wise to look beyond the bounda-
ries of their lands, despite the fact that many installations are extremely large ar-
eas. The Endangered Species Act (ESA) of 1973 requires federal agencies to manage 
and protect and, in some cases, to provide for the recovery of species that have been 
identified at various levels of endangerment. For several years many installation 
staff members and scientists have worked hard to provide healthy habitats within 
federal lands, particularly in this case, within Army lands. Unfortunately, while the 
military was trying to provide an adequate response to the management of TES, na-
tive habitats of the endangered species have been disappearing at an alarming rate 
outside military installations. The trend is recognized at the highest levels of re-
sponsibility for military lands management: 

Military training lands that are threatened by encroachment from 
increasing development are coincidentally becoming the last best havens 
for at-risk species. Protecting lands that adjoin military lands with 
conservation easements and other protective measures is a win-win 
proposition that can provide increased protection to species before they 
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are listed on the endangered species list while also reducing the 
management burden on military lands.1 

The trend includes conversion of natural lands to agricultural uses (including for-
ested lands used for commercial forestry) and to urban uses such as commercial and 
residential uses.2  It became apparent that TES populations within installations 
were becoming isolated because habitat outside installation boundaries was being 
lost through land use change.3  The Army’s primary mission is to provide military 
readiness and military training at its installations. The investment in its lands and 
infrastructure was not originally intended to be a refuge for endangered species. Be-
cause of the scope of TES habitat extends beyond installation boundaries, to accom-
plish their major mission, military land managers would be wise to combine the lim-
ited resources set aside for TES habitat management with other agencies and 
private groups to ensure that the TES are managed to provide a logical unit of natu-
ral habitat that might extend beyond the boundaries of a single installation. 

This chapter explores the background and emerging state of the art that will allow 
installation land managers to accomplish what might have seemed until recently an 
impossible task. 

Environmental Science 

Biodiversity Status 

For many years it has been clear in the public perception that mass extinctions of 
species have occurred in the distant past. However, it is much less recognized that 
there are contemporary extinctions of species. Contemporary extinctions can cause 
subsequent changes in groups of species and their habitat, including the degraded of 
the environmental quality. Most people recognize that the tropical forests are im-
portant to the ecosystem of the earth and that these forests are experiencing some 

                                                 
1 Statement of Deputy Under Secretary of Defense (Installation and Environment) Raymond F. Dubois, Jr., before 

the House Armed Services Committee Subcommittee on Military Readiness, U.S. House of Representatives, 
March 14, 2002. 

2 Westervelt, J.D.  2004.  Approaches for Evaluating the Impact of Urban Encroachment on Installation Training 
Testing.  Technical Report, ERDC/CERL TR-04-4, ADA431772, March 2004. U.S. Army Engineer Research and 
Development Center, Construction Engineering Research Laboratory (ERDC-CERL), Champaign, IL. 

3 Secretary of Defense Message.  Public Affairs Guidance (PAG) for the 2003 Readiness and Range Preservation 
Initiative (RRPI) SECDEF.  Washington DC//OASD-PA/DPO//, 132305Z Mar 03. 
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of the highest rates of species loss.4   However, many people do not realize that, as 
functioning units, ecosystems in the United States are just as important and are 
being destroyed as quickly as those in the tropics. Examples are the freshwaters of 
California5 or the old-growth forests in Northwest.6 

Ecosystems 

An ecosystem describes a community of all the species populations that occupy a 
given area plus its nonliving environment7.  An ecosystem is a set of gradients of 
environmental characteristics that function as a unit. The ecosystem is best defined 
by characteristics of its core. As we move away from this core, the characteristics 
become less distinctive. Although it has been traditional to delineate ecosystems in 
the United States as polygons with distinctive edges separating one grouping from 
another,8 such edges do not exist in nature. Because the common language repre-
sents ecosystems in this over-simplistic manner, the public can misunderstand the 
characteristics that really make a difference to the animals and plants that inhabit 
a region. It is difficult to portray the complexity of a natural ecosystem. With the 
advent of satellite imagery and the ability to manipulate detailed and complicated 
spatial data with Geographic Information Systems (GIS) analysis technology, these 
regions can be delineated objectively through their environmental forcing agents 
(i.e., the primary and basic reason a changes is set into motion). By defining a par-
ticular region as a set of variable characteristics with thresholds that allow a natu-
ral system to exist, we begin to represent an ecosystem as a continuum of natural 
forcing agents9.  However such analyses present such multiplicity of possibilities 
that it is logical to summarize the gradients into a set of ecosystems that are sensi-
bly identifiable and uniquely separated by thresholds. For most of this report the 
classical ecosystem characterizations will be used to simplify the discussion. 

                                                 
4 Myers, N.  1984.  The primary source: Tropical forests and our future, W. W. Norton, New York.  Myers, N. 1988. 

“Tropical forests and their species. Going, going..?” pages 28-35 in E.O. Wilson, editor, Biodiversity.  National 
Academy Press. Washington, D.C.  Wilson, E. O. 1988.  Biodiversity.  National Academy Press.  Washington, DC. 

5 Moyle, P. B. and J. E. Williams.  1990.  “Biodiversity loss in the temperate zone: Decline of the native fish fauna of 
California.” Conservation Biology.  4:475-484. 

6 Norse, E. A.  1990.  Ancient forests of the Pacific Northwest.  The Wilderness Society and Island Press. Washing-
ton, DC. 

7 Odum, E. P.  1971.  Fundamentals of Ecology, Third Edition.  Saunders.  Philadelphia, PA. 
8 Kucher, A. W.  1966 (revised 1985).  Potential Natural Vegetation (map).  U.S. Geological Survey.  Reston, VA. 

9 Hargrove, W. W. and F. M. Hoffman.  April 2004.  A Flux Atlas for Representativeness and Statistical Extrapolation 
of the AmeriFlux Network.  http://geobabble.ornl.gov/flux-ecoregions/. 
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Examples of ecosystems include old-growth forests, wetlands, savannahs, or areas 
bordering rivers. In any definition of an ecosystem, it is useful to define areas on the 
basis of a hierarchical scheme.10  By this method, the highest levels are the broad-
est definitions. Different sub-categories of the highest levels can be defined on the 
basis of additional environmental forcing factors/agents. By this means, we may 
eventually define an ecoregion that has a compelling correlation with the needs or 
habitat of a species or community of concern. That is, we can develop units appro-
priate for various uses, particularly for land management purposes. 

A group that has been active in the area of defining ecosystems for management 
uses is The Nature Conservancy (TNC). TNC has developed a classification system 
that is defined by a combination of physical, habitat, vegetation, physiognomy, and 
species composition.11  This system is of interest for military land management pur-
poses because it is designed to reflect important concerns for conservation actions.  
It coordinates roughly with the military’s need to define areas that can be actively 
managed, particularly for the purpose of endangered species conservation and re-
covery. 

Ecosystems Status 

A recent report by the U.S. Geological Survey (USGS) shows that across the United 
States almost all our ecosystems have been declining in terms of area and viabil-
ity.12  The level showing the greatest loss was called Critically Endangered (where 
there was identified a decline in the natural system greater than 98 percent). Those 
systems that showed a decline in the 85 to 98 percent range were termed Endan-
gered. Threaten systems exhibited a degradation in the 70 to 84 percent range. In 
the United States, the areas of highest degree of decline were found to be in the 
South, the Northeast, the Midwest, and California, in that order. It should be noted 
that the military, particularly the Army, has a great number of installations in the 
South and California and to a lesser degree in the Northeast. There is a likely rela-
tionship between the decline of an ecosystem’s health and land management cost to 

                                                 
10 Anderson, J.R.  1970.  “Major Land Uses. Scale 1:7,500,000,” in The National Atlas of the United States of Amer-

ica.  U.S. Geological Survey.  Reston, VA. 

11 Noss, R. F.  1987.  “From plant communities to landscapes in conservation inventories: A look at The Nature 
Conservancy (USA).”  Biological Conservation.  41:11-37. 

12 Noss, R. F., Edward T. LaRoe, and J. Michael Scott.  Endangered Ecosystems of the United States: A Preliminary 
Assessment of Loss and Degradation.  USGS Endangered Ecosystems.  http://biology.usgs.gov/pubs/ecosys.htm. 
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the Department of Defense because DoD is managing large acreages of land within 
these most affected regions. 

Ecosystem Loss 

A loss of ecosystems can occur through land use conversion or degradation. Conver-
sion is easy to measure: it is the change of one land use to another. For example, 
forestland may be converted to residential land use. Conversion implies a spatial 
extent; consequently, the statistics associated with conversion can be measured and 
manipulated with relative ease. Degradation of an ecosystem’s quality is more diffi-
cult to quantify. For example, native grasses can be replaced with non-native inva-
sive grasses. In this case, the ecosystem is still grassland. However, non-native 
grasses often have characteristics that are less desirable than those of the natives. 
For example, in the region of Dugway Proving Ground, Utah, large areas of the 
natural grasses have been replaced by invasive species, notably cheatgrass. In 1983, 
one cheatgrass fire burned 209,000 acres from Dugway to the Great Salt Lake be-
cause spring moisture had loaded the landscape with fuel. “It took off with strong 
wind and there was nothing we could do,” said Dave Dalrymple, fire management 
coordinator for Utah’s Division of Forestry. “We threw air tankers and everything 
we had at it.  Natïve grasses stay green a long time, but cheatgrass is like gasoline 
after about June 15.13  Cheatgrass is much more liable to catch fire and cause seri-
ous hot blazes on the installation. Of course, this temporarily puts military testing 
areas off limits (affecting Mission capability) and items burnt in the fire have to be 
replaced (affecting land management cost). Thus, the degradation type of ecosystem 
change can also have a direct effect on an installation’s ability to carry out its mis-
sion. 

Landscape Fragmentation 

Habitats are not well-defined polygons with edges that are recognized by the plants 
and animals on the ground. Habitats are often fuzzily defined units running sinu-
ously across the landscape. Units particularly vulnerable to fragmentation are those 
with shapes that have a distinct long axis; the possibility of having their short axis 
cut into two parts at its most limited point is great (Figure 2-1). Originally, habitat 
fragmentation was defined as the formation of isolated fragments from a formerly 

                                                 
13 “It Won’t Rain All Summer,” archived 05-01-2003; http://www.wildfirenews.com/archive/050103.shtml. April 15, 

from Washington, DC (about 3/4 of the way down this archive page). 
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continuous habitat.14   Recently, it has taken on a meaning more appropriate to to-
day’s situation. Natural habitats are becoming so restricted that they are becoming 
more like islands of nature within an ocean of change. In fact, because military in-
stallations are managed to retain semi-natural areas to carry on their training mis-
sions, they can become examples of island habitats. 

 
Figure 2-1. The Sandhills Ecoregion of the United States Southeast (blue) is particularly 

sensitive to fragmentation because of its long, sinuous form. 
The area also contains a large number of military installations; many can be considered island habitats. 

Endangered Species Act 

Much of the Army’s concern with fragmentation issues derives from its need to an-
swer the requirements originating from the ESA of 1973. Factors in the determina-
tion of listing a species include “(A) the present or threatened destruction, modifica-
tion, or curtailment of its habitat or range; (B) overutilization for commercial, 
recreational, scientific, or educational purposes; (C) disease or predation; (D) the 
inadequacy of existing regulatory mechanisms; (E) other natural or manmade fac-
tors affecting its continued existence.”15  The U.S. Fish and Wildlife Service uses a 
12-point ranking system for determining listing priorities first by magnitude (high 
or moderate to low) and by immediacy (imminent or not imminent) of threat and 
secondarily by taxonomic distinctness (e.g., monotypic genus, species, or subspe-

                                                 
14 Harris, L.D.  1984. Bottomland Hardwoods: Valuable, Vanishing, Vulnerable.  Florida Cooperative Extension Ser-

vice, University of Florida, Gainesville. 
15 Public Law 94-325 as amended, Sec. 4 (a), p. 4. 
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cies). A separate 18-point scale by degree of threat, recovery potential, taxonomic 
distinctness, and conflict with economic objectives is used to rank species for fund-
ing of recovery.16 

Theoretical Basis for Fragmentation Studies 

Regional fragmentation studies are derived from the discipline of conservation biol-
ogy; specifically landscape ecology. They are based on the premise that ecological 
processes influence patterns on the landscape.17  The assumption is that there is a 
correlation between spatial patterns and the ecological processes that have gener-
ated those patterns. Thus, identifying critical patterns in the ecological network 
also is a clue to identifying the forcing factor that created the pattern. 

The most common tool used to measure patterns in the landscape is GIS. Within a 
GIS, specialized techniques have been developed to calculate measures that reflect 
the characteristics of the landscape patterns that can be discerned in the spatial in-
formation. The spatial information comes either from hand-derived datasets, such 
as street locations, or information generated automatically from remote sensing im-
agery, usually (at the landscape scale) satellite imagery. A competent spatial ana-
lyst will be able to formulate the calculations needed to characterize the landscape. 
However, several add-on software packages have been developed that provide sets 
of these calculations as an integral part of a GIS. The most notable of these is 
FRAGSTATS,18 but many others have been built around this concept and are 
widely available.  FRAGSTATS calculates a set of standard quanties (see the sec-
tion titled Examples of Common Fragmentation Tools on page 22). More sophisti-
cated add-on packages have built on the original FRAGSTATS idea and provide not 
only metrics about the landscape but also evaluations of the interrelationships of 
the landscape characteristics. Although there is a plethora of tools to analyze pat-
terns, they have been criticized for the fact that the developers often do not under-
stand the relationship of those patterns and their metrics to the viability of the spe-
cies of concern. 

                                                 
16 Fay, J J., and W.L. Thomas.  1983.  Endangered and threatened species listing and recovery priority guidelines, 

Federal Register.  U.S. Fish and Wildlife Service 48 (184):43098-43105.  Master, L.L.  1991.  “Assessing threats 
and setting priorities for conservation.”  Conservation Biology.  5:559-563 

17 Forman, R.T.T. and M. Godron.  1986.  Landscape Ecology. New York, John Wiley & Sons. 
18 McGarigal, L. and B.J. Marks.  1995.  FRAGSTATS: spatial pattern analysis program for quantifying landscape 

structure. General Technical Report, U.S. Forest Service, Pacific Northwest Research Station, PNW-GTR-351. 
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It is also important to realize that with all the metrics available, it seems that the 
most critical factor is the quantity or density of roads in an area. This single charac-
teristic underlies many other metrics because, for fragmentation, the placement of a 
road introduces the strong potential for additional and subsidiary land uses to be 
introduced, each of which further contributes to fragmentation. 

Effects of roads — what we call influence zones — extend tens of hundreds 
of meters from the roads themselves, altering habitats and water drainage 
patterns, disrupting wildlife movement, introducing exotic plant species, 
and increasing noise levels. 

The land development that follows roads out into rural areas usually leads 
to more roads, an expansion process that ends only at natural or legislated 
barriers. Unlike streams, which shape and are shaped by the land, roads are 
shaped by economic demands. The road network is designed to connect 
places efficiently in human terms. Roads often cross natural boundaries 
rather than going around, creating new patterns of movement within eco-
systems. Though there is extensive research on how roads impact ecosys-
tems at the site level, there is not much information about roads in relation 
to ecosystems at the regional level.19 

The Infra Eco Network Europe (IENE), established in 1996, is a European network 
of authorities and experts involved in the phenomena of habitat fragmentation 
caused by the construction and use of linear transport infrastructure, especially mo-
torways, railways, and canals (waterways). It succinctly states:20 

The consequence for wildlife of construction transport infrastructure 
include traffic mortality, habitat loss and degradation, pollution altered 
microclimate and hydrological conditions and increased human activity 
in the adjacent areas. All these cause considerable loss and disturbance 
of natural habitats. In addition, roads, railways, and waterways impose 
movement barriers on many animals, barriers that can isolate 
populations and lead to longterm population decline. 

                                                 
19 Riitters, Kurt H., and James D. Wickham.  2003.  “How Far to the Nearest Road?”  Ecology and the Environment, 

2003, 1(3):125–129. 
20 http://www.iene.info/HFintro.htm 
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Habitat Fragmentation, the splitting of natural habitats and ecosystems 
into smaller and more isolated patches, is recognized globally as one of 
the biggest threats to the conservation of biological biodiversity. Habitat 
fragmentation is mainly the result of different forms of landuse change. 
The construction and use of transport infrastructure is one of the major 
agents causing this change as well as creating barriers between habitat 
fragments. 

As transport systems have grown, their impact on fragmentation has 
become an increasing problem. The steady increase in animal casualties 
on roads and railways is a well-documented indicator of this problem. 

It should be pointed out, however, that even this single important metric could sug-
gest different significance. For example, the existence of a dirt road certainly im-
parts a different amount of impact compared to a state or federal highway. Also, 
some species have a greater reaction to the presence of roads than others do. For 
instance, for the endangered gopher tortoise that is endemic at many installations 
in the southeastern United States, any dirt road can be a major obstacle. The litera-
ture regularly cites “road kill” as the tortoises’ greatest threat. At the same installa-
tions, avian species such as the red-cockaded woodpecker (RCW, Picoides borealis) 
are little affected by the presence of small roads. So, simply on the basis of the 
means of mobility, different fragmentation metrics become important to different 
species of concern. 

It should also be noted that the availability of landscape metrics allows a more ob-
jective evaluation of how well we are managing our landscapes. In addition to iden-
tifying habitats, landscape metrics can be used to monitor the extent to which land-
scape prescriptions have changed the face of the land and relate that back to the 
individual species of concern. By this method, we could measure the relative effec-
tiveness of different actions in similar landscapes and show which has a better pay-
back for management resources. 
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Defining the Landscape 

Origins 

We return now to the basic question: “Of all the metrics that can be generated, 
which are central to characterizing entities for landscape ecology for habitat protec-
tion purposes?” In a 1995 paper21 Riitters et al. determined that, among those avail-
able, five measures exist that are useful in characterizing plant and species charac-
ter and are not redundant of other measures: average perimeter-area ratio, average 
patch area, patch perimeter-area scaling (called the fractal dimension), image tex-
ture (called contagion index), and the number of attribute classes. To generate these 
values, the landscape must first be divided into three classes: patch, edge, and ma-
trix. Patches are areas defined by a series of similar characteristics. The matrix por-
tions are all those areas that are not patches based on the series of defined charac-
teristics. And of course the edge is the region that occurs at the juncture of patch 
and matrix or patch and patch. 

When delineating vegetation patches we have to be careful to ensure that there is a 
biological basis for the characteristics we’re choosing. The edges of patches are usu-
ally indistinct and grainy within the matrix of the region. The characteristics that 
define patches need to reflect the fact that nature exhibits very few definitive edges. 
Most of the time, when deriving patches from satellite images, we like to congregate 
areas of similar spectral response. This may indicate similar vegetation types. The 
big issue is, “Does the vegetation type reflect critical issues related to the habitat of 
the species with which we are concerned?” Another issue is, “Is there a fundamental 
characteristic of the patch that makes a difference in terms of landscape ecology to 
the particular species habitat and foraging characteristics?” Once again let us re-
turn to the issue of the gopher tortoise. A road may provide an edge of the tortoise’s 
patch, but presents no problem for the RCW. 

Edges are locations where the qualities that define the core have decreased so much 
that the location can no longer be said to exhibit the character of the core members. 
The location of the boundary needs to reflect the sensitivity of the particular species 
of concern. The decrease in the core qualities at an edge is such that the species no 
longer consider this position part of their traditional environment, or patch. 

                                                 
21 Riitters, K. H., R. V. O'Neill, C. T. Hunsaker, J. D. Wickham, D. H. Yankee, S. P. Timmins, K. B. Jones, and B. L. 

Jackson.  1995.  “A factor analysis of landscape pattern and structure metrics.”  Landscape Ecology 10(1): 23-39. 
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The matrix is the area considered to not be appropriate for the habitat of the species 
under consideration. The matrix, although not habitat, is important in defining the 
negative characteristics of habitat, such as the amount of land that is not habitat or 
the distance between patches of suitable habitat. 

Fragmentation Studies 

Fragmentation studies are often limited to a specific habitat area and have largely 
focused on fragmentation of the remnant area that exists as a relic using island bio-
geography theory.22  Other studies have focused on landscape units as a large ma-
trix and the relationship of each unit within the matrix to others in terms of their 
cohesiveness (termed contagion).23  In matrix fragmentation, the sizes and ar-
rangement of the disturbed patches are of great interest because these metrics in-
fluence the cohesivenss of the habitat present. 

Dealing With Small Patches 

Although it is easier to deal with the concept of preserving small samples of various 
habitat types (often called the Living Museum24) this approach does not address the 
issue of fragmentation. These small islands of remnant ecosystems often do not pro-
vide adequate area for the species considered important. In fact, for many military 
installations, although the intent was not to preserve a Living Museum, they have 
found themselves in this position. Because of this, it has become apparent that it is 
necessary to look beyond the installation boundaries to be successful in providing 
protection to species that have a natural range well beyond those lands managed by 
the military. Successful conservation recognizes management of large intercon-
nected land landscapes.25 

                                                 
22 MacArthur, R.H. and E. O. Wilson.  1967.  The Theory of Island Biogeography. Princeton, Princeton University 

Press. 
23 Franklin, J.F. and R.T.T. Forman.  1987.  “Creating landscape patterns by forest cutting: ecological consequences 

and principles.”  Landscape Ecol. 1:5-18. 
24 Noss, R. F., and L. D. Harris.  1986.  “Nodes, networks, and MUMs: Preserving diversity at all scales.”  Environ-

mental Management 10:299-309. 
25 Noss, R. F.  1983.  “A regional landscape approach to maintain diversity.”  BioScience 33:700-706.  Noss, R. F.  

1992.  “The Wildlands Project: Land conservation strategy.”  Wild Earth (Special Issue):10-25. 
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Ecosystem Conservation 

Previously, most work has been targeted to be species specific, particularly in re-
sponse to the Endangered Species Act. As a result, agencies have directed their ef-
forts toward managing a single species at a time. However, it has been shown26 that 
this approach is inefficient. As more and more evidence becomes available, the sci-
entific community is beginning to realize that endangered species are a symptom of 
degraded or unhealthy ecosystems. On the other hand, if we deal with ecosystems 
as large units, we have the advantage of protecting diversity and addressing the pri-
mary cause of species decline—habitat destruction. In addition, this idea (also called 
the Ecosystem Conservation model) promotes management of a sensible natural 
unit. Compared to administration of land on a species-by-species basis, manage-
ment of an entire natural system as a single unit is a cost-effective way to provide 
for many advantages all at once. 

Community-level Conservation 

The Nature Conservancy uses the community-level conservation approach. This 
strategy is one in which the community represents 85 to 90 percent of the species 
and includes many of the defining ecological processes. It has the advantage of rep-
resenting most of the natural character of a region without the requirement of in-
ventorying each species individually. TNC estimates that 85 to 90 percent of the 
species within a region can be served by using a “coarse filter”27 approach to com-
munity conservation. The ecosystem approach (or coarse filter approach) used by 
TNC is at a level that can be fitted to deal directly with the concern at hand (often a 
species). One of the driving forces for the increasing interest in the community-level 
conservation concept results from the fact that the resources to support a species-
by-species approach (as under the ESA) has been shown to have a very low effi-
ciency and high cost relative to the successes that are produced.28 

                                                 
26 LaRoe, E. T.  1993.  “Implementation of an ecosystem approach to endangered species conservation.”  Endan-

gered Species Update 10 (3&4):3-12. 
27 Noss, R.F.  1987.  “From plant communities to landscapes in conservation inventories: A look at The Nature Con-

servancy (USA).”  Biological Conservation 41:11-37. 
28 Kohm, K. A., editor.  1991.  Balancing on the brink of extinction: The Endangered Species Act and Lessons for the 

Future. Island Press, Washington, D.  LaRoe, E. T.  1993.  “Implementation of an ecosystem approach to endan-
gered species conservation.”  Endangered Species Update 10 (3&4):3-12. 
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Several studies have shown the lack of success of the single-species conservation 
technique29 due to the fact that its whole purpose is to react to the needs of only one 
entity without considering the larger picture. For example, more than $6 million 
has been spent during a recent 5-year period on Army research on RCW in the 
southeastern United States.30  The RCW is important on a number of installations 
and will remain so until de-listed; installation populations are rapidly increasing 
and training restrictions have been reduced. In spite of this, the RCW remains one 
of the top concerns to installation land managers. Further, species of concern occa-
sionally have conflicting environmental requirements. For example, the endangered 
species indigo snake (Drymarchon Corais couperi) in the southeast eats the eggs of 
the endangered RCW. So at an installation like Fort Stewart, GA, the question is, 
“Which of these two species do you choose to enhance if you are required to manage 
for the recovery of a single species?” Success for one species means a limitation on 
the other. As another example, the black-capped virio (BCV, Vireo atricapilla) at 
Fort Hood, TX, has the same locational requirements in its ecosystem as the golden-
cheeked warbler (GCW, Dendroica chrysoparia), but each species’ habitat requires a 
different stage in the natural plant succession cycle.31  So when you manage the 
habitat for one species, you decrease resources for the population of the other spe-
cies. Clearly these are conflicting requirements. Although the BCV/GCW conflict 
was addressed by establishing species-specific population goals for each species, and 
the ongoing training regime (especially man-made fire) is ensuring an adequate 
supply of both required habitat types, when you begin to manage for multiple TES, 
you are automatically moving toward the concept of a comprehensive, large-scale 
plan. On the other hand, if you manage by using the community-level approach, the 
benefit is to the entire sector of living organisms that make up the community as 
well as to the individual species. As a result, conflicts are resolved and habitat for 

                                                 
29 Hutto, R. L., S. Reel, and P. B. Landres.  1987.  “A critical evaluation of the species approach to biological con-

servation.”  Endangered Species Update 4(12):1-4.  Hunter, M. L.  1991.  “Coping with ignorance: The coarse-filter 
strategy for maintaining biodiversity,” pages 266-281 in K.A. Kohm, editor.  Balancing on the Brink of Extinction: 
The Endangered Species Act and Lessons for the Future.  Island Press, Washington, DC.  Noss, R. F.  1991a. 
“From endangered species to biodiversity,” pages 227-246 in K. A. Kohm, editor.  Balancing on the Brink of Extinc-
tion: The Endangered Species Act and Lessons for the Future. Island Press, Washington, DC.  Noss, R. F. and L. 
D. Harris.  1986.  “Nodes, networks, and MUMs: Preserving diversity at all scales.”  Environmental Management 
10:299-309.  Scott, J. M., B. Csuti, J. D. Jacobi, and J. E. Estes.  1987.  “Species richness: A geographic approach 
to protecting future biological diversity.”  BioScience 37:782-788. 

30 TES Research Program Review, ERDC/CERL, Champaign, IL, April 2002.  
31 U.S. Fish and Wildlife Service.  1996.  “Black-Capped Vireo Population and Habitat Viability Assessment Report.”  

Report of a workshop arranged by the U.S. Fish and Wildlife Service in partial fulfillment of U.S. National Biological 
Service Grant No. 80333-1423, Austin, Texas.  Keddy-Hector, D. P.  1992.  Golden-cheeked Warbler (Dendroica 
chrysoparia) Recovery Plan.  U. S. Fish and Wildlife Service, Austin, Texas. 
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all community members is increased. As a corollary, it might also be that when you 
manage for a single species of concern, you may be affecting the habitat quality for 
another species that will then become endangered due to your management actions. 
This situation does not improve the military context, which is intended to fund the 
solution to problems, not support their creation. The other advantage of the com-
munity approach is that it also supports habitat improvement of commercially im-
portant species such as the deer. Commercially important species at installations 
can be used to generate income revenues through the selling of hunting licenses. 

GAP Analysis 

One of the earliest and best known examples of a comprehensive fragmentation 
analysis was the GAP Analysis. The National Biological Service supervises this 
analysis using habitat maps generated from satellite images, usually Landsat The-
matic Mapper imagery as well as other ancillary data.32  Although this national-
level study has been continuing for several decades, it is being accomplished on a 
state-by-state basis as resources permit. Many of the maps and supporting data 
generated from this study are still not available to the public and each defined lo-
cale or category is classified by a particular characteristic that ends at the state 
boundaries (i.e., they do not flow sensibly into adjacent states). Further, the GAP 
Analysis identifies only particular units, not necessarily ecosystems, and occasion-
ally does not cover the entire area of the state. For these reasons, the GAP Analysis 
may be of little use to installation land managers. Some of these issues are cur-
rently being addressed through an initiative call the ReGAP Analysis.33  Despite its 
shortcomings, it should be pointed out that GAP Analysis is one of the very few na-
tional studies of natural area fragmentation in the United States.34 

                                                 
32 Scott, J. M., F. Davis, B. Csuti, R. Noss, B. Butterfield, C. Groves, J. Anderson, S. Caicco, F. D'Erchia, T. C. Ed-

wards, J. Ulliman, and R. G. Wright.  1993.  “Gap analysis: A geographical approach to protection of biological di-
versity.”  Wildlife Monographs 123:1-41. 

33 Development and Coordination of a Region-Wide Gap Analysis Program for Utah, Nevada, Colorado, Arizona 
and New Mexico: Utah Mapping Component http://fws-nmcfwru.nmsu.edu/SWREGAP/factsheet.htm. 

34 The USFS has an analysis at the national scale for forested lands.  Though very useful, if a habitat does not re-
late to forested lands, it is of limited use.  Riitters, K. H., J. D. Wickham, J. E. Vogelmann, and K. B. Jones.  2000.  
“National land-cover pattern data.”  Ecology, 81(2): 604. 
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The Military 

The Military and Fragmentation Issues 

The environment within DoD to support and implement region-wide conservation 
techniques exists at the highest DoD levels: 

Ecosystem management is not only a smart way of doing business, it will 
blend multiple-use needs and provide a consistent framework to managing 
DoD installations, ensuring the integrity of the system remains intact (Im-
plementation of Ecosystem Management in the DoD…)35 

Regulations 

Congressional directives, including and in particular the ESA and implementing 
regulations, require the Army to direct efforts toward the management, conserva-
tion, and recovery of threatened and endangered species. More specifically, the 
Army is required, among other things and on lands included in its jurisdiction, to 
identify threatened and endangered species and their habitats, determine popula-
tion sizes, undertake no action that will negatively affect those species, and gener-
ally undertake actions that will support the survival of those species and lead to 
their removal from the threatened and endangered species list. 

Army TES 

Although the Department of the Army is responsible for maintaining the habitats of 
many species of various levels of concern, it has identified a specific set that are of 
the highest priority. Those species considered to be critical to the Army military in-
stallations are: 

• red-cockaded woodpecker (Picoides borealis) 
• desert tortoise (Gopherus agassizii Cooper) 
• gopher tortoise (Gopherus polyphemus) 
• golden-cheeked warbler (Dendroica chrysoparia) 
• black-capped vireo (Vireo atricapillus) 
• Indiana bat (Myotis sodalis) 
• gray bat (Myotis grisescens) 

                                                 
35 Sherri W. Goodman, Deputy Under Secretary of Defense, (Environmental Security) DUSD(ES)/EQ-CO, 08 AUG 

1994. 
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Chapter 3: Data for Identifying TES Habitat (page 35) is devoted to relating data 
from the life biology of these species and to how an Army manager can use the data 
to model habitat at the landscape scale. 

DoD’s Share Must Be Fair 

Currently DoD is carrying a disproportionate burden of TES management.36  The 
Fish and Wildlife Service tends to hold DoD installations to a higher standard than 
other agencies because of the perceived availability of resources within the 
Army/DoD. However, to successfully carry out its TES management responsibilities, 
DoD must cooperate with other federal, state, and local land managers in order to 
provide viable habitats, otherwise Army installations in particular will become 
unique TES sanctuaries. 

Looking Beyond Installation Fencelines 

In the past, military installations have been allowed to survey TES only within the 
boundaries of the land for which they have management responsibilities. This re-
striction allowed the staff to develop high-quality TES management and recovery 
plans for their installations while the potential TES habitats off the installation 
were converted to other land uses, notably agriculture or housing. This situation is 
recognized at high levels in DoD. Particularly, there is the sense that although 
Army/military lands have been well managed, other agencies and private groups 
have not equally shared in this national responsibility. As stated in a message from 
the Office of the Secretary of Defense:37 

5.2.5.  DOD AND THE SERVICES HAVE BEEN CARRYING A 
DISPROPORTIONATE COMPLIANCE BURDEN IN REGIONS 
SURROUNDING INSTALLATIONS, AS PROTECTED SPECIES 
CONTINUE TO MIGRATE TO THOSE INSTALLATIONS TO ESCAPE 
HUMAN ENCROACHMENT. 

5.3.1.  THE SERVICES AND DOD WILL WORK WITH ALL 
STAKEHOLDERS TO IDENTIFY AND RESOLVE ISSUES. 

                                                 
36 SECDEF MESSAGE, PUBLIC AFFAIRS GUIDANCE (PAG) FOR THE 2003 READINESS AND RANGE 

PRESERVATION INITIATIVE (RRPI), SECDEF WASHINGTON DC//OASD-PA/DPO//, 190100Z MAR 03.  
37 SECDEF MESSAGE, PUBLIC AFFAIRS GUIDANCE (PAG) FOR THE 2003 READINESS AND RANGE 

PRESERVATION INITIATIVE (RRPI), SECDEF WASHINGTON DC//OASD-PA/DPO//, 190100Z MAR 03.  
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5.3.2.  THE SERVICES WILL WORK WITH STAKEHOLDERS IN MUTUALLY 
BENEFICIAL PARTNERSHIPS TO PROTECT THE ENVIRONMENT AND 
PRESERVE MILITARY READINESS. 

5.3.3.  THE SERVICES WILL STRIVE TO ENSURE ALL STAKEHOLDERS 
ARE AWARE OF THE POSITIVE CONSERVATION INITIATIVES 
HAPPENING ON MILITARY BASES IN THIS REGION. 

Advantages to DoD 

By delineating a region-wide spatial distribution of critical habitats for TES on and 
off installations, DoD and the Army can identify important locations for habitat 
preservation. By this objective method, beneficial partnering can be identified and 
acted upon so that habitat fragmentation can be limited in the most cost-effective 
manner. 

Benefits to DoD 

Benefits to the DoD to be derived from applying this approach include: 
1. Application of single species research to ecosystem-wide payback. 
2. Use of cost-effective, remote sensing-based technologies for determination of TES 

ecoregional sensitivity. 
3. Lower management cost because of programmatic, ecosystem approach to land 

and habitat management.38 
4. Reduction of TES management load on Army and DoD installations by objec-

tively identifying and coordinating the responsibility for management among 
agencies. 

5. More efficient land management, use of government resources, and cooperation 
within an ecoregional setting. 

6. Objective, region-wide, multi-agency recommendations for land acquisition 
(i.e., biggest bang for the buck for the $19 million yearly land acquisition  
set-aside). 

7. Fulfills stated requirement: “Develop larger data base for greater validity and 
credibility rather than focusing on small independent studies.”39 

                                                 
38 Noss, R.F.  1991.  "From endangered species to biodiversity," pages 227-246 in K. A. Kohm, editor. Balancing on 

the Brink of Extinction: The Endangered Species Act and Lessons for the Future. Island Press, Washington, D.C. 
39 T&E Species Advisory Group, Champaign, IL, 11 July 2001. 
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Examples of Common Fragmentation Tools 

Although there are many specialized tools for fragmentation metric evaluations, we 
will take an initial look at the types of information generated by the most classical 
of these packages, FRAGSTATS.40 Indices that are computed included area, patch, 
edge shape, core area, nearest neighbor, diversity, and contagion. Although the 
original FRAGSTATS was generated to deal with vector information, raster infor-
mation manipulations can also be accomplished. This makes the use of satellite im-
agery much easier. FRAGSTATS output is usually a table of these metrics. 

Fort Bragg Example 

How can we relate these metrics to military lands? As an example, using the Na-
tional Land Cover Data (NLCD) that covers the watershed in which Fort Bragg re-
sides,41 we compared the forested areas to non-forested areas. For this simple con-
cern, Table 2-1 lists the set of fragmentation output indices included.42 

Fort Benning Example 

We do not necessarily need to use fine resolution imagery in fragmentation 
evaluations. (The NLCD grid used for the Fort Bragg example was 30 meters 
resolution.) High-resolution imagery becomes particularly cumbersome as the 
region of study increases in size, such as at the landscape or ecosystem level. Thus, 
other source imagery can be used as long as the degree of detail relates to the 
significant characteristics with which we are concerned. An example would be 
applying the data from the National Aeronautics and Space Administration (NASA) 
Moderate Resolution Imaging Spectroradiometer (MODIS) instrument over a region 
near Fort Benning. NASA uses the original spectral imagery from the MODIS 
instrument to generate products, including land cover. With it, we can use the 
MODIS land cover data to do a similar analysis as was done for Fort Bragg. For 
example, using the MODIS IBGP (International Biosphere Geosphere Programme) 
land cover data product at Fort Benning, we can reclassify the land uses into 
forested or non-forested areas (as in Figure 2-2). On this data set, we compared the 
forested versus non-forested regions to generate the simple set of output indices in 
Table 2-2. 

                                                 
40 McGarigal, L. and B. J. Marks.  1995. 
41 USGS Hydrologies Unit Code #3030004. 
42 These values were derived from PATCH Analyst 2.0, an add-on extension to ArcView3. 
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Table 2-1. Fragmentation output indices. 

Class Name Forested Fort 
Bragg (acres) 

Forested Watershed 
Not Fort Bragg (acres)

Interpretation 

Class Area 38,938.32 209,276.64 Bragg Contains over 1/5 of the forest 
in the watershed. 

Total Landscape 
Area 

57,399.48 209,276.64  

Number of 
Patches 

1,880.00 3,529.00 Bragg Contains over 1/3 of the for-
ested patches in the watershed. 

Mean Patch Size 20.71 59.30 Bragg forest patches are 1/3 of the 
size of those elsewhere in the water-
shed. 

Median Patch 
Size 

0.36   

Patch Size 
Standard Dev 

767.14 2,723.07 Bragg patch sizes vary much less 
than outside 

Patch Size  
Coefficient of Var 

3,703.85 4,591.87 Sizes are small, variation large, 
greater variation outside of Bragg 
(PSSD/MPS) 

Total Edge 3,694,320.00 20,303,760.00 Bragg edges are 1/6 total - Bragg has 
less edge per clump than outside 
Bragg 

Edge Density 64.36 97.02 Bragg edges are less dense by 1/3 
than outside Bragg 

Mean Patch 
Edge 

1,965.06   

Mean Shape 
Index 

1.15 1.37 Bragg forest patches are less com-
plex (more regular) than those else-
where in the watershed. 

Area Weighted 
MSI 

29.14 63.65 Bragg forest patches are only ½ as 
complex as those outside 

Mean Patch 
Area Ratio 

565.69   

Mean Patch 
Fractal Dim 

1.02 1.04 Bragg Patch complexity is low, similar 
to those outside. 

Area Weighted 
MPFD 

1.33 1.38 Bragg Patch complexity is low, similar 
to those outside. 
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Figure 2-2. Forested/non-forested lands at Fort Benning. 

 
Table 2-2. MODIS product landscape metric example. 

Class Area CA 198,206.57 188,520.46 Area of forested and non-forested land is about equal 
within the Benning Region

Landscape Area TLA 386,727.03 386,727.03 Total Area of forested and non-forested land within 
the Benning Region

Number of Patches NumP 41.00 26.00 Though the area is about equal, there are many fewer 
patches of forested land

Mean Patch Size MPS 4,834.31 7,250.79 Though the area is about equal, there are many fewer 
patches of forested land

Patch Size 
Standard Deviation

PSSD 19,781.57 33,609.59 Size of forested areas varies much more than non-
forested areas.

Total Edge TE 1,585,731.30 1,623,231.70 Amount of edge is about equal
Edge Density ED 4.10 4.20 Average amount of edge per patch is about equal
Mean Shape 
Complexity Index

MSI 1.37 1.41 Patches are not square in shape (not = and greater 
than 1)

Area Weighted 
Mean Shape Index

AWMSI 4.81 7.72 Forest complexity greater than non-forested areas. 
(Determines shape complexity independent of its 
size.)

Mean Patch Fractal 
Dimension

MPFD 1.02 1.02 The patches are simple shapes. (Mean fractal 
dimension approaches one for shapes with simple 
perimeters and approaches two when shapes are 
more complex.)

Area Weighted 
Mean Patch Fractal 
Dimension

AWMPFD 1.15 1.19 Forest complexity greater than non-forested areas. 
(Determines patch complexity independent of its 
size.)

Total Core Area TCA 87,175.02 64,035.97 Foresested core area is only 3/4ths of non-forested 
areas.

Core Area Density CAD 0.00 0.01 Number of disjunct core areas per hectare of total 
landscape is less for forested areas

Mean Core Area MCA 4,843.06 2,371.70 The average size of disjunct core patches per hectare 
for forested areas is half that of non-forested areas.

Core Area 
Standard Deviation

CASD 13,698.36 12,023.19 Variability in core area size is about the same in both 
forested and non-forested areas.

Total Core Area 
Index

TCAI 43.98 33.97 Forest core area is greater than non-forest by about 
1/3rd. (TCAI measures of the amount of core area 
and is low when no patches in the landscape contain 
core and higher as the relative proportion of core area 
in the landscape increases.)
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Relating Biology to Fragmentation Tools 

The preceeding has been intended as an introduction to the kinds of metrics and 
tools available. Clearly the examples do not reflect the specific needs of an individ-
ual species or an ecological region. In fact this is the challenge—to make the connec-
tion between the metrics to those characteristics that are the forcing agents in de-
fining the character of the ecoregion at the landscape scale. It has been identified43 
that a useful first step in this process would be to constrain the reasonable range for 
each of these different metrics. If such ranges were defined in the literature, further 
refinement for the purpose of specific species or areas of concern would be greatly 
enhanced. Chapter 5, Population Viability Analysis (page 101) discusses how the 
advanced models try to make this connection and evaluates how successful they 
have been. 

Legislation 

The Development of Ecoregional Legislation 

Assuming that we can identify areas of significance for particular species at the eco-
system level, the question still remains, “What do we do?” The need for some kind of 
legislation to support the acquisition, preservation, and conservation of lands sig-
nificant to a species of concern has been identified.44  The California Legislature 
passed probably the earliest example of ecosystem-level enabling legislation with 
the Natural Community Conservation Planning Bill.45  This bill recognized the need 

                                                 
43 Hargis, C. D., J. A. Bissonette, and J. L. David.  1997.  “Understanding measures of landscape pattern,” pages 

231-261 In: Wildlife and Landscape Ecology: Effects of Pattern and Scale, Bissonette, J.A., ed. 
44 Noss, R.F., and L.D. Harris.  1986. Nodes, networks, and MUMs: Preserving diversity at all scales. Environmental 

Management 10:299-309. 
Hunt, C.E. 1989. Creating an endangered ecosystems Act. Endangered Species Update 6(3-4):1-5. 

45 California Fish & Game Code §§2800-2840. 
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for preserving native ecosystems in their most primitive possible state. The GAP 
Analysis project46 has already been mentioned as an inventory. 

Army-specific Legislation 

In addition to these history-making laws, the U.S. Congress has recently passed 
legislation enabling the Army to broaden its management options. The legislation is 
from the fiscal year 2003 National Defense Authorization Act (NDAA) in Sections 
2811 and 2812.  It allows for the implementation of Army Compatible Use Buffers 
(ACUB). The legislation is titled “Army Range & Training Lands Acquisition & 
Army Compatible Use Buffers (ACUB).”47 

To help alleviate the pressure to meet training/testing requirements while fulfilling 
environmental obligations, Congress allowed the DoD to purchase property and/or 
property development rights from areas near installations. The law is Section 2684a 
of the United States Code (USC)—Agreements to limit encroachments and other 
constraints on military training, testing, and operations. The text of that code is 
presented in the Chapter 2 Attachment (page 33). 

Under this law the Army has developed the ACUB program, which provides funding 
and management mechanisms that allow installations to develop cooperative agree-
ments with “eligible entities” to purchase property and/or property development 
rights near military installations. “Eligible entities” are state governments and 
private organizations that are concerned with natural resource conservation. The 
cooperative agreements are developed to limit the opportunity for development on 
lands near military installations or to preserve habitats near installations in a 
manner that relieves installations from current environmental restrictions. Both 
the Army and the cooperating partners may share the costs of the property and/or 
property rights purchases. These purchases are being made only with willing 

                                                 
46 Scott, J.M., B. Csuti, K. Smith, J.E. Estes, and S. Caicco. 1991a. Gap analysis of species richness and vegetation 

cover: An integrated biodiversity conservation strategy. Pages 282-297 in K. A. Kohm, editor. Balancing on the 
Brink of Extinction: The Endangered Species Act and Lessons for the Future. Island Press, Washington, D.C.  
Scott, J.M., B. Csuti, and S. Caicco. 1991b. Gap analysis: assessing protection needs. Pages 15-26 in W.E. Hud-
son, editor. Landscape Linkages and Biodiversity. Defenders of Wildlife and Island Press, Washington, D.C.  
Scott, J.M., F. Davis, B. Csuti, R. Noss, B. Butterfield, C. Groves, J. Anderson, S. Caicco, F. D'Erchia, T.C. Ed-
wards, J. Ulliman, and R.G. Wright. 1993. Gap analysis: A geographical approach to protection of biological diver-
sity. Wildlife Monographs 123:1-41.  

47 Ted Richan, INFORMATION BRIEF FOR FY03 RANGE SYMPOSIUM, Army Range Programs DAMO-TRS, 703-
692-6445. 



ERDC/CERL TR-06-36 27 

 

private land owners and the agreement process involves substantial cooperation 
with all affected stakeholders. The ACUB program does not facilitate the 
acquisition of new training land, but rather the acquisition of important habitat 
land near installations that, in turn, allows and sustains training and testing on 
existing installation land. 

The ACUB proposal process is shown in Figure 2-3; it involves coordination among 
the Army Assistant Chief of Staff for Installation Management (ACSIM), the 
installation, a suitable Non-Government Organization (NGO) under the terms of 
section 2684a, and local stakeholders and interested parties. 

 
Figure 2-3. The ACUB proposal process. 

Range and Training Land Acquisitions are defined as acquisitions by purchase, 
lease, transfer, donation, permit, withdrawal, or exchange of real property or an 
interest therein for range or training purposes. Army Headquarters has overall 
management responsibility for the range and training land acquisition program. 
ACUBs are defined as formal agreements between the Army and eligible entities for 
acquisition by those entities of land or an interest in land (including water rights) 
from willing sellers. The intent of these formal agreements is to limit encroachment 
through the methods of acquisition of development rights, cooperative agreements, 
conservation easements etc. ACSIM has overall management responsibility for the 
ACUB Analysis of Alternatives Study (AAS). 

Through this Army Headquarters initiative, installations are encouraged to 
examine land ownership and land use adjacent to major installations to identify 
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opportunities for ACUBs and to support a strategy for Army-wide application of the 
Fort Bragg experience. 

Military Departments and private conservation groups have mutual interests in 
preserving open space: 
• As buffers against urban sprawl 
• To enhance training and testing ranges 
• To preserve habitat, watersheds and open space  
• To enlarge habitat area to reduce pressures on Army missions. 

Certain conservation groups have high levels of experience in real estate trans-
actions and can assist in rapid land acquisitions. They tend to have excellent 
public/regulator relations and are able to leverage limited dollars to provide a high 
return of stewardship costs over the long term. 

The legislation supporting the Army Compatible Use Buffers came in fiscal year 
2003 as part of the National Defense Authorization Act—NDAA. Section 2811 of the 
NDAA says that DoD may cost share the purchase in fee or easement with Non-
Public Organizations (NPOs) for the purposes of limiting encroachment, or support-
ing training and conservation. Items covered include water rights, Operations and 
Maintenance (O&M), and Research Development, Testing and Evaluation (RDT&E) 
funds. DoD is allowed to accept NPO appraisals with willing sellers. In another 
part, Section 2812, the lands may be conveyed to states, political subdivisions, or 
NPOs as long as conservation is a required use. 

Army Headquarters has sent out a Memorandum48 that establishes the content and 
format of ACUB proposals. Proposals are to include a description of the purpose and 
need for the action, a description of the proposed action and a preliminary list of al-
ternatives to that proposed action (including the “no action” alternative), and an ex-
planation of funding estimates and how they will be budgeted or programmed. A 
brief description of potential issues of concern or controversy, a timeline with mile-
stones, a public Participation Plan, and map(s) of the proposed action must be in-
cluded. Those eligible to participate with DoD on an ACUB action include many es-
tablished conservation groups such as The Nature Conservancy (which takes an eco-
regional approach to defining critical habitats), the Trust for Public Lands, the Land 
Trust Alliance, the Conservation Fund, the Trust for Land Restoration, and The 

                                                 
48 DOT/ACSIM Memorandum, Army Guidance, 19 May 03. 
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Gift Fund. There are already over 1500 land trusts across the country. Many of 
these groups have expressed interest in partnering with Army. 

The Army has a two-phase ACUB land strategy. In Phase 1, administrators will 
provide a framework and methodology to identify priorities for Army Training Land 
Acquisitions and ACUBs. Phase 1 is intended to identify training installations 
where the mission can be enhanced in the long term. In Phase 2, officials will pro-
vide a methodology to identify priorities for joint land use at existing DoD installa-
tions and for major acquisitions of new Lands for Joint Military Training Actions 
(MTAs). The strategy does not preclude any installation from seeking an acquisition 
or ACUB. 

Summary 

Military installation managers are required by state and federal regulations to pro-
tect certain threatened and endangered species. One of the primary threats to these 
species is habitat loss that not only decreases the landscape carrying capacity for 
these species, but also fragments the landscape, decreasing the genetic flow among 
populations and the potential for natural repopulation following local extirpating 
disasters. The issue of endangered species is becoming increasing important, and 
the issues with individual species are just a reflection of the general status of the 
ecosystems. The earth is experiencing loss of habitat, in general due to increased 
industrialization and urbanization, resulting in dramatically decreasing biodiver-
sity. Although the news media may decry the loss of large sections of ecosystems in 
exotic areas (such as the tropical rain forests in South America), the installation 
land manager can make a positive impact on this situation at home. The decrease in 
biodiversity and the loss of functioning natural ecosystems within the United States 
has been as great as or greater than in areas outside the United States. The Endan-
gered Species Act is the response of our national political system to the much larger 
issue—the issue of ecosystem loss as a result of the fragmentation of our natural 
landscapes. Each landscape and the species that comprise the community vary 
greatly. In the eye of the public, fragmentation may be patches of forest, but frag-
mentation is different for each individual species. In fact, fragmentation for a deep-
woods bird is the opposite of fragmentation for a forest edge species. Fragmentation 
discussions, therefore, always have to be in reference to a particular species. Agen-
cies such as the Department of Army may have the legal responsibility to react to 
the ESA, but dealing with one species at a time has been shown to be ineffective 
and very costly. 

Although a comprehensive ecosystem management program could easily be more 
expensive than a management plan for a single species, it becomes obvious that the 
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cost/benefit quickly switches to favor a plan that includes multiple species. Almost 
every installation has more than one species of concern, either currently listed or a 
possible emerging candidate. So even now, the benefit is positive. A plan that 
attempts to capture the benefits to 85 percent of the species and most of the 
important physical processes of a region: 
• Benefits the region as a whole along with its component species, 
• Preserves those processes that originally made the region economically 

viable, 
• Attempts to balance the demands of the natural physical systems with the 

demands of future development, 
• Avoids the future listing of new species, thus saving on future additional 

single species management plans, 
• Contributes to the sustainability of the local communities as well as the 

installations, and 
• Encourages cooperation with agencies and non-governmental organizations 

for the overall benefit of a region. 

Suppose for a moment that a single species approach remains the military’s ap-
proach. In contrast one can expect: 
• As habitat fragmentation continues, additional species will become endan-

gered, each new species requiring another in an endless (and sometimes con-
tradictory) line of management plans. 

• As habitat fragmentation continues outside the installation boundaries, the 
newly listed species remaining on the installation will increase the already 
disproportionate responsibility on the military and likely further limit its 
ability to carry out its primary training and testing mission. 

• Regional natural physical systems will continue to degrade further, making 
the sustainability of the installation as well as the local communities ever 
less viable. 

Which scenario would a prudent individual or government chose to pursue? The 
point for the land manager is that dealing with fragmentation at a landscape scale 
will result in multiple benefits while dealing with TES individually has been shown 
be result in questionable and occasionally conflicting returns. 

The theoretical bases for dealing with issues of habitat fragmentation and the tech-
nological capabilities to carry out the theory have been developing quickly. The con-
ceptual framework has been variously called landscape ecology, ecosystem health, 
or community-level conservation. The basic thrust is that to effectively deal with 
individual species you must deal with the community in which they reside. The unit 
can be defined as an ecosystem at a landscape scale. Landscape-scale ecology has 
been developing over the past many decades, beginning with the innovative work of 
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people like Aldo Leopold. Issues dealing with landscape-scale health were too com-
plicated to address when the only technology available was to physically lay differ-
ent maps on top of each other to find land patterns. In the past three decades, how-
ever, the emergence of GIS as a technological tool and remote sensing (largely 
satellite imagery) as a basic data source has begun to fill the technology gap. So 
only recently has the ability to deal with questions of TES habitat fragmentation 
emerged at the scale where it is appropriate—the regional or landscape scale. 

Ecology can be studied at a variety of levels, from the microscopic to the whole 
earth. Over time, and as technology advanced, it has become more practicable to 
deal with larger and larger scales or frames of reference. The initiative by the 
National Park Service, Environmental Protection Agency (EPA), and USGS called 
the GAP Analysis was the first and best-known attempt to tackle issues of 
shrinking healthy natural communities at regional, national, and global scales. In 
fact the name GAP is not an acronym; it really refers to the gaps between existing 
islands of fully functioning ecosystems. 

Along with other federal agencies, the military, and specifically the Department of 
the Army, must respond to legal requirements to manage the lands under its juris-
diction for both their primary missions and for the preservation of threatened and 
endangered species that reside within their legal boundaries. Since very few of the 
TES that exist on military installations reside only within an installation, effective 
management must be coordinated beyond those installation boundaries; that is, at a 
landscape scale. As has been shown, management for a single species, even a spe-
cies for which management is legally required, is most effective through manage-
ment of the entire healthy ecosystem. 

Hundreds of “Species of Concern” (SOC)49 inhabit military lands. The Army has 
adopted a small group of species as most critical to manage correctly so that these 
TES do not interfere with the Army’s main objective: military readiness training 
and weapons testing. Some of the most comprehensive and effective TES manage-

                                                 
49 In the report Species at Risk on Department of Defense Installations, Revised Report and Documentation (pre-

pared for the DoD and U.S. Fish and Wildlife Service, January 2004), SOC are defined as native, regularly occur-
ring species in the United States that are either: 

• Candidates under the U.S. Endangered Species Act, or 
• Considered by NatureServe and the Network of Natural Heritage Programs to be critically imperiled 

(rounded global rank of G1 or T1) or imperiled (rounded global rank of G2 or T2) and have not been feder-
ally listed.      

In this report, SOC include federally listed species. 
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ment programs have been carried out on Army lands. A problem has emerged which 
makes the preservation and management of TES more difficult: increased urbaniza-
tion. Whereas, in the past Army lands were away from population centers, these 
lands remained in their most natural form as surrounding areas became industrial-
ized and urbanized. In the past few decades there has been a shift in the perception 
of many Americas that these remaining natural lands have become more attractive 
because they have retained their natural appeal. The isolation that military instal-
lations had previously enjoyed has given way to being in those areas that are now 
also attractive for development. As development increases outside of the military 
installation boundaries, the habitat of many species disappears and the habitat that 
remains has become more fragmented for those species. Thus, the military installa-
tions have become refuges of natural habitat in what is becoming a sea of develop-
ment. The remaining natural areas can be characterized as fingers largely running 
along the rougher topography and riparian areas. The military has accommodated 
the requirements of the U.S. Fish and Wildlife Service in their enforcement of ESA 
regulations, but the management of TES species is not the primary mission of the 
Department of Defense; the mission of the DoD is readiness training and materials 
testing. The DoD has and will continue to be environmentally friendly, but the re-
gional scale of fragmentation stipulates that the Department of Army cannot be the 
only responsible agency or landowner responding to these requirements. Success for 
TES husbandry requires cooperation at high levels of ownership and management. 

Fortunately, recent events have empowered the Department of Army with the abil-
ity to respond to some of the challenge that is stirring beyond the installation 
boundaries. Several new initiatives by Congress have allowed installation managers 
to begin to deal with agencies and interest groups responsible for lands near but 
outside the installation boundaries. The most notable of these is the ACUB initia-
tive. The supporting legislation allows installations to develop cooperative agree-
ments with environmental groups managing nearby lands for the purpose of long-
term conservation. Since the most pressing issue the military has in terms of man-
aging its land is the management of the TES species on its lands, the ACUB legisla-
tion has the potential of allowing some of the installation’s TES responsibility to be 
accommodated, in part, via these nearby lands, thus reducing the potential of a con-
flict between the preservation of TES and the military training and testing mission. 

The ability to deal with the complicated issues of habitat fragmentation is begin-
ning to emerge. The theoretical basis for dealing with questions of a regional eco-
logical character is developing hand-in-hand with technologies that will be able to 
sustain the scientific application of good land management theories. Further, both 
national and state legislatures are now beginning to provide enabling legislation so 
questions of land management can be dealt with at a scale greater than any single 
stakeholder or agency can deal with on its own. 
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Chapter 2 Attachment:  Section 2684a USC, Agreements to limit 
encroachments and other constraints on military training, testing, and 
operations 

(a)  Agreements Authorized. The Secretary of Defense or the Secretary of a military 
department may enter into an agreement with an eligible entity described in sub-
section (b) to address the use or development of real property in the vicinity of a 
military installation for purposes of:  

(1) limiting any development or use of the property that would be incompatible 
with the mission of the installation; or  
(2) preserving habitat on the property in a manner that  

(A) is compatible with environmental requirements; and  
(B) may eliminate or relieve current or anticipated environmental restric-
tions that would or might otherwise restrict, impede, or otherwise interfere, 
whether directly or indirectly, with current or anticipated military training, 
testing, or operations on the installation. 

(b)  Eligible Entities. An agreement under this section may be entered into with any 
of the following: 

(1) A State or political subdivision of a State. 
(2) A private entity that has as its stated principal organizational purpose or 
goal the conservation, restoration, or preservation of land and natural resources, 
or a similar purpose or goal, as determined by the Secretary concerned. 

(c)  Inapplicability of Certain Contract Requirements. Chapter 63 of title 31 shall 
not apply to any agreement entered into under this section. 

(d)  Acquisition and Acceptance of Property and Interests.  
(1) An agreement with an eligible entity under this section may provide for:  

(A) the acquisition by the entity of all right, title, and interest in and to any 
real property, or any lesser interest in the property, as may be appropriate 
for purposes of this section; and 
(B) the sharing of the acquisition costs by the United States and the entity.  

(2) Property or interests may not be acquired pursuant to the agreement unless 
the owner of the property or interests consents to the acquisition. 
(3) The agreement shall require the entity to transfer to the United States, upon 
the request of the Secretary concerned, all or a portion of the property or inter-
est acquired under the agreement or a lesser interest therein. The Secretary 
shall limit such transfer request to the minimum property or interests necessary 
to ensure that the property concerned is developed and used in a manner appro-
priate for purposes of this section. 

http://straylight.law.cornell.edu/uscode/html/uscode31/usc_sup_01_31_08_V_10_63.html�
http://straylight.law.cornell.edu/uscode/html/uscode31/usc_sup_01_31.html�
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(4) The Secretary concerned may accept on behalf of the United States any prop-
erty or interest to be transferred to the United States under the agreement. 
(5) For purposes of the acceptance of property or interests under the agreement, 
the Secretary concerned may accept an appraisal or title documents prepared or 
adopted by a non-Federal entity as satisfying the applicable requirements of sec-
tion 301 of the Uniform Relocation Assistance and Real Property Acquisition 
Policies Act of 1970 (42 U.S.C. 4651) or section 3111 of title 40, if the Secretary 
concerned finds that the appraisal or title documents substantially comply with 
the requirements. 

(e)  Acquisition of Water Rights. The authority of the Secretary concerned to enter 
into an agreement under this section for the acquisition of real property (or an in-
terest therein) includes the authority to support the purchase of water rights from 
any available source when necessary to support or protect the mission of a military 
installation. 

(f)  Additional Terms and Conditions. The Secretary concerned may require such 
additional terms and conditions in an agreement under this section as the Secretary 
considers appropriate to protect the interests of the United States. 

(g)  Funding. 
(1) Except as provided in paragraph (2), funds authorized to be appropriated for 
operation and maintenance of the Army, Navy, Marine Corps, Air Force, or De-
fense-wide activities may be used to enter into agreements under this section. 
(2) In the case of a military installation operated primarily with funds author-
ized to be appropriated for research, development, test, and evaluation, funds 
authorized to be appropriated for the Army, Navy, Marine Corps, Air Force, or 
Defense-wide activities for research, development, test, and evaluation may be 
used to enter into agreements under this section with respect to the installation. 

(h)  Definitions (in this section): 
(1) The term “Secretary concerned” means the Secretary of Defense or the Secre-
tary of a military department. 
(2) The term “State” includes the District of Columbia, the Commonwealth of 
Puerto Rico, the Commonwealth of the Northern Marianas, and the territories 
and possessions of the United States. 

http://straylight.law.cornell.edu/uscode/html/uscode42/usc_sup_01_42.html�
http://straylight.law.cornell.edu/uscode/html/uscode42/usc_sec_42_00004651----000-.html�
http://straylight.law.cornell.edu/uscode/html/uscode40/usc_sup_01_40.html�
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3 Data for Identifying TES Habitat 
Dr. Charles Ehlschlaeger, Robert Lozar, Dr. Harold Balbach 
and Dr. James Westervelt 

Overview 

This chapter was written for the managers and developers of GIS databases for the 
purpose of TES habitat and life-requirements delineation. This chapter identifies 
spatial data that the life-histories of the TES require and provides a list of corre-
sponding data products useful to the ACUB program for the purpose of identifying 
TES habitat needs. These data products will also provide a foundation of knowledge 
for the long-term monitoring for TES habitat change. The ACUB program allows 
Federal funds to be used to enter into partnership agreements with county, state, 
and municipal governments, as well as nonprofit organizations to purchase property 
and property rights that will reduce the habitat fragmentation threat and ensure 
the sustainability of the military training mission well into the future. Habitat 
fragmentation is considered a leading challenge to the maintenance of TES popula-
tions. Human development upon the natural landscape is a major cause of TES 
habitat fragmentation. Although pollution, invasive species, and other factors have 
contributed, it is mostly the impact of years of habitat fragmenting that threatens a 
species’ ability to survive. Military installation training activities are no exception 
in their contribution to fragmenting TES habitats. But if incompatibilities are not 
resolved, the TES may then put into question the continued sustainability of the 
installation-training mission. 

The Military Perspective 

Training on Military Lands 

Unlike almost any other agency in the United States, the military in general and 
the Army in particular have an unusual requirement on their use of their lands. To 
carry out its training mission, the Army must intensely use its lands for heavy 
tracked and wheeled vehicle maneuvers while at the same time preserving those 
lands in a natural appearing state. Although these seem to be conflicting require-
ments (and occasionally they are), training, testing, and other operations can be 
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conducted and carried out in such a manner as to not negatively affect natural habi-
tats and specifically to not jeopardize threatened and endangered species. In order 
to manage its lands appropriately and to take advantage of the possibilities of new 
technologies and social thrusts, the military needs to understand clearly the charac-
teristics of the species and to identify those items that will be most useful in manag-
ing their niche in the ecosystem. 

Exit Criteria 

The Government Accounting Office (GAO) has been involved50 in developing criteria 
intended to help the Army (military) identify explicitly when it has accomplished as 
much management action as is reasonably possible in managing and safeguarding 
TES habitats within their control. Some progress has been made toward identifying 
these criteria.51 

From these criteria, basic and applied research exit criteria have been developed52 
as a part of the research and technology program during the current decade. As an 
addition to these Environmental Exit Criteria, the Army Environmental Quality 
Technology Program includes considerations of larger ecosystems, habitat fragmen-
tation, and encroachment as part of this issue. 

Why TES Habitat Must Be Identified 

The Army Environmental Research Requirement 4.6a: Reducing Impacts of Threat-
ened and Endangered Species on Militaty Readiness explains why we need to know 
about each species in detail: 

There is an urgent need to know the impact of military-unique actions on 
Threatened and Endangered (T&E) species and Species of Concern (SOC), 
their habitats, and associated ecosystems to effectively carry out military 
readiness missions and comply with the legal requirements to conserve the 

                                                 
50 Exit Conference for GAO review code 350268 "Regional Management of the Endangered Species Act by DoD 

and Other Federal Agencies” July 2003, Arlington, VA. 
51 U.S. General Accounting Office, Military Training: DOD Lacks a Comprehensive Plan to Manage Encroachment 

on Training Ranges, GAO-02-614 (Washington, DC, June 11, 2002); U.S. General Accounting Office, Military Train-
ing: DOD Approach to Managing Encroachment on Training Ranges Still Evolving, GAO-03-621T (Washington, 
DC, April 2, 2003). 

52 From Army Environmental Requirement A (4.6a), Title:  Reducing Impacts of Threatened and Endangered Species on 
Military Readiness. 
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species.  The knowledge of the effects of military activities will allow conser-
vation efforts to be directed toward mitigation of real, not speculative, train-
ing impacts. Without this knowledge, the Endangered Species Act regula-
tors are forced to hold the Army to the most stringent standards to protect 
T&E species on Army lands, thus regulatory restrictions are more severe. It 
is likely that many training restrictions have been imposed due to a lack of 
knowledge of the effects of military activities on individuals or populations.  
The focus of this requirement will be on the military impacts of noise, 
smokes and obscurants, maneuver (including excavation), and environ-
mental contaminants.53 

Requirement 4.6a also explains the need to deal with Habitat Fragmentation (the 
subject of this report): 

There is a need to avoid/manage habitat fragmentation.  Habitat fragmenta-
tion is recognized to be the single greatest threat to biodiversity globally.  
Fragmentation includes both loss of habitat and isolation of increasingly 
smaller parcels of essential habitats. Maneuver training needs to avoid 
fragmentation effects on T&E species and SOC habitats.54 

Army TES 

Although the Department of the Army is responsible for maintaining the habitats of 
many species of various levels of concern, it has identified a specific set that are of 
the highest priority. The rest of this chapter is devoted to characterizing the life bi-
ology of these species and relating that information to how an Army manager can 
use it to model habitat at the landscape scale. 

                                                 
53 The Army Environmental Research Requirement 4.6a: Reducing Impacts of Threatened and Endangered Species 

on Military Readiness. 
54 The Army Environmental Research Requirement 4.6a: Reducing Impacts of Threatened and Endangered Species 

on Military Readiness. 
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Discussion of the Qualities of Data Needed To Accomplish Landscape-
Scale Fragmentation Monitoring and Analysis 

Relation to Spatial Modeling 

To make the connection between the needed data and the available data, it is neces-
sary to define a generalized process into which the needed and available data can be 
entered; basically TES habitat modeling in a GIS environment. This section is not 
intended to be a complete description of the habitat suitability models for important 
TES but rather its purpose is to provide a framework for dealing with the issues of 
basic input data. A review of many of the standard TES viability models is pre-
sented in Chapter 5, Population Viability Analysis, page 101). 

Step One: Identify data layers that define critical habitat concerns (e.g., nesting 
and feeding locations or soil types) for a particular TES. 

Step Two: For each data layer, generate a map with values between 0 and 1. 

In the map, a location with a value of 0 would indicate that the location would pre-
vent a positive benefit for the species for that data layer (e.g., water would prevent 
nesting for many birds), while a value of 1 would indicate a perfect condition of that 
data layer for the TES under study. A value between 0 and 1 would indicate a corre-
sponding degree of acceptableness of that data layers’ item for the TES under con-
sideration. 

Step Three: Determine the weighting of each data layer for each TES. The weight-
ing factors can be determined qualitatively by analyzing habitat description if lim-
ited survey data is available. Ideally, the weighting factors should be determined by 
regression analysis with extensive survey data. 

Step Four: Perform a favorability function analysis to determine, for example, po-
tential TES habitat on a cell-by-cell basis. Favorability functions are discussed ex-
tensively in Geographic Information Systems for Geosciences, 1995, by G. Bonham-
Carter, and compared against other favorability functions in Geographic Informa-
tion Analysis, 2003, by D. O’Sullivan and D. Unwin. It is best to normalize the equa-
tion of a favorability function analysis with: 

 
∏
∏=

m m

m mm

w
Xw

F  Equation 1 
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where: 
F  = the favorability function map  
wm  = weight of data layer m 
Xm  = data layer m. 

Step Five: The potential TES habitat map is then used as an input to a neighbor-
hood analysis to create a quality TES habitat map. The neighborhood analysis will 
ensure that enough potential habitat exists around specific potential habitat grid 
cells to provide for genetic diversity at that location. These steps are done for each 
species, so it is already interated into the procedure as described. This process can 
be complicated by accounting for barriers (roads and urbanized areas) or specific 
TES issues such as the gray bat’s need for protective flight paths between their 
caves and feeding areas. 

Data Products Factors for TES Habitat Identification and/or Monitoring 

Several factors must be considered before choosing data products that will identify 
and/or monitor TES habitat: 

• An ideal data product will either be useful in modeling TES habitat over time, or 
it will provide a highly accurate and precise measure of current or potential TES 
habitat, or both. In other words, data products that are precise and accurate are 
also poorly suited to monitor TES habitat and vise versa. Precise and accurate 
data usually take years to produce, take up much disk space, and often are 
available at infrequent intervals. Monitoring data, which must be available at 
frequent intervals, should be coarse and inexpensive. For example, Table 3-1 
contains estimated costs of various satellite products. The highest resolution 
satellites, such as Ikonos and SPOT, would be extremely expensive relative to 
lower resolution data products. While not intuitive, the “Relative Disk Size” col-
umn is the best representation of the true cost of processing remotely sensed 
data. Disk Size refers to the relative size various data products would occupy on 
a hard drive. The size of the file indicates how much time it would take for re-
mote sensing software, and the remote sensing expert, to classify or modify the 
original raw images. 
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Table 3-1. Estimated costs of various satellite products 

Satellite Resolution Time Series Relative Disk Size $/acre/year 

Ikonos 4 meter 3 day 17787 $7.42 

Quick Bird 3 meter 7 day 13552 $4.23 

SPOT 10 meter 26 day 329 $0.053 

Indian Remote Sensing 24 meter 5 day 297 $0.038 

Landsat 30 meter 16 day 66 $0.0032 

MODIS 231 meter 16 day 1 Free 

• Data layers should be flexible, allowing multiple uses. For example, the Na-
tional Land Cover Dataset, or NLCD, can be reclassified or analyzed into nine 
separate and useful data layers for identifying TES habitat. 

With these data products factors we are attempting to achieve two goals in defining 
the data themes appropriate for ACUB program: (1) identifying and (2) monitoring 
TES habitat. Chapter 6, Data Quality for Themes Monitoring Threatened and En-
dangered Species Habitat, page 127 discusses the adequacy of the data themes dis-
cussed in this chapter for long-term monitoring of TES. 

Many of these data products come from government agencies, but can also be pur-
chased from private vendors. Private vendors will often make the data easier to im-
port into GIS software. For example, various population demographic variables are 
useful in predicting population growth that affects TES habitat loss. GeoLytics and 
Claritas provide software that generates ESRI shapefiles of census blocks contain-
ing desired demographic variables. 

Potential Existing Data Products 

Following is an initial candidate list of potential habitat suitability layers, organ-
ized by the data products and from where the data products are available. 

National 

Soil Survey Geographic DB (SSURGO) 
• High surface runoff 
• Deep, well-drained, sandy substrate at least 1m above seasonal 

water table 
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National Land Cover Data (NLDC) 
• Mixed deciduous and coniferous tree cover 
• Coniferous tree cover 
• Shrub cover 
• “Nectar corridor” with shrub cover in Southwestern U.S. 
• Deciduous forest 
• Forest cover 
• Water bodies 
• “Fragmented places” with grassland cover adjacent to shrubs or forest 

U.S. Census Data  
• Population counts for census blocks to determine population density  

National Elevation Data: at 1, 1/3, (and 1/9 where available) arc-second  
resolution 

• Steep Canyon Slopes 
• Rough Terrain 
• Elevations 900-1,500m 
• Sunny areas 
• Flat or rolling hills 

EPA: Storage and Retrieval system (STORET) 
• Water quality information for lakes and rivers 

State and Local 

Traffic load on existing highways 

Parcel zoning maps 

Non-Governmental Organizations:  

The Nature Conservancy, Ducks Unlimited, etc. 

Field surveys of TES nests, forage locations, and trails. 

In summary, the potentially useful TES habitat identification data products that 
are available now include: 

1. 30m resolution National Land Cover Data (NLCD) to model: 
• Large tracts of mixed deciduous and coniferous tree cover, 
• Coniferous tree cover, 
• Deciduous tree cover, 
• Protective canopy flight corridors, 
• Large bodies of water, 
• Shrub cover and nectar corridors,  
• “Fragmented places”. 
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3. Use U.S. Census block level data to determine population density for various 
locations and land cover types. 

4. National Elevation Data to model: 
• Steep canyon slopes, 
• Rough terrain, 
• Elevations 900-1,500m, 
• Flat and rolling hills. 

5. Soil Survey Geographic DB (SSURGO) for: 
• High surface runoff, 
• Deep, well-drained, sandy substrate at least 1m above the seasonal 

water table. 

6. The U.S. Census Bureau Typologically Integrated Geographic Encoding and Ref-
erencing System (TIGER) files to locate large bodies of water. 

8. EPA STORET water quality information: http://www.epa.gov/storet/.  

 

Species Profiles for Each High-Priority Army TES 

Procedure 

For each of the following species, notes are presented regarding how life character-
istics can be used in formulating Landscape Scale Fragmentation Monitoring and 
Analysis specific for that species. To accomplish this, a very short description per 
species is given. From this descriptive material and from a companion document55 
that more fully describes these species, statements are generated for each species in 
a concise standard format and include a description of potential landscape scale 
TES species-specific concerns that are needed and have the potential of being avail-
able in a spatial data format. At this point, we are only identifying needs. 

                                                 
55 Balbach, H.E., Profiles for High-Priority Species.  ERDC/CERL Technical Report DRAFT, TRxxxxx, September 

2006. 

http://www.epa.gov/storet/�
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Species profile – Red-cockaded Woodpecker (Picoides borealis) 

Brief Life History:  The red-cockaded woodpecker’s (RCW’s) range is closely tied to 
the distribution of southern pines. RCW nest in open stands of pines with a mini-
mum age of 80. Historically, longleaf pines (Pinus palustris) were most commonly 
used, but numerous other species of southern pine are also acceptable. Nest cavities 
and successful colonies have been found in loblolly (P. taeda), shortleaf (P. echinata), 
slash (P. elliottii), and Virginia (P. virginiana) pines. Foraging habitat is provided in 
pine and pine hardwood stands 30 years old or older, with a foraging preference for 
pine trees 10 inches or larger in diameter. RCW foraging (a subset of the minimum 
habitat) can be provided in 80 to 125 acres of pine forest. The main criterion ap-
pears to be that the cavity trees must be of adequate size (at least 12 inches in di-
ameter, and preferably larger). Forest canopy cannot be continuous. The territory 
for a RCW group averages about 200 acres, but observers have reported territories 
running from a low of around 60 acres to an upper extreme of more than 600 acres. 
The RCW is a listed species solely due to loss of habitat. Private timber stands in 
the southeastern United States are generally on short rotations (less than 45 years) 
that do not permit trees to attain the characteristics sought by RCW. Only 2.5 per-
cent of the current pine acreage in the Southeast is considered suitable RCW nest-
ing habitat. To reduce mid-story encroachment, fires should occur every 2 to 3 
years. 

Habitat: The RCW requires pine forests, containing older trees (minimum of 80 
years); longleaf pine is the most desirable. An open crown is required. The preferred 
land cover is savanna with overstory of scattered Pines. The RCW’s home range is 
roughly a 300- to 750-m radius. 

Habitat Maintenance: Frequent (every 3 to 5 years) “cool” fires are important to 
allow older pines to live but to keep down midstory hardwoods. Frequency and in-
tensity of fires can be determined from NASA EOS satellites, particularly the 
MODIS and MISR instruments. These instruments can see understory fires because 
they sense the heat signatures. The RCW will not colonize areas with commercial 
forestry and will avoid hardwoods encouraged by commercial forestry. 

Foraging: Longleaf pine landcover type is best for foraging. Evergreen landcover is 
good; even hardwood is OK, but not near nesting locations. 

Nesting: The RCW requires areas of open crown in older pine trees, preferably 
longleaf pine. The preferred land cover is savanna with an overstory of scattered 
pines. RCW use the sap of nearly dead longleaf pine trees to make it more difficult 
for its eggs to be eaten by the indigo snake, another species of high Army concern. 
RCW are social birds that nest in colonies a minimum of 60 acres in area. 
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Migration: RCW do not disperse very far; 4 km is the range a bird can be expected 
to travel to establish a new nest/colony. Dispersal decreases greatly beyond that dis-
tance, although occasional flights of 120+ km are known. The presence of highways 
may increase this distance. 

Required Acres: Patches of 200 acres minimum are necessary. Larger patches in-
crease viability, and are therefore more desirable. Patches with metrics showing 
greater “edge” are less desirable. 

Data Currently Available To Support Modeling RCW Over Large Regions: 
1. Use 30 m resolution National Land Cover Data to model coniferous forest. 
2. U.S. Census block population counts for population density. 
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Species Profile – Gopher Tortoise (Gopherus polyphemus) 

Brief Life History: Gopher tortoise (GT) habitat is characterized by upland areas 
with deep, well-drained, sandy substrate suitable for construction of extensive GT 
burrows. The habitat must be at least 1 m above the seasonal water table. GT prefer 
relatively open-canopied habitats, generally less than 50 percent cover, with sunlit 
areas for nesting and thermoregulation. GT habitat is most commonly associated 
with open pine woodlands, with a reliable, low-level herbaceous groundcover for a 
food supply. GT may be found in many types of sparse broadleaf woodland, particu-
larly scrub oaks of various species. This description is common of sandhill ecosys-
tems originating from marine sand deposits in the Plio-Pleistocene geological period 
from 5 to 15 million years ago. The GT habitat’s primary plant community is com-
posed of longleaf pine, turkey oaks, and wiregrass. These plants are fire resistant, 
and in fact, the entire community is called a fire subclimax forest. Other prominent 
plants include lichens, yuccas, palmetto, shrubs, wildflowers, gopher apple, and 
prickly pear cactus. GT habitat requires burning on a regular cycle. GT numbers 
may be reduced by as much as 60 to 80 percent when burning is excluded for 8 or 
more years. Urban displacement, phosphate mining, and citrus production is prime 
causes of GT habitat loss. Popular forest management practices, which emphasize 
dense plantings of loblolly pine, destroy food plants, inhibit nesting, and cause tor-
toises to relocate to the edge of roadsides and ditch banks. 

Habitat: GT prefer a fire subclimax open forest of pine, turkey oaks, and wiregrass 
on arid sandy coastal upland. They need open (greater than 50 percent cleared) 
canopied areas for sunning (thermoregulation). Habitat is always in a dry, well 
drained, sandy substrate (required for burrowing), with seasonal high water table 
greater than 1m deep in sand hills or some disturbed communities. The GT’s his-
toric distribution coincides with longleaf pine on sandy uplands and coastal plain 
soils. An open crown/canopy is required. Preferred land cover is savanna with an 
overstory of scattered pines. During daily activity, an individual GT ranges from 
0.8ha to 1.27 ha around its burrows. Viable populations require about 50 burrows 
within an area of 20 to 40 ha (50 to 100 acres). A dense, deciduous midstory is unde-
sirable. Gopher tortoise may reside near roads if better habitat is removed, but they 
are then likely to become roadkill. 

Habitat Maintenance: Frequent (every 3 to 5 years) “cool” fires are important to 
preserve groundlevel herbaceous food source. Unburned broadleaf underbrush is 
undesirable. The frequency and intensity of fires can be determined from NASA 
EOS satellites, particularly the MODIS and MISR instruments. 

Foraging: The regular supply of food for the GT consists primarily of grasses, suc-
culent herbaceous plants, and legumes. Legumes appear to be particularly impor-
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tant in the diet of juveniles. An adequate 3- season food supply is required. Rela-
tively litter-free ground is necessary for food production. 

Nesting: The GT requires sandy soils to dig a hole to place the clutch, usually near 
the burrow. An open crown is required for sunny exposure to warm and hatch the 
eggs. It is a social species that develops burrow in groups in a minimum 30-acre 
area. Relatively litter-free ground is necessary for nesting. 

Migration: Although a tortoise will travel up to 1 kilometer per day, dispersal in 
the range of 10 kilometers is possible if the route is not cut off by highways. Road-
kill is common. 

Required Acres: Although a gopher tortoise’s life is spent near its burrows, ranges 
of 10 hectares (25 acres) are not uncommon for males. Patches of about 50 acres 
minimum are necessary. These animals are social; a population of about 50 breed-
ing-age animals is required for a healthy grouping. Highways, gas pipelines, and 
urban and agricultural uses fragment habitat. Patches with metrics showing 
greater “edge” are less desirable. Higher fragmentation metrics indicate a poorer 
environment. 

Comment: Although the RCW and GT have slightly different requirements, it is 
not a coincidence that their historic range was often the same as the longleaf pine. 
Because of the restriction of the longleaf pine’s distribution, the RCW and GT have 
become TES. Thus, this pair makes an excellent example of the effectiveness of 
managing healthy ecosystems rather than focusing on single species. Not only will 
the two TES recover, but also the people of the country will benefit from the other 
contributions a healthy ecosystem provides. 

Data Currently Available to Support Modeling GT Over Large Regions: 
1. Use 30 m resolution National Land Cover Data (NLCD) to model coniferous tree 
cover. 
2. Soil Survey Geographic DB (SSURGO) for deep, well-drained, sandy substrate at 
least 1m above the seasonal water table. 
3. National Elevation Data: at 1, 1/3, (and 1/9 where available) arc-second resolution 
to determine sunny areas. 
4. U.S. Census block population counts for population density. 
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Species Profile for Golden-cheeked Warbler (Dendroica chrysoparia) 

Brief Life History: The golden-cheeked warbler (GCW) requires ash juniper trees 
more than 20 years old mixed with deciduous trees, particularly oaks, in dense, 
large (1.2 to 8 ha minimum) stands. Ash juniper has a bark that can be stripped 
easily and is used as nesting material. Prime GCW habitat seems to be steep can-
yon slopes with rugged terrain and limestone geology. This prime habitat may exist 
because of greater surface runoff. Mature forested areas with 50 percent or greater 
canopy cover in flat or rolling uplands are also likely to attract breeding warblers. 
Additionally, GCW may use patchy woodlands containing mature oaks and junipers. 
Although patchy woodlands may not attract breeding individuals, or may not repre-
sent ideal breeding habitat, these areas may support fledglings after the peak 
breeding period. Patchy or flat woodlands surrounding ideal breeding habitat can 
function as a buffer and may serve to protect GCW populations from other land-use 
practices, including cattle grazing, urban growth, and agricultural practices. A 
woodland buffer of at least 300 feet around patches of high-quality breeding habitat 
is recommended. Ironically, burning of GCW habitat results in good habitat for the 
black-capped vireo (Vireo atricapillus). V. atricapillus is also a TES discussed later. 

Habitat: Preferred GCW habitat is within the Edwards Plateau, Lampasas Cut 
Plains, and Llano Uplift in the later successional stage of mixed juniper-dominated 
shrubs and grassland. This habitat is restricted to moderate-to-high density mature 
stands of ash juniper (minimum of 15 feet tall, and at least 25 years old) mixed with 
other deciduous tree species, particularly oaks. The birds need rough (high slope) 
canyon topography and moist soils near a required water source (creek, draw, 
spring, seep). The mature ash juniper stand can include oaks, ashs, elms, or wal-
nuts. A juniper/deciduous mix of varying height, rather than a pure stand of juni-
per, is most desirable. Dryer, flatter uplands of more than 50 percent canopy cover 
of post, live, and blackjack oak provide a poorer, less dense habitat. Unfortunately, 
the upland habitat is susceptible to being converted to incompatible agriculture, 
residential, commercial timber, or pasturelands. Canyon lands are susceptible to 
being impounded for lakes, an action that also destroys prime GCW habitat. Larger, 
unfragmented tracts of land are more desirable because fragmentation invites 
greater predatory losses. Urban fragmentation greatly increases cat predation. In-
creased fragmentation makes recolonization of available habitat more difficult. 

Habitat Maintenance: The current habitat is a result of the steep, rough areas not 
being converted to pasture, agriculture, or urban development. In addition to the 
steep remnant areas that currently exist, nearby uplands can provide habitat for 
GCW at lower densities. Fire or selective young growth removal must occasionally 
occur to provide the varied height and tree type requirements. During the nonbreed-
ing season, removal of juniper trees less than 10 ft (3 m) tall is permitted. Loss of 
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oaks to oak wilt disease can be monitored with remote sensing, which can pick out 
unhealthy vegetation compared to healthy vegetation of the same species. 

Parasitic Threats: With both the GCW and black-capped vireo (BCV, discussed 
later), one of the biggest natural enemies is the brown-headed cowbird, a brood 
parasite. Cowbirds search out nests of other species and lay their eggs for the host 
species to raise. They will wait for the female of the host to lay her first egg. When 
the potential host has left to forage, the female cowbird will remove the egg and lay 
one of her own. Many bird species do not recognize their own eggs. Cowbird eggs 
tend to hatch 1 or 2 days earlier than the warbler or vireo eggs. This gives the baby 
cowbird a big jump on the other species in both size and noisiness. Cowbirds do not 
specialize or target particular host species. There is no egg mimicry or mouth mim-
icry as there is in the common cuckoo or some estrildid brood parasites that special-
ize on a single species each. Cowbirds will lay their eggs in any nest they find. With 
the impartiality of a roulette wheel, the cowbird distributes its eggs. The probability 
that a nest will get cowbird attention depends on the number of cowbirds laying 
eggs in the area and the number of host nests available. Thus, the cowbird’s effect 
on a vulnerable host like the GCW or BCV is particularly insidious since it is unre-
lenting even though the host species is vanishing. The cowbird is not deterred by 
the scarcity of one host. The very last nest of a vanishing species is just as likely to 
be used as the nest of a plentiful species. From the cowbird’s point of view, it is a 
simple numbers game. Lay enough eggs in enough different nests and you are 
bound to get your genes into the next generation. Although some species like the 
gray catbird and yellow warbler have evolved strategies against the cowbird, most 
deep-forest species have not. GCWs can raise one of their own chicks if there is only 
one cowbird egg. BCVs are always doomed to nest failure should even one cowbird 
egg be laid in their nest. With GCWs, abandonment of first clutches, or raising cow-
bird young in addition to one of their own, still decreases the total number and sur-
vivability of GCW young produced. 

Feral, domestic, and stray cats associated with suburban and urban areas play 
havoc with all types of songbirds including the GCW. Again, losses are more devas-
tating to species that are already in decline. 

Foraging: Oaks are especially important as foraging trees. Moist canyon bottoms, 
draws, creeks, and cool wooded slopes support best food source. Cattle should be ex-
cluded to improve GCW foraging. A woodland buffer of approximately 300 ft (91.5 
m) should b established around identified habitat. 

Nesting: GCW is the only species to require mature ash juniper with hardwoods in 
their nesting habitat. Nests require junipers 5 to 32 feet tall, with an average of 15 
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feet. In addition, older juniper bark is required for making nests; trees must be at 
least 20 to 30 years old. 

Migration: The GCW migrates to Mexico along a narrow montane (above 1300 m) 
pine or pine-oak association in the Sierra Madre Oriental cloud forest that is not 
under control of the ESA standards. Temporal residence in the United States is only 
from mid-March to July … less than 5 months. Nesting and habitat season when 
they are in the United States are the same. 

Required Acres: The GCW requires a territory from 3 to 6 acres, smaller in better 
habitat. The GCW is a somewhat social species with nest groups of fewer than 6 
pairs. A minimum of 50 acres (20 ha) is required. Individuals tend to stay within 
about 220 meters of their previous nest, so there is little dispersal (maximum was 
3.5 km). 

Comment: Although the ESA applies to the United States and federal lands, the 
GCW again shows the need to look well beyond the boundary of any public land. Its 
status cannot be improved without international cooperation because it migrates to 
Mexico along a narrow path that is also suffering due to land use conversion from 
natural land to urban, pasture, and commercial uses. Thus, the best management 
practices by the military may make no difference if the procedures are not a piece 
that fits successfully into a much larger, international puzzle. Again, a more com-
prehensive view of the species is a requirement for its continued survival. 

Data Currently Available to Support Modeling GCW Over Large Regions: 
1. Use 30-m resolution National Land Cover Data (NLCD) to model large tracts of 
mixed deciduous and coniferous tree cover. 
2. National Elevation Data: at 1, 1/3, (and 1/9 where available) arc-second resolution 
to determine steep canyon slopes for prime GCW habitat. 
3. Soil Survey Geographic DB (SSURGO) for high surface runoff. 
4. U.S. Census block population counts for population density. 
5. National Elevation Data: at 1, 1/3, (and 1/9 where available) arc-second resolution 
to determine flat and rolling hills. 

A model of brown-headed cowbird habitat would be useful for determining GCW 
impacts. 
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Species Profile for Black-capped Vireo (Vireo atricapillus) 

Brief Life History: Black-capped vireo (BCV) habitat loss is due to urbanization, 
browsing by herbivores, brush clearing, and natural succession. Brood parasitism by 
the brown-headed cowbird is a major cause of reduced populations. The BCV’s pre-
ferred habitat consists of scattered trees and numerous dense clumps of shrubs 
growing to ground level, interspersed with open areas of bare ground, rock, or 
grasses. Foliage that extends to ground level is the most important requirement for 
nesting. Plant species commonly used as nest substrate are evergreen, sumac, and 
shin oak. BCV territories can be located on level terrain or on slopes ranging from 
ravines to the sides of arroyos. On level terrain, BCV habitat tends to change 
through succession, from prairie grass to oak-juniper woodlands. BCV habitat in 
level areas was maintained by wildfires that kept the vegetation in an early succes-
sional stage. Total cover has been found to range from 17 to 88 percent. 

Habitat: The BCV prefers rugged terrains of steep slopes, such as heads of ravines 
or along the sides of arroyos in sustained, clumped, mixed deciduous/evergreen 
shrubland vegetation. They like scattered trees and numerous dense clumps of 
shrubs (cover from 17 to 88 percent) growing to ground level, interspersed with open 
areas of bare ground, rock, grasses, or forbs. Typically, this wider variety of cover 
types occurs in drier areas. Vireos avoid patches with trees over 40 feet high. On 
level ground, the habitat tends to change through succession, from prairie grass to 
oak-juniper woodlands but is maintained by occasional wildfires. Habitat losses oc-
cur due to urbanization, browsing by herbivores, brush clearing, and natural suc-
cession. Urbanization increases predation. Cattle grazing has multiple negative im-
pacts. Corridors of disturbance (e.g., roads) increase habitat fragmentation. 
Increasing fragmentation in habitat patches (measured in patches separated by 
kilometers) decreases the probability of successful dispersal between these patches 
and increases the potential for nest predators from nearby nonhabitat. Therefore, 
areas that have less habitat edge and are a greater distance from the edge provide 
better habitat quality. 

Habitat Maintenance: Habitat is maintained in an early successional stage by 
wildfires and naturally occurring grazing animals. Natural condition consists of a 
mosaic of habitats, a proportion of which will be a stage suitable for vireos. It is es-
sential to preserve/enhance areas of naturally low woody vegetation. Areas that are 
a greater distance from undesirable land uses (urban development, pasture, timber-
ing, agriculture) provide greater viability potential; less fragmentation is better. 

Foraging: If the habitat is available, food sources will be present, so focusing on 
adequate habitat is the primary concern. 



ERDC/CERL TR-06-36 51 

 

Nesting: When the BCV is in the United States, it is in nesting terrotiry; otherwise 
it winters in Mexico. This bird nests in spatially heterogeneous clumps of woody de-
ciduous (oak) vegetation (35 to 55 percent dispersed cover) separated by bare 
ground, rocks, and/or herbaceous vegetation and avoids densities of junipers higher 
than 10 percent. Foliage that extends to ground level is the most important re-
quirement for nesting. Most nests are located between 0.4 and 1.24 meters above 
ground level and are well-screened by foliage. 

Migration: The BCV breeds in summer from central Oklahoma south through the 
Edward’s Plateau and Big Bend National Park, Texas, to central Coahuila, Mexico. 
The bird winters in central Coahuila, Mexico. Temporal residence in the United 
States is for breeding during the months of April through August. Nesting and habi-
tat in the United States are the same. 

Required Acres: Vireos avoid otherwise suitable patches of habitat if the patches 
are less than 50 ha in size. A single viable breeding population consists of at least 
500 to 1,000 breeding pairs. 

Comment: The vireo and warbler, both TES, occupy the same disappearing habi-
tat, but at different successional stages. This TES pair makes an excellent example 
of the effectiveness of managing healthy ecosystems rather than focusing on a single 
species. Again, this is why regional landscape ecology provides a more effective 
means of managing TES. 

Data Currently Available to Support Modeling BCV Over Large Regions: 
1. Use 30-m resolution National Land Cover Data to model deciduous forest. 
2. National Elevation Data: at 1, 1/3, (and 1/9 where available) arc-second resolution 
to determine rough and level terrain for differing BCV habitat. 
3. U.S. Census block population counts for population density. 
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Species Profile for Indiana Bat (Myotis sodalis) 

Brief Life History: Generalizations with which Indiana bat (IB) summer habitat is 
described indicate that almost any hardwood forest near a body of water has poten-
tial to be used as a summer habitat. Alternatively, it means we do not know much 
about what determines suitable habitat. The eastern third of the United States is 
possible habitat for IB. The following caves have been designated as Critical Habi-
tat within the Southeast Region: White Oak Blowhole Cave in Blount County Ten-
nessee; Bat Cave in Carter County, Kentucky; and Coach Cave in Edmonson 
County, Kentucky. 

Habitat 
Winter: The limiting factor for this TES is the 6-month winter hibernacula. The 
major sites consist of a few limestone caves in Kentucky and Tennessee that are 
critical. Although suitable caves may be available, they may not be used. For 
this reason, modeling may be of little value for the IB. Since no hibernacula are 
known on military reservations, it is clear that successful protection and recov-
ery of this species is an issue larger than the military can handle alone. Many 
small hibernacula are known across the bat’s range, but many appear to be 
abandoned or have much decreased overwintering numbers. There is a definite 
breeding period that usually occurs during the first 10 days of October near hi-
bernation caves. Males forage near the cave and roost less than 6 km from hi-
bernacula in dead trees on upper slopes and ridge tops. Hibernation occurs be-
tween October and March in clusters of many thousand bats. Caves in 
midwinter average 37 to 43 degrees Fahrenheit, with a relative humidity of 87 
percent and have pools of water. 
Summer: The summer habitat for the Indian bat is potentially any hardwood 
area near open water (rather than a small stream). However, a few of the char-
acteristics that are attractive to the bats are as follows: 
• Avoidance for a distance from paved or well traveled roads, 
• Closed canopy with crown height of about 65 feet, 
• Diameter Breast Height (dbh) of dominant overstory species of 46.7 cm 

(18.4 in.) for living roost trees and 35.6 cm (14.0 in.) for dead roost trees, 
• Forest/habitat type of hardwood overstory stands (i.e., floodplain, bottom-

land, riparian, and mixed upland stand types), 
• Species composition of the understory of sugar maple, silver maple, box 

elder, hackberry, slippery elm, sycamore, American elm, black walnut, 
eastern redbud, and American basswood, 

• Species composition of herbaceous vegetation of poison ivy, various 
grasses (genera not specified), jewelweed, stinging nettle, Virginia 
creeper, and wild grape), and  

• Presence of preferred tree species for use as potential roost trees. 
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Habitat Maintenance 
Winter: Cave tourism and vandalism contribute to the bats becoming endan-
gered. 
Summer: Since Indiana bats tend to nest in dead trees and snags, it is impor-
tant not to cut down those that are present. 

Foraging: The IB forages within 1 mile of roost for insects in the upper canopy (20 
to 30 m) of riparian/bottomland stands. Stands with a mean height of 19.8 m (65.0 
ft) represent preferred conditions. The IB has a preference for more mature, closed 
canopy stands with large-diameter trees. Females and juveniles forage in the air-
space 2 to 30 m above a stream and a linear distance of 0.8 km; foraging density 
was 17 to 29 bats/ha near the foliage of riparian and floodplain trees. Males forage 
the densely wooded area at tree top height. 

Roosting: The IB roosts in riparian and floodplain forests as well as in upland re-
gions with a closed to moderately closed canopy (100 to 30 percent). More attractive 
are locations where trees have high percentages of loose or peeling bark. Trees with 
about 25 percent coverage of loose, sloughing bark are best (e.g., older dead trees or 
hickory species). Trees in sunny openings are attractive because they are warmer. 
Births occur in June in very small, widely scattered colonies consisting of about 25 
females. There are 1 to 3 primary roosts per colony. One reproductively active col-
ony occupied eight different roost trees (all green ash). About 25 to 37 days are re-
quired for the development of flight and independent feeding in the young. This oc-
curs in July or August. 

Migration: Migration to the wintering caves usually begins in August. By late No-
vember most IB are in hibernation. 

Required Acres: The IB requires a minimum of a 1/2-acre cluster of snags and 
older trees. 

Comment: Bats are nocturnal, yet there is almost no research on the effects of 
night lights in fragmenting their habitat. Light fragmentation may contribute to the 
bat’s TES status, but diurnal biologists have not yet focused on the fact that the re-
source of darkness is as much a part of a habitat niche as is loose or peeling bark. 
To illustrate this point, there is variation in how much loose or peeling bark is 
needed, but there is no variation in the fact that all of these bats forage only at 
night; yet the literature emphasizes the former and does not even mention the lat-
ter. 
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Data Currently Available to Support Modeling IB Over Large Regions: 
1. Use 30-m resolution National Land Cover Data (NLCD) to model transportation 
corridors from caves to water. 
2. Use 30-m resolution NLCD and TIGER files to locate large bodies of water. 
3. EPA STORET: Water quality reports for large rivers and lakes. 
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Species Profile – Gray Bat (Myotis grisescens) 

Brief Life History:  Little is known about gray bat (GB) feeding habits. Limited 
observations indicate that the majority of insects eaten by GB are aquatic species, 
particularly mayflies. The GB foraging habitat is restricted by the bat’s dependence 
on major areas of water. A direct correlation exists between the distribution of 
summer colonies and bodies of water. Water quality is important for the production 
of aquatic insects. GB food sources can be reduced by channelization, siltation, and 
herbicide application. Land near water should be forested to provide protective 
cover during flight from the caves to the food supply. The GB prefers caves that are 
within 1 km of a major river or lake, and they are rarely found in caves located at 
distances greater than 4 km. 

Habitat: The GB has highly specific roost and habitat requirements; fewer than 5 
percent of available caves are suitable. Distribution has always been patchy, but 
fragmentation and isolation are now enhanced. 

Winter: Beginning in early fall the GB roosts in deep and vertical caves having 
a temperature of 6 to 11 degrees Centigrade. Caves with a large volume that 
trap cold air but which preserve good airflow are preferred. Roughly a dozen 
caves are used for over-wintering by most gray bats, with one location account-
ing for more than half the total. 
Summer: Caves and sinkholes in karst limestone may support summer habitat, 
which is restricted by the bat’s dependence upon major areas of water where fly-
ing insects are abundant. Maternity colony caves should be within 1 km (0.6 
mile) of a major river or lake but always less than 4 km. The GB prefers mater-
nity caves that are warm and tend to capture the metabolic heat from a large 
number of clustered individuals in small chambers, with temperatures that 
range from 14 to 25 degrees C (57 to 77 degrees F). Sometimes storm drains and 
concrete culverts with high humidity and running water without sewage have 
been identified as have been occupied. A direct correlation exists between the 
distribution of summer colonies and bodies of water (e.g., open water, stream 
banks, lakes, or reservoirs). 

Habitat Maintenance 
Winter: It is essential to preserve critical overwintering caves. 
Summer: Maintain the habitat associated with foraging activities, particularly 
good water. Avoid cave tourism and keep human activity away from near caves. 
Disturbance of a maternity colony may cause thousands of young to be dropped 
to the cave floor where they perish. Forested corridors, river edges, and reservoir 
shorelines should be left intact within 25 km of summer caves, and the vegeta-
tion surrounding cave entrances should be maintained. Avoid deforestation 
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(which leads to increased bat predation.), chemical contamination, and im-
poundment of waterways. 

Foraging: Forested areas surrounding caves or located between caves and feeding 
habitat with a good canopy to travel though are the best areas for foraging. These 
areas must be near a water source, specifically along or near rivers or lake/reservoir 
shores. All riparian areas used, but larger areas are better. Foraging quality de-
creases by the distance from roost to over water foraging. Any wide riparian tree 
corridors are desirable between roost and water areas. A wider riparian corridor is 
most desirable if it is less than a kilometer from cave, and mostly limited to being 
within 4 km, though the bats can range up to roughly 25 km. Foraging habitat is 
not affected by human activities except clearing, channelization, siltation, and her-
bicide application. 

Roosting: Reproductive season for the GB is in May or June on the summer range. 
Weaning takes 2 months and the young are volant in August. 

Migration: Migration between winter and summer caves range from 10 to over 200 
miles. Migration to the wintering caves usually begins in August. By late November 
most GB are in hibernation. 

Required Acres: The GB requires areas distant from human activities/occupation. 
They need a cave large enough to hold thousands of pregnant females. Males stay in 
smaller cave colonies. 

Comment: Three of the 7 high-priority Army TES, including the gray bat, are noc-
turnal. However, the literature hardly mentions this and almost no mention is made 
of the effects of human (Army) night lighting on their habitat, foraging, or ciability. 
Much more research needs to be done on nocturnal TES. 

Data Currently Available to Support Modeling GB Over Large Regions: 
1. Use 30-m resolution National Land Cover Data (NLCD) to find forests model 
transportation corridors from caves to water. 
2. Use 30-m resolution NLCD and TIGER files to locate large bodies of water. 
3. EPA STORET for water quality reports for large rivers and lakes. 
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Species Profile for Lesser Long-nosed (Sanborn’s) Bat (Leptonycteris 
curasoae yerbabuenae) 

Brief Life History: Lesser long-nosed bats (LLB) are found in Arizona from the 
Picacho Mountains south and west to the Agua Dulces, and south and east to the 
Chiricahuas, and into Mexico. They are also found in southwestern New Mexico, 
Baja California, and well into Central America. LLB summer habitat is in the 
United States and their winter habitat is in Mexico. LLB are found between 900m 
and 1500m elevations, in rough terrain providing either food (primarily Palmer’s 
agave) or shelter (primarily caves and abandoned mines). The flowers of Palmer’s 
agave are the primary LLB high-energy food. Other species of agave and several 
cacti, including the giant saguaro, provide pollen, nectar, soft pulp, and, occasion-
ally, fruits, making up the diet of the LLB. Range fires caused by excess growth of 
invasive grasses, such as Bromus and Lehmann lovegrass, may affect the success of 
Palmer’s agave. A decrease of Palmer’s agave may be a cause of colony abandon-
ment. The LLB is a seasonal resident in Arizona, usually arriving in early April and 
leaving from mid-September to early October. It resides in New Mexico only from 
mid-July to early September. LLB time their movement and feeding to the progres-
sion of flowering associated with the cacti and agaves. Many species of columnar 
cacti and agaves appear to provide a “nectar corridor” for lesser long-nosed bats in 
spring and fall as they migrate between Central America and Mexico in the south 
and places as far north as southern Arizona. Agaves are perennial succulents. 
Agave seeds germinate readily with adequate moisture, typically in open areas with 
limited competition from other plants. Unfortunately, Palmer’s agave has been 
studied almost exclusively in cultivation.  Ecology of the LLB is poorly understood. 
Palmer’s agave is relatively slow growing, often taking 20 or more years before ini-
tiating the single reproductive event in its life. A flowering stalk erupts from the 
rosette of a mature plant, growing rapidly through the spring and early summer. It 
is unknown how fire frequency and intensity, which are influenced in part by live-
stock grazing, affects agave populations. In the absence of frequent ground fires, 
agave populations could potentially benefit due to reduced mortality resulting from 
fire. However, infrequent intense fires could kill greater percentages of agaves if 
they are growing amid brush or other areas of high fuel loads. 

Habitat:  The LLB is nocturnal. 
Winter: The LLB is threatened by agave harvests in Mexico for the liquor in-
dustry (tequila). 
Summer: In this species, the coverage of habitat and foraging are the same, al-
though they are indicated separately in this section. LLB habitat can be any 
rough terrain, particularly canyons and nearby areas providing food (primarily 
the flowers of Palmer’s agave) or shelter (caves and abandoned mines) between 
900 and 1500m with an upper limit of 1725m. During April through July the 



ERDC/CERL TR-06-36 58 

 

bats are at elevations below 3,500 feet and from July to late September or Octo-
ber up to 5,500 feet. Desert scrub areas of short grass plains, sactan grassland, 
sycamore, cottonwood, rabbitbrush, and oak savanna including lower edges of 
oak woodlands are viable habitat for LLB. Although many bats exist, there are 
few available large roost caves. These rost caves are threatened by human dis-
turbance from activities as cave exploration. 

Habitat Maintenance 
Winter: In Mexico, Palmer’s agave is used to make tequila. Protection of agave 
from harvest for tequila will preserve the LLB’s winter habitat. 
Summer: Limit grazing to less than 40 percent of land level to preserve a 
healthy ecosystem. Livestock and deer may feed on agave stalks prior to flower-
ing. Since the Palmer’s agave takes many years to reach maturity and flowers 
only once before dying, the result of grazing make take decades to have an ef-
fect. Native ungulates have a similar impact. And saguaro cactus seedlings need 
shade from nurse plants that also may be destroyed by grazing. Grazing impacts 
can be expected to be greater near water and less on steep slopes. Invasive 
grasses, particularly Lehmann lovegrass, burn hot fires that kill agave seed-
lings; encourage native grasses for cooler natural burns. Limit off-road vehicle 
usage or other human disturbance such as caving. 

Foraging: It is critical that concentrations of food are available. The main seasonal 
food is nectar from the Palmer’s agave, which blooms from July to September on 
rocky slopes and hilltops at 900 to 1,800 m. The LLB also uses Parry’s agave, desert 
agave, amole, saguaro, and organ pipe flower nectar and pollen. It forages in areas 
of saguaro (blooming in April/May), agave (blooming April through July), ocotillo, 
palo verde, and prickly pear. Often the LLB forages in flocks. Larger colonies tend 
to forage to greater distances. Each night the roost to foraging distances (one-way) 
range from 25 km to 100 km. Therefore, destruction of food plants many kilometers 
from an LLB roost could have a negative impact. 

Roosting: During the day the LLB roosts in caves, mine tunnels, and occasionally 
old buildings at low elevations near concentrations of flowering columnar cacti. The 
bat is colonial only from April to the end of July. During August they move to higher 
elevations (up to 6000 ft) near blooming paniculate agaves. 

Migration: The LLB is migratory from southern Arizona and extreme southwest-
ern New Mexico, through western Mexico, and south to El Salvador. Migration 
routes need good foraging for large numbers of bats. The bat is present in the 
United States for 6 months from early April to early October. Movement between 
Mexico and the United States and within the United States is based on progression 
of cacti and agave flowering. 
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Required Acres: Large flight distances require habitat evaluation at the landscape 
level rather than being limited to a few acres. 

Comment: Given the ability of the bat to move freely and widely across the land-
scape, large landscape scale analysis is more meaningful in assessing potential im-
pacts to its foraging habitat. 

Comment: More research needs to be done on nocturnal TES. 

Data Currently Available to Support Modeling LLB Over Large Regions: 
1. Use 30-m resolution National Land Cover Data to model shrub cover and nectar 
corridors to Mexico. 
2. National Elevation Data: at 1, 1/3, (and 1/9 where available) arc-second resolution 
to determine rough terrain and elevations between 900m and 1500m for prime LLB 
habitat. 
3. U.S. Census block population counts for population density. 
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Summary 

Once it has been determined that an installation will manage land for TES habitat 
preservation and population recovery, two questions must be answered. The first is: 
“Are these lands the best habitat for these TES?” The second is: “Can adequate 
habitat be found beyond the installation boundaries to support the needs of the TES 
in question?” Through the ACUB program, the Army now has the capability to pro-
vide some support to maintain important habitat near installation lands. Through 
this program, the Army can move some of its TES responsibility from its training 
lands to areas off the installation that will be managed by agencies and organiza-
tions whose missions more closely relate to TES habitat preservation. 

We have seen how the development of regulations and management plans in combi-
nation with research efforts by the Department of the Army are aimed at accom-
plishing good management for TES. Although many different species inhabit or visit 
different installations, the Army has identified its top seven TES of concern and is 
aiming a great deal of its research and management funding toward these species. 

From the evaluations of the TES life histories presented in this chapter, a few clear 
conclusions can be formulated. 
• Complete data to define the habitat often are not yet available, so the usual 

implication is that the data needed to do landscape scale modeling and moni-
toring will be incomplete. 

• Landscape-scale evaluations can easily be carried out on some, but not neces-
sarily all, of the most critical concerns for these TES and these evaluations 
can provide helpful management and policy direction. 

• Landscape-scale modeling may be inappropriate for some characteristics of 
the species. Even if the habitat requirements were known, we would still 
need to find supporting data. This data also often does not exist and would be 
difficult to derive even from (or particularly from) remote sensing/satellite 
imagery (e.g., you cannot use remote sensing to identify bat roosting caves). 

• For all of the species, their habitats extend well beyond installation bounda-
ries. Therefore, management of the species must extend beyond installation 
boundaries and be in cooperation with other local agencies and stakeholders. 

• None of these TES respect legal or political boundaries. Avian TES fly across 
state boundaries and the TES bats share areas of habitat in both the United 
States and Mexico. The point of this observation is, no matter how well a par-
ticular installation or group of installations managed the lands and recovery 
of the TES, this effort will not be of sufficient value if their entire habitat is 
not taken into consideration independent of ownership or international 
boundaries. Thus, a call for greater cooperation between agencies within and 
adjacent to the borders of the United States is a requirement. 
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• Since most species must be managed/modeled at the landscape scale, the idea 
that an individual installation has the ability to recover a species puts too 
much responsibility at the wrong administrative level. For example, if the 
limiting factor for a species is a cave located off the installation, even the best 
Army management practices will be for naught if the TES are not allowed to 
use the cave. Installation managers are justified to ask for cooperation and 
support from other governmental agencies, including those at higher admin-
istrative levels. 

• All species response to a healthy (or degraded) ecosystem. Species such as 
TES where the munbers are declining dramatically, are a symptom of the 
problem of degraded ecosystems. As Chapter 2 makes clear, the solution lies 
at the landscape scale. 

• Time is not on the side of these TES. We do not have the luxury of waiting to 
know everything about the habitat before we must start managing and mod-
eling at the landscape scale. 

• The benefits of healthy ecosystems (ecoregions or landscapes) flow through 
the entire matrix to benefit both the natural and man-made landscape. 

• In some cases the local TES have conflicting requirements. For example the 
golden-cheeked warbler and the black-capped vireo both inhabit the same lo-
cation but within that location each species inhabits at different vegetation 
successional stages. Another example is the red-cockaded woodpecker that 
uses the sap of nearly dead longleaf pine trees to protect its eggs from being 
eaten by the indigo snake, another species of high concern. These examples 
suggest that the available natural land must be managed such that the en-
tire ecosystem can also work. When an ecosystem becomes so fragmented 
that only portions of it at particular stages of their lifecycles can be pre-
served, conflicts can emerge that require conflicting management actions. 
Once again, this suggests that for TES management to be successful, it must 
include areas beyond installation boundaries, must be at a regional scale, 
and must be carried out in cooperation with agencies and stakeholders with 
like interests. 

• Managers and researchers need to think of darkness as a habitat resource for 
nocturnal animals. Just as the cutting of the longleaf pines in the eastern 
United States decreased habitat for the red-cockaded woodpecker, it may well 
be that increased use of night lighting decreases the available period of dark-
ness. Darkness can be considered a resource for nocturnal animals. In terms 
of habitat fragmentation, the placement of a series of lights in a new residen-
tial area or along a highway may present a barrier as effective to night forag-
ing or migration as the loss of the vegetation. The literature contains very lit-
tle research on the question of nocturnal habitat fragmentation due to night-
lights. For roughly half of the Army list of TES species (or any list of species 
for that matter) it may well be that night lighting is a habitat fragmentation 
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issue as much as the availability of tree cover. This issue needs to be re-
searched. 

Most of these individual items lends support to the need to look at TES species at a 
regional or landscape scale, and in broader terms than have traditionally been ac-
complished. At the same time we need to focus on those TES characteristics that 
can be identified and translated into useful modeling procedures that can support 
actual land management directions. A sense that emerges from a review of life his-
tories of the TES is that although a lot is known about the species, it is not suffi-
cient for directing the management of the lands they inhabit. Thus, it is suggested 
that the research be directed more toward investigations that provide information 
directly useful to land managers as opposed to investigations that provide addi-
tional interesting characteristics of the species. The direction of future research will 
become more clearly defined after the review of research that resulted from the 
population viability analysis in Chapter 5. 
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4 Identifying TES Migration Corridors 
Tom Hoctor, Crystal Goodison, William W. Hargrove, Forrest M. 
Hoffman, Robert C. Lozar, and Winifred Rose 

Introduction 

To assess the problem of habitat fragmentation, it is necessary to identifiy the remain-
ing corridors that are available to the species for foraging and migration. This chapter 
presents a review of the methods used to identify TES migration corridors and provides 
examples. 

The first nationwide effort toward identifying migration corridors was the GAP Analy-
sis sponsored by the National Biological Service (see GAP Analysis, page 18 in Chapter 
2). Although the impact of GAP Analysis is not to be diminished, several shortcomings 
(e.g., done by states at different times using different criteria) have suggested that bet-
ter approaches need to be adapted. The following paragraphs present reviews of two 
emerging candidates: (1) the Southeast Ecological Framework (SEF) and (2) the Corri-
dor Tool. 

The Southeast Ecological Framework 

Description 

The EPA is supporting an effort to identify critical existing natural lands and corridors 
in the United States to provide the greatest preservation value yet available. As an 
Army-specific subset of this initiative, a report done for the Engineer Research and De-
velopment Center’s Construction Engineering Research Laboratory (ERDC-CERL) in 
2003, the authors described the overall initiative as follows: 

The Southeastern Ecological Framework (SEF) is a decision support tool created 
through systematic landscape analysis of ecological significance and the identifi-
cation of critical landscape linkages in a way that can be replicated, enhanced 
with new data, and applied at different scales.  It is intended to provide a foun-
dation for the adoption and implementation of effective and efficient conserva-
tion measures to minimize environmental degradation and protect important 
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ecosystem services.  It has been developed for all eight southeastern states con-
tained within the boundaries of the Environmental Protection Agency Region 4:  
Florida, Georgia, South Carolina, North Carolina, Alabama, Mississippi, Ten-
nessee and Kentucky by staff of the Planning and Analysis Branch of EPA Re-
gion 4 and researchers at the University of Florida.  Work on the project began 
in October 1998 and was completed in December 2001. 

The identification of linked regional networks of lands critical for conserving 
natural resources is a key strategy for applying landscape ecology principles in 
planning efforts to avoid and minimize the degradation of ecological integrity 
caused by habitat fragmentation.  By identifying a large scale, regional conser-
vation framework, it is possible to provide a foundation in which protection of 
the important ecological properties and processes can be optimized for multiple 
benefits at local and regional scales (Harris et al. 1996; Noss and Harris 1986).] 
Trends in regional conservation during the past 5 years have moved toward re-
gional approaches to natural resource protection in an attempt to address issues 
of scale and complexity.  Many organizations such as the World Wildlife Fund 
and The Nature Conservancy are attempting to develop geographical informa-
tion system tools for identifying biodiversity hot spots and other priority areas to 
better facilitate effective conservation. 

The Southeastern Ecological Framework represents a similar strategy to iden-
tify areas of natural resource conservation significance at a regional scale.  The 
SEF is a first iteration of a region-wide assessment of areas critical for conserv-
ing natural resources including important ecological services and biodiversity 
that will help promote the need for regional conservation assessments and plan-
ning and will continue to be improved as more data and assessment techniques 
are developed in the future. 

One of the primary objectives of the SEF is to develop partnerships with federal 
and state agencies and other groups to more effectively conserve natural re-
sources through cooperative planning, land protection, and management.  The 
Department of Defense has numerous installations in the southeastern United 
States.  … [U]rban growth is a problem throughout much of the region, and ur-
ban encroachment can threaten the military mission of Department of Defense 
installations.  Therefore, protection of land around these military installations 
that can provide additional habitat for federally listed species and other species 
of conservation interest to support viable populations while providing buffers for 
military training activities is an important goal.  Regional ecological assess-
ments like the SEF can be used as part of a process to determine areas that are 
most significant for conservation outside military installations.  Furthermore, 
the SEF presents the opportunity of cooperating with EPA and other Federal, 



ERDC/CERL TR-06-36 65 

 

State, and NGO’s in directing combined resources to implementing a regional 
approach to habitat preservation that will greatly benefit both biodiversity con-
servation and the military mission of these installations.56 

One of the issues that the SEF had to handle was the need to be consistent among sev-
eral states as much as possible. Although the precursor of the SEF was a study done 
specifically for the State of Florida, the criteria for the expanded SEF attempted to rep-
resent the best efforts of the several member states included in the SEF, as represented 
in Table 4-1 for the initial identification of the major areas, the Significant Ecological 
Areas (SEAs).57 

Table 4-1. Criteria for selecting significant ecological areas for the Southeastern Ecological Framework. 

Data layer Priority Area Criterion 

States in 
which 
criterion 
used Explanation/Rationale 

Areas of high 
habitat 
diversity  

Areas that have 4 different habitat 
types within a 27x27 
neighborhood using 90-meter 
pixels and NLCD 
landcover/landuse data.  

All states  Diverse habitats have the potential to support a 
wide range of flora and fauna, viewed as 
consistent with project goals. Based on iterative 
comparisons, areas with 4 different habitat types 
using NLCD appeared to be a useful additional 
indicator of areas with significant habitat 
diversity.  

Potential 
black bear 
habitat  

NLCD forest, not within ½ mile of 
Class 1 roads, road density of less 
than 2 miles per sq. mile AND 
greater than or equal to 10000 
acres within 100-140 kilometers of 
occupied bear habitat.  

All states  Black bears are a useful umbrella species for 
identifying large areas of relatively intact habitat 
that may be important for many other species of 
conservation interest. The SEA zone is farther 
from occupied bear habitat.  

Roadless 
areas  

Areas 2500 to 5000 acres with no 
roads (excluding large water 
bodies) of any kind based on 1990 
TIGER roads.  

All states  Roadless areas, important to species sensitive 
to humans, are typically buffered from 
disturbance and provide connectivity for species 
isolated by roads. The SEA threshold was based 
on recommendations by reviewers.  

                                                 
56 Hoctor, Thomas D. and Crystal Goodison, Defining The Southeastern Ecological Framework For Military Installations, 

Geoplan Center, Department of Landscape Architecture Department of Urban and Regional Planning, Department of 
Wildlife Ecology and Conservation, University of Florida, Gainesville, Florida, September 2003. 

57 Carr, Margaret H., Thomas D. Hoctor, Crystal Goodison, Paul D. Zwick, Jessica Green, Patricia Hernandez, Christine 
McCain, Jason Teisinger, and Karen Whitney, Southeastern Ecological Framework, The GeoPlan Center, Department of 
Landscape Architecture Department of Urban and Regional Planning, Department of Wildlife Ecology and Conservation, 
University of Florida, Gainesville, Florida, May 2002. 
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Data layer Priority Area Criterion 

States in 
which 
criterion 
used Explanation/Rationale 

Areas with 
high stream 
start reach 
densities  

Defined as areas in the top 10% in 
stream start reach densities with 
forest cover within each 
ecoregion. EPA Region for is 
broken into various ecoregions 
(such as Southeastern Coastal 
Plain , Blue Ridge Mountains, etc.) 
based on geology, soils, climate, 
etc. These ecoregions were used 
as a unit of analysis for any factor 
that might vary significantly among 
ecoregions.  

All states  Areas with high stream start reach densities 
represent areas that influence multiple 
watersheds, that are potentially relatively steep 
and thus vulnerable to erosion and that have the 
potential to harbor and protect aquatic 
biodiversity and water quality downstream. The 
SEA criterion is based on ecoregions, which 
allows for the identification of high stream reach 
densities within all ecoregions in the region.  

Significant 
riparian areas  

NLCD wetlands adjacent to 
streams (within 180 meters), intact 
riparian vegetation adjacent to 
streams (delineated as pixels with 
75% density of natural/semi-
natural landcover in a 5x5 
neighborhood within a 180m 
stream buffer), and 100-year 
FEMA floodplains (where data was 
available).  

All states  Riparian resources were one of the primary focal 
resources within the model. These various data 
sources and analyses delineate riparian areas of 
significance. NLCD wetlands are a more liberal 
identification of wetlands than contained in the 
PEA wetland analysis, intact riparian vegetation 
is important for water quality and wildlife habitat 
and corridors, and 100 year floodplains are 
important for flood control, functional ecological 
processes, etc.  

FNAIa 
Potential 
Natural Areas 
(PNAs)  

Priority level 3 through 5 areas 
from the Florida statewide 
inventory of potentially significant 
natural areas.  

Florida  Includes most of the remaining sites available to 
conserve native ecosystems in Florida, though 
some disturbance may be present and status of 
tracked species may not be completely known.  

FWCb 
Vertebrate 
Species 
Hotspots  

Based on FWC recommendations, 
areas supporting potential habitat 
for 6-9 focal vertebrate species.  

Florida  Data set was created by adding together 
potential habitat maps for over 100 vertebrate 
focal species. The original dataset consisted of 
values 1-26. Areas with 6-9 or more species 
indicate significant areas of overlap in habitat for 
species of conservation interest.  

North 
Carolina 
Significant 
Natural 
Heritage 
Areas  

Significant natural areas ranked C 
in a statewide inventory.  

North 
Carolina  

Areas supporting significant natural communities 
and species of conservation interest considered 
to be of regional significance within North 
Carolina.  

b Florida Natural Areas - Florida Natural Areas Inventory as described in Cox, J., R. Kautz, M. MacLaughlin, and T. 
Gilbert. 1994. Closing the gaps in Florida’s wildlife habitat conservation system: recommendations to meet minimum 
conser-vation goals for declining wildlife species and rare plant and animal communities. Florida Game and Fresh 
Wa-ter Fish Commission, Tallahassee Florida. 
b The Florida Fish and Wildlife Conservation Commission was previously named the Florida Game and Fresh Water 
Fish Commission. 
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Connecting or “linkage” areas between significant SEAs was established based on: 

1. Riparian linkages including all major river systems and coastal water bodies such as 
lagoons and connected estuaries. 

2. Upland linkages (used primarily in mountain and plateau ecoregions). 
3. General hub-to-hub linkages (considers wetlands and uplands as potentially suitable 

and was used primarily in the Coastal Plain and Piedmont ecoregions). 

Although considerably more involved than outlined here, the SEF established impor-
tant concentrations (hub areas) of significant natural lands and connections between 
them (Figure 4-1). Basically, the SEF is a series of hubs with connecting corridors of 
significant natural lands. 

 
Figure 4-1. The Southeastern Ecological Framework for EPA Region 4 including existing 

conservation lands for all states and officially proposed conservation land projects in Florida. 

The SEF and Military Installations 

The issue of how this relates to TES at military installations was addressed in a 2003 
study (Hoctor and Goodison 200358). The purpose of the study was to relate the SEF to 

                                                 
58 Hoctor, Thomas D. and Crystal Goodison, Defining The Southeastern Ecological Framework For Military Installations, 

Geoplan Center, Department of Landscape Architecture Department of Urban and Regional Planning, Department of 
Wildlife Ecology and Conservation, University of Florida, Gainesville, Florida, September 2003. 
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lands of ecological significance around selected DoD and Department of Energy (DoE) 
installations. The installations included in the study are shown in Figure 4-2. 

 
Figure 4-2. Installations included in Southeastern Ecological Framework analysis project. 

 

Fort Bragg Example 

For the purpose of the current report, we will see how the University of Florida study 
relates to an example installation, Fort Bragg, NC. Figure 4-3 shows the installation, 
the SEF, a boundary (red) that represents a logical study area for the installation 
(largely based on hydrology; see the original report [Hoctor and Goodison 200359] for 
details), a 5-mile buffer around the installation, and significant nearby conservation 
lands. Characteristics of the nearby lands are summarized in Table 4-2. 

                                                 
59 Hoctor, Thomas D. and Crystal Goodison, Defining The Southeastern Ecological Framework For Military Installations, 

Geoplan Center, Department of Landscape Architecture Department of Urban and Regional Planning, Department of 
Wildlife Ecology and Conservation, University of Florida, Gainesville, Florida, September 2003. 
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Figure 4-3. Summary of SEF and significant lands near Fort Bragg. 
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Table 4-2. Conservation lands in Fort Bragg/Camp Mackall study area. 

Acreage of Conservation Lands 
Within Study Area 

 Name of Conservation Land  

W/in 5-km 
Buffer  

Outside  
5-km Buffer 

Total w/in 
Study Area 

Manager 

Birkhead Mountain Wilderness 0 5,052 5,052 USDA - Forest Service 

Black Ankle Bog Preserve 0 286 286 The Nature Conservancy 

Densons/ Hugh creeks 0 352 352 Troy (Local)  

Fayetteville Public Works Land 598 56 908 City of Fayetteville 

FWC Permanent Easement 0 48 48 US Fish & Wildlife Service 

Goodwin State Forest 0 1,144 1,144 Div. of Parks & Recreation 

Hinson Gameland 0 274 274 Wildife Resources Commission

Hobucken Marsh Preserve 1,724 0 2116 Wildife Resources Commission

Little River Wetland Mitigation Site  
(Taylor tract) 340 0 340 Sandhills Area Land Trust  

McKinney Lake National Fish Hatchery 0 482 482 US Fish & Wildlife Service 

Morrow Mountain State Park 0 4,444 4,444 Division of Parks & Recreation 

North Carolina Zoological Park 0 184 184 NC Zoological Park 

Pee Dee National Wildlife Refuge 0 8,576 8,576 US Fish & Wildlife Service 

Pope Air Force Base 1,650 0 1,650 US Dept of Defense 

Sandhills Game Land 17,502 39,112 57,898 Wildife Resources Commission

Smith/Burns Tract 44 0 44 Sandhills Area Land Trust  

Uwharrie National Forest 0 44,984 44,984 USDA - Forest Service 

Weymouth Woods Sandhills Nature 
Preserve 878 0 878 Division of Parks & Recreation 

Whit and Cathy Smith Easement 0 294 294 
Land Trust for Central North 
Carolina 

Womble Tract 0 68 68 Sandhills Area Land Trust  

Although Fort Bragg has many opportunities to deal with general environmental and 
sustainable installation issues, they are dealing with a very complicated situation re-
garding the red-cockaded woodpecker, both on and off the installation (notably in the 
area between Fort Bragg and Camp Mackall). More importantly, how does this relate to 
TES issues? The University of Florida researchers already had a good deal of experience 
dealing with the black bear, so they used this species as the TES for this analysis.60 The 
result of this study for Fort Bragg is presented in Table 4-3. In brief, the table suggests 

                                                 
60 RCW would have been a better choice for Fort Bragg, but fewer data for North Carolina on the RCW were available 

during the project. 
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that Fort Bragg and Camp Mackall contain a large amount of remaining bear habitat—
129,820 acres (525.4 km2; nearly the entire installation of 149,139 acres [603.5 km2]). Of 
these acres, most are of medium rather than high priority for the purpose of good habi-
tat usage, but this amount represents about 8 percent of the bear habitat within the lar-
ger study area. 

 
Table 4-3. Prioritization areas acreage within Fort Bragg/Camp Mackall study area zones. 

Fort Bragg Acreage 141,563 

Camp Mackall  7,576 

Total Study Area Acreage 2,161,978 

% of Study Area Identified in SEF 47.20 
 

Acreage 
Prioritization Layer 

In Study Area In Installation Within 5 km Outside 5 km 
Black Bear Priority Habitat          

Medium Priority Habitat 1,456,340 82,398 142,766 1,231,176 

High Priority Habitat 50,130 47,422 2,708 0 

Interior Forest Priority Areas          

Medium Priority Area 300,166 6,632 13,732 279,802 

High Priority Area 0 0 0 0 

Priority Wetland Areas         

Medium Priority Area 17,768 164 6,512 11,092 

High Priority Area 0 0 0 0 

Although the SEF is useful in identifying remaining natural areas of significance in a 
region, it is somewhat difficult to relate these to military needs for TES management 
and conservation. 

The Corridor Tool 

Description 

The DoE’s Oak Ridge National Laboratory (ORNL) has developed a Corridor Tool that 
uses landscape-scale, species-specific inputs to identify key spatially explicit character-
istics of landscape and habitat fragmentation. This analytical tool can predict the loca-
tion of corridors of movement between patches of habitat within any map. The algo-
rithm works by launching virtual entities called “walkers” from each patch of habitat in 
the map, simulating their travel as they journey through landcover types in the inter-
vening matrix, and finally arrive at a different habitat “island.” Each walker is imbued 
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with a set of user-specified habitat preferences that make its walking behavior resemble 
a particular animal species. Because the tool operates in parallel on a supercomputer, 
large numbers of walkers can be efficiently simulated. 

The Corridor Tool uses the concepts of “source” and “sink.” For each habitat patch, a 
relative measure of how easy it is to disperse from there to somewhere else is the defini-
tion of how much this patch has the character of a source. How easy it is to disperse to 
the patch from somewhere else is the definition of how much this patch has the charac-
ter of a sink. These relative measures are similar to those used by Pulliam (1988), but 
they are independent of within-patch reproduction. Source and sink importance are cal-
culated for each patch. Manipulation of a series of contrived artificial landscapes dem-
onstrates that the location of dispersal corridors, and relative source and sink impor-
tance among patches, can be purposefully altered in expected ways. Finally, dispersal 
corridors are predicted among remnant habitats within three actual landscape maps. 
Specifically, the tool can identify critical “connectance points” in a landscape that can 
therefore be used to direct military resources toward the most critical areas of concern, 
or otherwise evaluate alternative locations for the degree of suitability to act as poten-
tial, long-term habitat recovery sectors. 

The Corridor Tool has been tested on theoretical and small realistic areas. The next test 
was to apply it to a specific region and to a specific species. The specific TES to be mod-
eled is the red-cockaded woodpecker. Using a sample data set, it was possible to model 
the fragmentation character over the study area. It also was possible to quantify and 
monitor the location and quality of habitat corridors over a multi-decade time period 
(1970s-1990s). This particular application uses the 1980s land use database. The Corri-
dor Tool study supports efforts to ensure the interaction of currently isolated popula-
tions to protect their long-term viability and genetic diversity. 

Protection of long-term viability and genetic diversity is of significance to the Army be-
cause the DoD is carrying a large burden of TES management within the study region. 
To successfully carry out its TES management responsibilities, DoD must cooperate 
with other Federal, state, and local land managers to provide viable habitats. Other-
wise, specific Army installations will become unique TES refuges. This effort the Corri-
dor Tool is meant to objectively and clearly identify areas of greatest significance for 
RCW habitat preservation using the most advanced research tools available. 

Rather than habitat identification, the Corridor Tool is meant to focus on the issues of 
fragmentation and on the identification of critical lands outside of military installations 
that might not be habitat, but that are critical to the issues of species genetic interac-
tion. The methodology of this particular application was focused specifically on meeting 
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the requirements of the Corridor Tool. It is specifically not intended to develop another 
RCW habitat model, potential habitat map, or a population dynamic simulation model. 

Step-By-Step Procedure to Derive Corridor Tool Inputs 

In this example, as is often the case, the military installation possesses detailed habitat 
data. Although the data on the installation was very detailed for RCW locations and 
characteristics as well as soils and vegetation distribution, data for the region around 
the installation was much less detailed. In fact, the only data set that covered the re-
gion was the NLCD. It was necessary to extrapolate habitat characteristics from the 
known area (the installation) to the less-known area in the region around the installa-
tion as represented by the NLCD. 

 
Step 1. Geographically locate RCW nesting sites and buffer zones. Identify each known 
RCW nesting site on the installation as the central point within a 60-m cell. Each cell is 
surrounded by other 60-m cells in each direction as a buffer zone, giving a 90-m radius 
around each nest site. 

Step 2. Cut out land uses that are within each RCW buffer.  Figure 4-4 shows the 90-m 
buffers around each RCW nesting tree. 

Step 3. Identify the land use/land cover that exists within each buffer. Calculate the 
percentage of RCW nesting area that exists within each land use type. Figure 4-5 shows 
the land uses existing on the example installation, along with the RCW-site cutouts. 

Step 4. Prepare a comparison of RCW nesting areas with the land use categories avail-
able on the installation. Column 1 of Table 4-4 lists the land use categories existing on 
the installation, and Column 2 shows the percent area of each category within the in-
stallation. Column 3 shows the percentage of total RCW nesting area that occurs in 
each of the land use areas. 
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Figure 4-4. RCW buffers within the installation. 

 

 
Figure 4-5. Land uses within the installation. 
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Table 4-4. RCW and land use correlations. 

Land Use Category* 
Pct_of_ 
installation 

pct_of_ 
RCW_Area 

RCW_Dif_from__ 
installation% 

Evergreen Forest 19.8452 30.1836 10.3384 
Mixed Forest 30.7228 38.1491 7.4263 
Pasture/Hay 0.3081 0.3648 0.0567 
Bare Rock/Sand/Clay 0.0015 0 -0.0015 
Emergent Herbaceous Wetlands 0.2988 0.1703 -0.1285 
Row Crops 1.2636 0.9242 -0.3394 
Deciduous Forest, Evergreen Forest, 
Mixed Forest, Woody Wetlands, 
Emergent Herbaceous Wetlands 1.5995 0.7661 -0.8334 
Pasture, Hay, Orchards, Vineyards, 
Row Crops, Small Grains, Fallow, 
Urban-Recreational 1.5232 0.4256 -1.0976 
Shrubland, Grasslands, Herbaceous 
Upland 1.3667 0.2432 -1.1235 
Transitional 2.6024 1.058 -1.5444 
Woody Wetlands 6.2234 1.7147 -4.5087 
Deciduous Forest 30.1189 24.4436 -5.6753 
Quarries/Strip Mines/Gravel Pits 0.0685 0 -0.0685 
Commercial/Industrial/Transportation 0.6391 0.4378 -0.2013 
Urban/Recreational Grasses 0.7046 0.2311 -0.4735 
High Intensity Residential 0.6494 0.1824 -0.467 
Low Intensity Residential 1.1364 0.3527 -0.7837 
Open Water 0.9281 0.3527 -0.5754 

 

Step 5. Based on this geographic analysis, calculate RCW habitat preferences. The as-
sumption is that in a random RCW distribution, the numbers in the second and third 
columns would be identical, with RCW area distributed proportionally to the total in-
stallation areas within each land use category. The difference between the percentages 
in the second and third columns indicates a tendency toward active preference (if a posi-
tive difference) or low preference/avoidance (negative difference) on the part of the 
RCW. The difference is shown in the fourth column. This column shows high positive 
numbers in the Evergreen Forest and Mixed Forest categories, corresponding well with 
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descriptions in the literature (Hooper 1980 and Lennartz and Henry 198561). It also 
shows a large negative value for Deciduous Forest, indicating a pattern of markedly 
lower RCW preference or active avoidance. 

Step 6. Proceed to calculate the relative degree of habitat preference, as shown in Table 
4-5. The first column of Table 4-5 is carried over from the last column of Table 4-4. In 
the second column of Table 4-5, similar values are lumped together into six land use 
(LU) values. The third column shows the average value of each ranked LU value group. 
The end result, displayed in the fourth column, shows the relative RCW habitat prefer-
ences resulting from normalization of the third column. These values are used as the 
basis for Corridor Tool input matrices, shown in the Chapter 4 Attachment (page96). 

 
Table 4-5. Land use ranking categories. 

RCW_Dif_from 
__installation% 

Ranking 
LU Value

Average LU 
Ranking 

Relative Degree of 
Habitat Preference Category 

10.3384 1 10.34 1.00 42 
7.4263 2 7.43 0.81 43 
0.0567 3 -0.63 0.29 81 

-0.0015 3 -0.63 0.29 31 
-0.1285 3 -0.63 0.29 92 
-0.3394 3 -0.63 0.29 82 
-0.8334 3 -0.63 0.29 40 
-1.0976 3 -0.63 0.29 80 
-1.1235 3 -0.63 0.29 50 
-1.5444 3 -0.63 0.29 33 
-4.5087 4 -5.09 0.00 91 
-5.6753 4 -5.09 0.00 41 
-0.0685 5 -0.40 0.30 32 
-0.2013 5 -0.40 0.30 23 
-0.4735 5 -0.40 0.30 85 
-0.467 5 -0.40 0.30 22 
-0.7837 5 -0.40 0.30 21 
-0.5754 6 -0.86 0.27 11 

                                                 
61  From the NatureServe Internet reference materials: http://www.natureserve.org/  Hooper, R.G., A.F. Robinson, and 

J.A. Jackson. 1980. The red-cockaded woodpecker: notes on life history and management. U.S. Forest Service, South-
east-ern Area, State and Private Forestry, Gen. Rep. SA-GR 9. 8 pp.  Lennartz, M. R., and V. G. Henry. 1985. Red-
cockaded woodpecker recovery plan (revision). U.S. Fish and Wildife Service. 92 pp. 
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Step 7. Extend these TES habitat preferences to the regional level of analysis, as a ba-
sis for identifying potential habitat areas and migration corridors within the region sur-
rounding the installation. Figure 4-6 shows relative degree of RCW habitat preference 
extended to the region surrounding the installation. Lighter red indicates more suitable 
habitat. 

 

 
Figure 4-6. Region-wide weighted relative habitat preferences. 

 

Step 8. Further refine the definition of viable habitat and migration corridors by taking 
into consideration the size of each land use area. Based on Conner and Rudolph,62 for 
our example, only patches that are 200 cells/72 hectares or larger are considered viable 
as sustainable RCW habitat. All such patches were found and extracted from the data-
base. 

                                                 
62 Connor, R.N., and D.C. Rudolph. 1991. “Forest habitat loss, fragmentation, and red-cockaded woodpecker population.” 

Wilson Bull. 103 (3): 446-457. 
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Step 9. To proceed with migration corridor analysis, it is necessary to know how far a 
migrating individual will disperse away from its native colony. For the RCW, the dis-
persal range is relatively small, around 4 km (Walters et al. 1988).63 Thus, habitat 
patches that are 4 km or closer in distance from each other can serve as an RCW migra-
tion corridor, while a distance greater than 4 km would be a migration barrier. Figure 
4-7 shows large-sized, preferred habitat patches surrounded by 4-km buffer zones. The 
RCW could migrate within the overlapping zones, but attempts to migrate outside of 
them become increasingly unsuccessful. 

 
Figure 4-7. 4-km buffers around large preferred RCW habitats (yellow). 

 

Step 10. Use the ArcView Extension Grid Patch to combine RCW 1980s LU preferences 
(six categories) with Migration Buffers (four categories) from Potential Best Habitat 
Patches. This combination yields RCW LU Preferences Combined with Migration Buff-
ers, with 24 categories, as shown in Figure 4-8. 

                                                 
63 Walters, J.R., et al. 1988. “Long-Distance Dispersal Of An Adult Red-Cockaded Woodpecker.” Wilson Bull. 100(3):494-

496. 
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Figure 4-8. Land Use Habitat map: RCW LU preferences combined with migration buffers,  

24 categories, no weighting. 

Step 11. As part of the Corridor Tool, it is necessary to develop a matrix relating the 24 
categories to characteristics of the animal being studied (here RCW) for several major 
concerns: 
• Relative Degree of Habitat Preference: Based on the land use habitat map cate-

gories (i.e., those used in Figure 4-8). The landuse habitat map categories reflect 
the preferences of the RCW and are based on the Relative Degree of Habitat 
Preference column from Table 4-5. 

• RCW Energy Cost to Transit Foraging: The energy expended by the RCW to 
traverse a cell of each type of habitat. This is a cost of travel. 

• Mortality for Transit: The likelihood of mortality (other than starvation) in each 
type of habitat. 

The Chapter 4 Attachment (page 96) includes the completed weights and reasoning. 
The matrix was developed by first assigning the Relative Degree of Habitat Preference 
column from Table 4-5 to the same column in the matrix where the land use habitat 
category was the least distance (i.e., first) buffer. These values are based directly on the 
calculated data as presented in the Relative Degree of Habitat Preference column in 
Table 4-5. As the distance increased, the preference value and hence the weights would 
decrease, depending on the concern at hand and for the reason indicated in the matrix. 
The values for the RCW Energy Cost to Transit Foraging column Chapter 4 Attachment 
(page 96) are determined based on the Relative Degree of Habitat Preference column. In 
most cases, Mortality For Transit is almost vanishingly low for a 60-m cell.  To test the 
Corridor Tool, values were assigned to this column. The intent was to do sensitivity 
testing with the additional computer runs to see how much difference the different Mor-
tality for Transit values really make. 
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Step 12. The values shown in Figure 4-8 are weighted by the values in the Chapter 4 
Attachment (page 96) matrix from the column entitled Relative Degree of Habitat Pref-
erence. The resulting map is then smoothed as shown in Figure 4-9. Notice that the ex-
isting tree colonies (yellow) fit well into the more desirable habitat areas shown in light 
red. Also note that the distance buffers have decreased the quality in areas away from 
large patches, but have made little difference in areas near large patches. 

 

 

 
Figure 4-9. Land use habitat map weighted by values in the matrix in the Chapter 4 Attachment, 

column entitled, Relative Degree of Habitat Preference. 
Lighter red indicates better RCW suitability. Existing tree colonies are shown in yellow. 
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Step 13.  There are no limitations on the Corridor Tool other than the amount of mem-
ory in the processing computer. It is easy to recode the patches so that those smaller 
than the minimum area are unacceptable. By doing this, the model will better reflect 
the real problem, which consists of finding the connections between the patches. Since 
the land cover maps are derived from remote sensing, they exhibit many “speckles.” 
One- and two-cell patches of habitat can cause the Corridor Tool processing time to sky-
rocket, since corridors would have to be simulated among all of these very small 
patches. To avoid this, a minimum usable area was set for the patches, in this case 9 
cells, which, if distributed as a square, would be a patch 180 meters on an edge, or 3.24 
hectares. This value was chosen because it is below any critical patch size found in the 
literature. This means that, at 3.24 hectares, all critical information is preserved while 
eliminating small areas below a threshold in the data. All patches smaller than this 
minimum were reclassified to another category, and then corridors were sought only 
among these larger-sized patches. ERDAS Imagine was used to smooth the image 
(Figure 4-10). 

 

 
Figure 4-10. Smoothed Land Use Habitat map. 

See Figure 4-9; the same patterns exist, but with much less clutter. 
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Step 14. The final step in development of the land usehabitat map requires distinguish-
ing between home patches that are adequate in size for a viable population (here 200 
cells) and those that are not. To determine the home range, the grid patch Category 7 
layer was analyzed. All patches of Category 7 greater than or equal to 200 cells were 
identified and saved as a separated layer. The cell values were changed from the old 
patch number to create Category 25. The two grids were merged so that the new Cate-
gory 25 was integrated into the land use habitat map (Figure 4-11). 

 

 
Figure 4-11. Land use habitat map with 25 categories. 

 

Step 15.  For input to the Corridor Tool, patch layers were generated. For each of the 
land uses in the previous step, a spatially explicit patch layer was generated. These lay-
ers contain patches (see Figure 4-12) that are consecutively numbered. 
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Figure 4-12. Layer containing only Category 1 patches. 

Results of the Corridor Tool Approach 

Rules of the tool 

Habitat fragmentation is just the inverse of habitat connectivity. For TES, the goal is to 
improve connectivity and strengthen corridors; for invasive species, the goal might be to 
disrupt connectivity and sever corridors. It has been suggested that a related applica-
tion is to project the route or spread character of future invasions. 

In the Corridor Detection approach, corridors are found among patches of a selected 
habitat category; habitat patches are the landscape unit of consideration and all 
patches are treated equally. The Tool uses “virtual” walkers to simulate movements of 
terrestrial animals, after Gustafson and Gardner (1996).64  Walkers can be thought of 
as software agents. They are imbued with the habitat preferences of the target species 
so that at each step, the walker selects its direction of movement based on habitat pref-
erences supplied for each category by the user. Single walkers that successfully reach 
another habitat patch (Figure 4-13) are counted in the final outcome. Walkers that run 
out of energy or die along the way are discarded. 

                                                 
64 Gustafson, E.J., and Gardner, R.H. (1996) "The effect of landscape heterogeneity on the prob-ability of patch coloniza-

tion" Ecology 14: 94-107. 
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Figure 4-13. Example path of a single successful walker. 

The “footprints” of all successfully dispersing walkers are summed together to locate 
corridors on the map. One can think of the corridors as if they were well-worn footpaths. 
This assessment simulated large numbers of individual walkers in a Monte Carlo proc-
ess using a parallel supercomputer to find optimized potential corridors. A constant 
number of successful dispersers (a “success quota”) is obtained from each patch of ori-
gin. All habitat patches have an equal chance to contribute to corridors. Each walker is 
started at a random location within the patch of origin and each walker starts with a 
fixed amount of energy that is based on the size of the map. An incorporated “hotfoot” 
routine encourages walkers to leave their patch of origin quickly and never return. In 
addition, an “anti-vibrate” routine was applied to discourage backtracking and give 
walkers realistic directional momentum. Walkers that return to their patch of origin 
die, and are not counted in corridors. Walkers that enter another different patch of 
habitat have successfully dispersed. 

The Corridor Tool is a mix between an individual-based model and a percolation analy-
sis. Like a percolation analysis, corridor analysis is timeless or instantaneous. An ulti-
mate potential connectivity is the result. Potential connectivity may not be realized as 
connectivity because there may not be any animals present in some habitat patches, or 
even in the whole landscape. 

Several assumptions have been made to generate potential corridors: 
• High-quality habitat is more desirable than less-preferred habitat. 
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• Short, direct connectors are better than longer dispersal routes. 
• Animals will follow an optimum route that minimizes their exposure to low-

quality habitat. 
• Movement would be facilitated by such routes, whether animals use them or not. 
• Resolution of the habitat map may affect the delineation of potential corridors. 
• Maps must be large enough to minimize edge effects, but fine enough to reflect 

the scale at which the animals are making movement choices. 

Although, in most cases, these assumptions seem reasonable, one will need to deter-
mine whether the assumptions reflect a reality for each species to which the assump-
tions are applied. 

Three types of output products are produced: 
1. A map of the most heavily traveled movement pathways between patches of each 

analyzed map category. 
2. A square transfer matrix quantifying “flow” of animals successfully dispersing from 

each habitat patch to every other habitat patch of that type in the landscape. The 
transfer matrix is square, since the rate of animal movement is likely to be asymmet-
rical between any two habitat patches. 

3. A set of importance values for every patch in the map that quantifies the contribu-
tion of that patch to successful animal movement across the map. This product helps 
to prioritize remediation, restoration, and management triage actions. 

Exchange of individuals among patches is used to calculate a quantitative importance 
value for each patch. Patch importance is given in the form of both a dispersal matrix 
and a color-coded patch map. 

To carry out the large number of required calculations, it is necessary to parallelize the 
master/slave algorithm by habitat patch. The master node assigns each habitat patch in 
the map to a particular node, and then the node keeps sending walkers from the as-
signed habitat patch until the “success quota” of successfully dispersing walkers is 
reached. There is a potential problem at this step as a node may be assigned a patch 
that is surrounded by a barrier, or is completely cut off and disconnected from the other 
patches. To prevent that node from endlessly sending walkers, it aborts that patch after 
sending a certain number of walkers without attaining the success quota. A patch that 
has reached the “abort quota” has less than a specified connectance. The abort quota is 
like the detection limit for an analytical device, except that it is under the user’s control. 

Before they are summed, footprints of successfully dispersing walkers are weighted in-
versely by the square of the energy expended during their traversals. Thus, the most 
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efficient traversal paths contribute more strongly to defining the most-probable corri-
dors. Corridors leading from each patch can be examined individually, if desired. The 
corridor intensity from each patch is normalized before summing corridors from all 
patches together, so that all habitat patches contribute equally to the final map of land-
scape corridors. 

Source (origin of migrating individuals) and sink (destination) importance are inde-
pendent of each other, i.e., they are intransitive. It is assumed that within-patch repro-
duction is equal across all patches regardless of habitat quality because in this study, 
there is no evaluation of individual patch quality. It is feasible to assign a relative rat-
ing to each patch, but the Corridor Tool does not currently deal with this issue. Source 
importance is calculated as the ratio of successful dispersers originating in the patch to 
the total number of walkers (whether successful or not) sent from the patch. Successful 
walkers originating from aborted patches are counted toward source importance even 
though the success quota for that patch may not have been met. 

In the Corridor Tool, sink importance for a patch is calculated as the ratio of successful 
dispersers ending up in the patch (having started from some other patch) to the number 
of all successful dispersers originating from all habitat patches. Successful dispersers 
from aborted patches make no contribution to sink importance. 

Evaluation of initial results 

Sources (Figure 4-14) are roughly evenly distributed throughout the study region; a re-
sult of the selection of the patches based on NLCD type and minimum size. All centrally 
located habitat patches are roughly equal in importance as sources of successful dis-
persers. Habitat patches on the periphery of the map are less important as sources, but 
this still depends on configuration of the intervening matrix. 

The importance of habitat patches as receptors or sinks of successful dispersers exhibits 
a similar spatial pattern. The rating for sinks is determined by a combination patch size 
and longest dimension. It actually depends on configuration of the intervening matrix. 
At the regional scale of the study area, it turns out that the greater number of patches 
are important as sinks. In fact, the closest unimportant sinks are to the west and north 
of the installation. If a land manager were looking for off-installation lands to acquire 
for RCW, these two sinks of low importance are clearly parcels of land to be avoided. 
Rather there exists a large sink patch at the installation’s southeast corner. This map 
suggests that the options for TES land acquisition are better focused on that area. 
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Figure 4-14. Source patch importance. 
Redder has more importance as a source. 

 

Figure 4-15 shows the source-to-sink ratio. This map indicates whether populations in 
habitat patches are likely to be growing or shrinking due to patch placement and matrix 
configuration alone, irrespective of within-patch reproduction. 
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Figure 4-15. Source-to-sink ratio indicates whether populations in habitat patches are likely  

to be growing or shrinking due to patch placement and matrix configuration alone, 
irrespective of within-patch reproduction. 

On a scale from blue to red, the bluer a patch is, the greater its importance as a source. 
Conversely, the redder the patch is, the greater its importance as a sink. 

 

Figure 4-16 shows an area-weighted sink importance of RCW patches. This has been 
normalized by the size of the patch such that, other concerns being equal, larger 
patches are decreased in importance since their per-unit-area importance value is di-
luted out over a larger area. This means that conservation and mitigation efforts are 
best spent on particular small patches that are vitally located. Redder shades (e.g., 
those near the upper part of the figure) in this image show higher importance.  
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Figure 4-16. Area-weighted sink importance of RCW patches. 

Redder shows higher importance. 

 

Figure 4-17 shows that there is a strong linkage between the lower and middle source 
patches. However, there also exists a very critical linkage between the top two patches 
(the top patch is barely visible in the figure). A U.S. highway divides this critical link-
age. This map clearly indicates the importance of the middle patch for RCW, as well as 
the potential hazard from the highway in precluding that linkage. 
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Figure 4-17. Greater number of footprints of successfully dispersing walkers 

is shown by increasingly hotter colors. 
Source/sink patches are in black. 

Discussion 

Land managers can change source/sink strengths by altering the matrix through which 
dispersers must pass. These changes can have significant influence even without chang-
ing the number, area, or spatial arrangement of habitat patches. Source and sink 
strengths are comparable across maps, since they are unitless ratios. This means that 
requesting greater numbers of successful walkers produces more precise predictions. 
Weighted visualizations show distinct corridors, even through realistic landscapes. Cor-
ridors through realistic landscapes are difficult to imagine before they are predicted. 
Dispersal corridors for invasive or weedy species are important so that they can be dis-
rupted while dispersal corridors for threatened or endangered species are important so 
that they can be enhanced. These considerations should be useful in the design of biotic 
preserves or parks consisting of several habitat remnants. 

Individual walkers are not strictly analogous to individuals of the target species. Indi-
vidual animals are much more sophisticated than walkers. Here, large numbers of 
walkers are used as a spatial optimization process. This optimization process is used to 
predict the optimum pathways that one expects individual animals to use most often. 
(This expectation is reasonable because animals are so well adapted to their home envi-
ronment.) An obverse related issue is, “Are the animals apt to be as efficient in dispers-
ing as are the thousands of walkers in the Corridor Tool?” 
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Walkers that can see only the habitat types immediately adjacent to their current loca-
tion can still represent animals that vary widely in the extent of their sensory range. 
Walkers’ single-step look-ahead does not affect the optimization of potential corridors 
found by the algorithm because the same optimum potential corridors would be found 
even if walkers were given a greater look-ahead ability. Although shortsighted, a few 
walkers will make rare suboptimal choices and will cut through bottlenecks to discover 
optimized pathways beyond. Conversely, walkers that enter attractive but dead-end 
patches will not successfully disperse; potential corridors that result will effectively 
show this avoidance of dead-end routes, just as though walkers had greater sensory 
range. Because animals have a memory, they will use optimum routes, once discovered 
or learned. However individual walkers do not need memory, since optimized routes are 
found by the collective action of large numbers of (only) successful walkers. 

Summary of Results 

The results of the application of the Corridor Tool to the RCW data indicate that: 
• The inputs can be configured and the application can be successfully run based 

on known characteristics of a TES species. 
• The results appear reasonable in terms of the character of the TES under review. 
• The Corridor Tool has the potential to be of significant use to land managers in 

general and specifically to military land managers dealing with TES concerns, 
particularly in off-installation areas where little information is available about 
potential habitat and habitat fragmentation. 

• It is recognized that the work presented here is preliminary. The recognized ma-
jor problem is to develop a more restrictive input for existing habitat. 

Comparison of SEF and the Corridor Tool 

The output of SEF is a definition of critical remaining natural areas for ecosystem 
health. The output of the Corridor Tool example is a definition of important connectivity 
for a single species. It would be interesting to compare the two in order to see how well 
the general purpose SEF definition services the needs of a particular TES. It is impor-
tant to keep in mind that the two are not necessarily expected to coordinate, but if they 
do, the importance of the high-significance land areas is increased due to validation 
from two separate sources. 

This discussion is limited to the Corridor Tool results of Source Patches and the Impor-
tance of Corridor map (Figure 4-17), realizing that this ignores many of the other Corri-
dor Tool results discussed above. 
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In the Fort Benning region, Figure 4-18 shows the SEF-defined areas in green while the 
Corridor Tool Source Patch locations are in red. From this map one can say: 
• Most of Fort Benning is included in the SEF. 
• The SEF defines large areas to the south and less extensive areas to the north of 

the installation as SEF. Basically Fort Benning is part of a large corridor. (This 
description is true at the grosser scale beyond that presented here.) 

• Most of the source patches do fall within the SEF-delineated locations. 
• Some source patches are not included in the SEF (those that are the paler shade 

of red). An inspection of a satellite image of the area to the north and west of 
Fort Benning that is not SEF shows that the surce patch areas are indeed parts 
of forests on the fringe of the town of Columbus. Since the RCW preferences were 
developed based on a 1980s map, one might expect an older source date to gener-
ate source patches that since have become less desirable due to urbanization. 

The Corridor Tool definition of Source Patches and SEF coordinate somewhat but not in 
strict detail. 

 

 
Figure 4-18. SEF (green) compared to Corridor Tool Source Patches (red). 
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The Importance of Corridor evaluation is intended to show more of the connective na-
ture of the habitat and so is more similar in intent to the SEF. Figure 4-19 presents this 
correlation. SEF distribution (light green) is overlaid onto the Importance of Corridor 
map. For the Importance of Corridor map, darker shades of gray indicate increasing 
importance of TES corridors. Once again although much of the higher importance areas 
of both maps coincide, this is not necessarily the case; notable exceptions exist. In fact, 
in Figure 4-19, the same area to the northeast of the installation that does not coincide 
shows a strong character as corridor. Thus, if source patches exist there, connections 
will be important. It is significant that none of the connection areas run south into the 
Columbus urban areas, they are all to the north. Still the area to the north of Columbus 
is not included in the SEF. 

 
Figure 4-19. SEF distribution (light green) compared with the 

Importance of Corridor map (shades of gray). 
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The conclusion from this comparison of the Corridor Tool and SEF is that the two do not 
coordinate highly with each other. Although the SEF may be a good point of departure, 
it is not designed to be a TES fragmentation/corridor model, at least in this comparison. 
Thus, fragmentation studies for a specific TES should be based on that specific TES. 

Conclusion 

This discussion compared two differing approaches to the issue of identifying TES mi-
gration corridors: The Southeast Ecological Framework (SEF) and the Corridor Tool. 
Each takes a regional approach so that comparisons between geographically widely 
separated areas are viable. In this aspect they are an improvement over the National 
Biological Service GAP Analysis initiative that, although federally sponsored, was a 
state-based program. In addition, all of the techniques recognize the importance of sat-
ellite remote sensing imagery as a critical basic data component. That is, their primary 
data is generated either directly or secondarily from imagery sources. Although one 
may initially believe that since the intent to define important areas or linkages is simi-
lar, that the outcome of these different approaches would result in similar outcomes. 
The review here does not bear this out. 

The SEF as was created through a systematic landscape analysis of ecological signifi-
cance and the identification of critical landscape linkages. The SEF is a broad approach 
to defining areas of natural importance and their interconnections. Most military instal-
lations in the SEF are considered to be “hub areas”. Although a good point of departure, 
for the purposes of military land managers, the SEF delineation is not detailed enough 
to provide specific guidance for land acquisition/land conservation activities beyond the 
installation boundaries. 

The Corridor Tool is a step in the correct direction. It suffers from two major problems. 
The first is perception. When people are reviewing the tool it seems that it is nearly im-
possible to keep the discussion aimed on the issue of the connection between habitats 
rather than the habitat itself. The Corridor Tool begins with the assumption that it is 
given a correct habitat delineation and works out the characteristics of connectivity for 
a particular species. Thus it deals with the issues of both habitat and viability and po-
tential to spread out over time of the species. The second problem is the delineation of a 
habitat. As we have seen from previous chapters, remote sensing, usually satellite im-
agery, is the only cost-effective means to generate base data at a landscape scale. But, 
the state of the art does not allow the application of national land use data derived from 
imagery to adequately limit those areas that are really potential habitat. Once again 
land managers are faced with the dilemma of having sophisticated modeling capabili-
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ties but the models run on data that is inadequate to address the model requirements. 
On the other hand, the outputs are tailored to provide specific guidance for land acqui-
sition/land conservation activities beyond the installation boundaries. 
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Chapter 4 Attachment:  Corridor Tool Matrix Input Table 

 
Table 4-A-1.  Corridor Tool Matrix Input 
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1=Best 

Reason For 
Relative 

Degree of 
Habitat 

Preference 

RCW Energy 
Cost To 
Transit 

Foraging (1-0)

Reason For 
RCW Energy 

Cost To 
Transit 

Foraging 

Mortality 
For Transit 
(1-0) 1=No 
Mortality 

Reason For 
Mortality 

For Transit

1 2 4 
60 m–
4 km 

Avoid 0 

No compati-
bility —
Straight from 
Relative De-
gree of Pref-
erence 

0.15 

Birds can 
transit, but 
further from 
more suitable 
areas so less 
likely, possi-
bly find a bit 

0.94 

Birds die 
and 
transiting 
increases 
that slightly 

2 2 3 
60 m–
4 km 

No 
Matter 

0.28 
This is normal 
home range 

0.25 

Poor area to 
gather food 
and far away 
from good 
habitat 

0.96 

Transiting 
Birds are 
further away 
from best 
habitat 

3 2 2 
60 m–
4 km 

High 0.8 
Within normal 
home range 

0.75 Nearly Good 0.97 

Transiting 
Birds can be 
a long way 
from best 
habitat 

4 2 1 
60 m–
4 km 

Highest 0.99 
This is normal 
home range 

0.95 

Nearly Best, 
similar to “At 
Home” situa-
tion 

0.98 

Transiting 
Birds are 
further away 
from best 
habitat 

5 1 3 

Best 
RCW 
Habitat 
Patch 

No 
Matter 

0.29 

Moderate 
compatibil-
ity—Straight 
from Relative 
Degree of Pre

0.3 
Poor area to 
gather food 

0.97 

Nearly as 
safe as 
being at 
home. 

6 1 2 

Best 
RCW 
Habitat 
Patch 

High 0.81 

High com-
patibility—
Straight from 
Relative De-
gree of Pref-
erence 

0.81 Good 0.98 

Nearly as 
safe as 
being near 
home. 



ERDC/CERL TR-06-36 97 

 

Lu
 C

at
eg

or
y 

M
ig

 B
uf

 V
al

ue
 

R
C

W
 P

re
fe

re
nc

es
 

M
ig

ra
tio

n 
D

is
t 

R
an

ki
ng

 

Relative 
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1=Best 

Reason For 
Relative 

Degree of 
Habitat 

Preference 

RCW Energy 
Cost To 
Transit 

Foraging (1-0)

Reason For 
RCW Energy 

Cost To 
Transit 

Foraging 

Mortality 
For Transit 
(1-0) 1=No 
Mortality 

Reason For 
Mortality 

For Transit

7 1 1 

Best 
RCW 
Habitat 
Patch 

Highest 1 

Straight from 
Relative De-
gree of Pref-
erence—area 
Not large 
enough for 
viable colony 

1 
Best, similar 
to “At Home” 
situation 

0.99 

Nearly as 
safe as 
being near 
home. 

8 1 4 

Best 
RCW 
Habitat 
Patch 

Avoid 0 

No compati-
bility—
Straight from 
Relative De-
gree of Pref-
erence 

0.2 
Birds can 
transit, possi-
bly find a bit 

0.95 

Nearly as 
safe as 
being at 
home but 
now may be 
a long 
distance. 

9 1 5 

Best 
RCW 
Habitat 
Patch 

Urban-
Avoid 

0.05 

Urban areas 
are to be 
avoided if 
possible 

0.3 
Poor area to 
gather food 

0.97 

Away from 
normal 
cover—
vulnerable, 
even though 
not very 
likely 

10 2 5 
60 m–
4 km 

Urban-
Avoid 

0.05 

Urban areas 
are to be 
avoided if 
possible 

0.25 

Poor area to 
gather food 
and far away 
from good 
habitat 

0.96 

Away from 
normal 
cover—
vulnerable, 
even though 
not very 
likely 

11 2 6 
60 m–
4 km 

Water 0.02 
Water is not a 
RCW habitat 

0.05 

No RCW 
Food in water 
areas, more 
distant from 
suitable areas 
so 1/2 previ-
ous 

0.96 

Away from 
normal 
cover—
vulnerable, 
even though 
not very 
likely 

12 1 6 

Best 
RCW 
Habitat 
Patch 

Water 0.02 
Water is not a 
RCW habitat 

0.1 

No RCW 
Food in water 
areas, how-
ever water 
availabilty is 
positive, pre-
vents zero 
rating. 

0.97 

May be a 
long way 
from normal 
cover 
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Habitat 
Preference 

1=Best 

Reason For 
Relative 

Degree of 
Habitat 

Preference 

RCW Energy 
Cost To 
Transit 

Foraging (1-0)

Reason For 
RCW Energy 

Cost To 
Transit 

Foraging 

Mortality 
For Transit 
(1-0) 1=No 
Mortality 

Reason For 
Mortality 

For Transit

13 3 3 
4 km–
8 km 

No 
Matter 

0.23 
Slightly be-
yond home 
range 

0.25 

Poor area to 
gather food 
and far away 
from good 
habitat 

0.96 

Away from 
normal 
cover in a 
place 
normally to 
avoid—
vulnerable, 
even though 
not very 
likely 

14 3 4 
4 km–
8 km 

Avoid 0 

No compati-
bility—
Straight from 
Relative De-
gree of Pref-
erence 

0.15 

Birds can 
transit, but 
further from 
more suitable 
areas so less 
likely, possi-
bly find a bit 

0.94 

Away from 
normal 
cover in a 
place 
normally to 
avoid—
vulnerable, 
even though 
not very 
likely 

15 3 2 
4 km–
8 km 

High 0.75 
Slightly be-
yond home 
range 

0.75 Nearly Good 0.97 

Away from 
normal 
cover in a 
place 
normally to 
avoid—
vulnerable, 
even though 
not very 
likely 

16 3 5 
4 km–
8 km 

Urban-
Avoid 

0.05 

Urban areas 
are to be 
avoided if 
possible 

0.25 

Poor area to 
gather food 
and far away 
from good 
habitat 

0.96 

Can be 
really far 
Away from 
normal 
cover in a 
place 
normally to 
avoid—
vulnerable, 
even though 
not very 
likely 

17 3 1 
4 km–
8 km 

Highest 0.95 
Slightly be-
yond home 
range 

0.95 
Nearly Best, 
similar to “At 
Home” situa-

0.98 
Away from 
normal 
cover—
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Relative 
Degree Of 

Habitat 
Preference 

1=Best 

Reason For 
Relative 

Degree of 
Habitat 

Preference 

RCW Energy 
Cost To 
Transit 

Foraging (1-0)

Reason For 
RCW Energy 

Cost To 
Transit 

Foraging 

Mortality 
For Transit 
(1-0) 1=No 
Mortality 

Reason For 
Mortality 

For Transit
tion vulnerable, 

even though 
not very 
likely 

18 3 6 
4 km–
8 km 

Water 0.02 
Water is not a 
RCW habitat 

0.025 

No RCW 
Food in water 
areas, more 
distant from 
suitable areas 
so 1/2 previ-
ous 

0.96 

Away from 
normal 
cover—
vulnerable, 
even though 
not very 
likely 

19 4 2 
Greate
r Than 
8 km 

High 0.65 
Beyond nor-
mal range 

0.75 Nearly Good 0.96 

Away from 
normal 
cover—
vulnerable, 
even though 
not very 
likely 

20 4 4 
Greate
r Than 
8 km 

Avoid 0 

No compati-
bility—
Straight from 
Relative De-
gree of Pref-
erence 

0.15 

Birds can 
transit, but 
further from 
more suitable 
areas so less 
likely, possi-
bly find a bit 

0.93 

May be a 
long way 
from normal 
cover 

21 4 3 
Greate
r Than 
8 km 

No 
Matter 

0.18 
Beyond nor-
mal range 

0.25 

Poor area to 
gather food 
and far away 
from good 
habitat 

0.95 
Similar to 
Moderate 

22 4 1 
Greate
r Than 
8 km 

Highest 0.85 
Beyond nor-
mal range 

0.9 

Nearly Best, 
similar to “At 
Home” situa-
tion 

0.97 
Similar to 
Moderate 

23 4 5 
Greate
r Than 
8 km 

Urban-
Avoid 

0.05 

Urban areas 
are to be 
avoided if 
possible 

0.25 

Poor area to 
gather food 
and far away 
from good 
habitat 

0.95 
Similar to 
Moderate 

24 4 6 
Greate
r Than 
8 km 

Water 0.02 
Water is not a 
RCW habitat 

0.012 

No RCW 
Food in water 
areas, more 
distant from 
suitable areas 

0.93 

Greater than 
8 km may 
be a long 
way to fly, 
increased 
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Relative 
Degree Of 

Habitat 
Preference 

1=Best 

Reason For 
Relative 

Degree of 
Habitat 

Preference 

RCW Energy 
Cost To 
Transit 

Foraging (1-0)

Reason For 
RCW Energy 

Cost To 
Transit 

Foraging 

Mortality 
For Transit 
(1-0) 1=No 
Mortality 

Reason For 
Mortality 

For Transit
so 1/2 previ-
ous 

danger. 

25 1 1 

Best 
RCW 
Habitat 
Patch 

Highest 1 

Straight from 
Relative De-
gree of Pref-
erence, area 
large enough 
for viable 
colony 

1 
Best, similar 
to “At Home” 
situation 

0.99 

Nearly as 
safe as 
being near 
home. 
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5 Population Viability Analysis 
H. Resit Akçakaya, Kelly Cantara, Heather Vaillant,  
David Diamond, Diane True, William Wolfe, and Robert Lozar 

Review of Habitat Fragmentation (Software) Models 

Although Army lands must primarily support troop training, the Army is also re-
quired to manage its training lands to meet other objectives, e.g., maintaining 
threatened and endangered species (TES) habitat. A good deal of residential and 
commercial development is occurring outside the installation boundaries. Because 
military training has traditionally been carried out in more natural settings, mili-
tary lands are increasingly becoming more important as TES habitats as develop-
ment for commercial and residential land uses fragment habitat elsewhere. By it-
self, the amount of land available on military installations is insufficient to ensure a 
TES populations’ long-term viability. Primary TES habitat must remain genetically 
connected with off-installation areas. 

As development increases, the remaining natural areas are affected in two impor-
tant ways: 
• Urban development reduces the amount of available natural habitat—

decreasing the total carrying capacity for certain species and making smaller 
populations more susceptible to extinction. 

• Urban development fragments (disconnects) the remaining habitat. That is, 
animals and propagules from plants in remaining good habitats cannot reach 
other populations through migration or dispersion of plant pollens and seeds. 
The “islands” of remaining habitat lose their genetic connectivity; this phe-
nomenon is called “habitat fragmentation.” 

Certain animals’ behaviors and habitat requirements, and some plants’ seed and 
pollen dispersal approaches may tolerate habitat fragmentation better than others. 
A given landscape may be fragmented for one organism, but not for another. Pat-
terns of fragmentation can also differ. The loss of genetic connectivity will eventu-
ally result in the loss of genetic diversity in subpopulations, making the populations 
more susceptible to disasters and increasing the probability of local extinction. 
Habitats must not become so fragmented that small populations become isolated. 
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This occurrence has resulted in the loss of installations land to training. Thus, habi-
tat fragmentation is a concern to the military. 

A number of tools (i.e., “fragmentation models”) that quantify the effect of habitat 
fragmentation on the viability of threatened and endangered species, promise to 
help address the double challenge of development encroachment near installations 
while training lands are experiencing increasing usage demands. A study done by 
the U.S. Army Engineer Research and Development Center, Construction Engineer-
ing Research Laboratory (ERDC-CERL) reviewed a number of habitat fragmenta-
tion models to evaluate and identify the relative strengths and weaknesses of land-
scape scale TES habitat fragmentation models as they relate to military 
installations within the United States (Akçakaya et al. 200665). The work reviewed 
12 habitat fragmentation models. Of those, 6 were run using similar data inputs to 
further refine the comparison. In a follow-on study, an in-depth investigation was 
performed on one model at Fort Hood, TX; a summary is presented near the end of 
this chapter. 

The 12 reviewed models were (tested models are noted with an asterisk [*]): 

1. FragStats* 
2. FragStats ARC 
3. R.L.E. (Raster Landscape Ecological) Model 
4. Patch Analyst* 
5. Habitat Analysis and Modeling System (HAMS)* 
6. Habitat Suitability Index (HSI) Model* 
7. California Urban and Biodiversity Analysis Model (CURBA) 
8. Land Transformation Model (LTM) 
9. Land-Use Change Analysis System (LUCAS) 
10. RAMAS GIS* 
11. Effective Area Model (EAM)* 
12. The DIAS RCW (Dynamic Information Architecture System Red-cockaded 

Woodpecker) Mode. 

The following sections describe the tested fragmentation models. This is not to im-
ply that those not included here are inferior for fragmentation evaluation purposes. 

                                                 
65 Akçakaya, H. Resit, Kelly Cantara, Heather Vaillant, David Diamond, Diane True, Chris C. Rewerts, and Robert 

Lozar, Evaluation of Models To Support Habitat Fragmentation Analysis, Technical Report, 03 Aug 06, ERDC-
CERL, Champaign, IL, Report Number ERDC/CERL TR-06-18. 
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For a more complete discussion, readers are invited to review the above referenced 
Akçakaya publication. 

FragStats 

Overview 

FragStats is a program designed for the spatial analysis of categorical maps. It 
quantifies the areal extent and spatial configuration of patches within a landscape 
that is defined and scaled by the user. Landscape metrics are then used to quantify 
patches on three levels: individual patches, classes of patches, or entire landscape 
mosaics. Landscape metrics fall into two categories: those that quantify the map 
composition without reference to spatial attributes, and those that quantify the spa-
tial configuration of the map. FragStats is a statistical program rather than a frag-
mentation model. Yet, it set the standards for most existing models and its metrics 
are often integrated into the fabric of the more recent models. Table 5-1 shows a se-
ries of standard FragStats outputs. 

Strengths 

FragStats analyzes the extent and spatial configuration of patches within a land-
scape using metrics. These metrics are very well defined and specific. FragStats is 
therefore an extremely thorough tool for analyzing landscape structure, particularly 
habitat fragmentation. 

Shortcomings 

FragStats has four primary shortcomings as a tool for analyzing the effects of habi-
tat fragmentation: 
• FragStats analysis is based on predefined patches or habitat categories. To 

be useful in habitat fragmentation assessment, the definition, and the spatial 
scale of patches must be determined for a particular species before the analy-
sis. This would require a habitat analysis for the species, and considerations 
of behavioral characteristics of the species (territoriality, home range, disper-
sal, etc.) that affect its use of space, which must be determined before an 
analysis by FragStats is carried out. 

• FragStats is designed to analyze the extent and spatial configuration of 
patches within a landscape, and is not able to analyze the effects of habitat 
structure on floral or faunal species. That must be done using principal com-
ponents analysis (PCA), regression, or ArcView GIS methods. All of these 
methods would require determining the biological variable (such as abun-
dance, survival, fecundity, etc.), and collecting spatially explicit data on this 
variable. Note too, that analysis of species using these methods will only ac-
count for landscape metrics, and does not take into consideration variables 
such as food availability, microclimate, etc. 
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Table 5-1. Example of FragStats model output on the landscape scale. 
Landscape-level Metrics       

Metric Fort Bragg Fort Stewart  Metric Fort Bragg Fort Stewart  

TA 4390400 9421100  CONTIG_MN 0.1133 0.1364  

NP 4735 6875  CONTIG_AM 0.5831 0.6377  

PD* 0.1078 0.073  CONTIG_MD 0 0  

LPI 22.63 25.46  CONTIG_RA 0.8144 0.846  

LSI 40.96 54.20  CONTIG_SD 0.1538 0.1716  

AREA_MN 909.27 1365.21  CONTIG_CV 135.74 125.83  

AREA_AM 311833.77 835674.48  PAFRAC 1.5857 1.577  

AREA_MD 100 100  ENN_MN 2758.83 2806.35  

AREA_RA 993300 2398300  ENN_AM 2140.04 2118.74  

AREA_SD 16814.12 33749.15  ENN_MD 2236.07 2236.07  

AREA_CV 1849.19 2472.09  ENN_RA 25513.63 110294.26  

SHAPE_MN 1.2039 1.2578  ENN_SD 1582.19 2441.20  

SHAPE_AM 9.241 13.01  ENN_CV 57.35 86.99  

SHAPE_MD 1 1  CONTAG* 27.85 32.77  

SHAPE_RA 16.71 23.81  PLADJ 59.77 65.14  

SHAPE_SD 0.6618 0.7808  IJI 80.67 77.31  

SHAPE_CV 54.97 62.08  COHESION 96.14 97.65  

CORE_MN 909.27 1365.21  DIVISION 0.9303 0.9116  

CORE_AM 311833.77 835674.48  MESH 305796.54 832543.28  

CORE_MD 100 100  SPLIT 14.36 11.32  

CORE_RA 993300 2398300  PR 6 6  

CORE_SD 16814.12 33749.15  PRD 0.0001 0.0001  

CORE_CV 1849.19 2472.09  RPR 66.67 66.67  

DCORE_MN 909.27 1365.21  SHDI* 1.4353 1.5211  

DCORE_AM 311833.77 835674.48  SHEI* 0.801 0.8489  

DCORE_MD 100 100  AI 60.35 65.59  

DCORE_RA 993300 2398300      

DCORE_SD 16814.12 33749.15      

DCORE_CV 1849.19 2472.09  Some Interesting (non-significant) Differences 

FRAC_MN 1.0203 1.0243  Metric Bragg Georgia % Difference 

FRAC_AM 1.1696 1.1907  PD 0.1078 0.073 32.28% 

FRAC_MD 1 1  CONTAG 27.85 32.77 17.66% 

FRAC_RA 0.2578 0.2798  SHDI 1.4353 1.5211 5.98% 

FRAC_SD 0.0337 0.0368  SHEI 0.801 0.8489 5.98% 

FRAC_CV 3.3037 3.5901      

PARA_MN 34.95 33.99  

PARA_AM 16.09 13.94  

PARA_MD 40 40  

PARA_RA 32.87 34.18  

PD—patch density (# patches/100ha) 
CONTAG—aggregation of patch types (%) 

SHDI—Shannon’s Diversity Index 
SHEI—Shannon’s Evenness Index 

PARA_SD 7.02 7.69      

PARA_CV 20.08 22.64      
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• It is often difficult to interpret the results of FragStats for the purposes of 
predicting fragmentation impacts, e.g., to predict the future population re-
sponses in the same landscape, or the population responses in another land-
scape, or the response of another species. The reason is that there are no gen-
eral relationships between landscape indices and the persistence of 
populations inhabiting the landscape. In specific cases, the relationships vary 
with species, with landscape, and with the spatial scale. 

• FragStats cannot analyze changes in patch or landscape dynamics, such as 
perforation, dissection, shrinkage, or attrition. 

Patch Analyst 

Overview 

The fact that Patch Analyst is integrated into ArcView GIS (which provides tools for 
mapping and graphic analysis of data) gives this model an advantage over other 
landscape structure models, which have to be formatted and input into a GIS for 
further analysis. 

Strengths 

Patch Analyst is free and an extension integrated into ArcView GIS (and now Arc-
GIS), making this an economical initial means of beginning habitat fragmentation 
analysis. An installation GIS specialist can begin this work without the need to buy 
expensive software or contract out the analysis. 

Shortcomings 

Patch Analyst shares the four primary shortcomings of landscape structure models 
discussed above. In addition, Patch Analyst is very time consuming in performing 
calculations of metrics. This puts limitations on the number of metrics that can be 
reasonably calculated for a given study (Apan et al. 2002).66 

                                                 
66 Apan, Armando A., Steven R. Raine, Mark S. Paterson (2002) Mapping and analysis of changes in the riparian 

landscape structure of the Lockyer Valley catchment, Queensland, Australia Landscape and Urban Plan-
ning,59:43-57. 
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Habitat Analysis and Modeling System (HAMS) 

Overview 

The HAMS PC-based software program provides graphical, analytical, and model-
ing capabilities and allows users to graphically display, measure, modify, and ana-
lyze landscape structure. The program can evaluate habitat suitability for a species 
or group of species by providing an estimate of the density of the species within the 
study area (Figure 5-1). This is done using Pattern Recognition (PATREC) models, 
specified for the life requirements of the species under study. 

 
Figure 5-1. Example of a habitat suitability output, in the form of an estimated species density. 

Strengths 

HAMS’ strength is its ability to analyze habitat patches and assess habitat suitabil-
ity via a species’ density estimate, all in one program. 

Shortcomings 

HAMS is little known, hard to obtain, and has no technical support available. Al-
though the program can analyze the suitability of a habitat by providing an esti-
mate species’ density, it only uses landscape metric information as specified by the 
user, who must have expertise in the life requirements of the species, as it relates to 
landscape structure. Finally, like the other habitat models, HAMS evaluates land-
scapes based only on habitat, and cannot assess a species’ abundance or persistence 
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(viability) in the landscape. The primary method used in HAMS is PATREC, which 
is not very widely used or recognized. 

As with FragStats and Patch Analyst, HAMS requires further analysis such as 
PCA, regression, or Spatial Analyst modeling must be done for TES assessment. 

Habitat Suitability Index (HSI) 

Overview 

HSI models are widely used, as they allow wildlife to be represented with other 
natural resource information by recording or predicting the response of a species to 
its environment (Kliskey et al. 1999)67. Habitat is usually a key factor in determin-
ing a species’ presence or abundance, but there are also other factors involved, such 
as food availability. HSI models attempt to quantify habitat quality using factors 
shown to be important to the species in question, and creating an index of habitat 
suitability determined by aggregating one or more factors considered life-requisite 
components; its values range from 0.0-1.0 (Lancia et al. 1982).68 It should be noted 
that habitat suitability indicates the habitat quality for the species (Figure 5-2), not 
its abundance. HSI models are based on the assumptions that a species will select 
and use areas that are best able to satisfy its life requirements, and that conse-
quently, greater use will occur in higher quality habitat (Schamberger and O’Neil 
1986).69 

                                                 
67 Kliskey, A. D., E. C. Lofroth, W. A. Thompson, S. Brown, and H. Schreier. 1999. Simulating and evaluating alter-

native resource-use strategies using GIS-based habitat suitability indices. Landscape and Urban Planning 45:163-
175. 

68 Lancia, R. A., S. D. Douglas, D. A. Adams, and D. W. Hazel. 1982. Validating habitat quality assessment: an ex-
ample. Trans. North Amer. Wildl. Nat. Res. Conf. 47:96-110. 

69 Schamberger, M. L., and L. J. O'Neil. 1986. “Concepts and constraints of habitat-model testing.” Pages 5-10 in J. 
Verner, Morrison, M.L., Ralph, C.J., editor. Wildlife 2000: Modeling Habitat Relationships of Terrestrial Vertebrates. 
University of Wisconsin Press, Madison, WI. 
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Figure 5-2. Idrisi GIS map of habitat suitability for the  

red-cockaded woodpecker near Fort Stewart, GA. 
Note that this map was developed as a test of the HIS model and as such is  

not intended to reflect an in-depth evaluation result. 

Strengths 

The HSI model is very simple and straightforward. A computer is not even neces-
sary to compute the suitability of a habitat patch, although one is required to effec-
tively suitability and variation in suitability over a large landscape area. 

Another advantage of HSI models is that they use life requisite variables other than 
landscape metrics, such as food availability and climate. A species’ suitability to a 
habitat is rarely, if ever, only a function of landscape structure, and these other 
variables are extremely important in calculation of a viable HSI. 

Shortcomings 

One shortcoming of the HSI model is that the variables selected for inclusion in the 
model, and the shape of the function for each variable, are usually based on expert 
opinion and can therefore be subjective. Different experts, using the same data on 
the same species, may come up with different models. Another important limitation 
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is that the form of the function is restrictive and arbitrary. It does not readily allow 
for interactions between variables, and often requires assumptions of linearity be-
tween a habitat variable and the species’ response to the variable (Van Horne 
1983).70 

Finally, a major shortcoming of HSI models (as well as other, more advanced habi-
tat modeling methods) is that they describe habitat suitability, but do not predict 
the viability or persistence of the species in that habitat, because viability depends 
on factors other than habitat suitability, including landscape-level factors (total 
amount of habitat, expected future change in the amount, spatial distribution of 
habitat, etc.), and demographic factors (survival, fecundity, and dispersal as func-
tions of habitat; exploitation and other impacts not related to habitat, etc.). 

RAMAS GIS 

Overview 

RAMAS GIS, which consists of five programs (Metapopulation, Spatial Data, Habi-
tat Dynamics, Sensitivity Analysis, and Comparison of Results) is designed to link 
GIS-generated landscape data to a species’ metapopulation model for extinction risk 
assessment, viability analysis, reserve design, and wildlife management. It works 
by combining landscape spatial data, habitat requirements of a given species, and 
demographic data into a metapopulation model. The model is then run to simulate 
future changes in species abundance and distribution in the landscape, or to esti-
mate the risk of extinction or decline and time to extinction. The model can be run 
for varying landscape structures, to assess a species’ response to development or 
management actions. 

Strengths 

RAMAS GIS can model a species’ response (in terms of population size or viability) 
to habitat change, as well as to other human impacts or conservation actions. Other 
models reviewed can describe the landscape (FragStats, R.L.E., Patch Analyst), de-
scribe the suitability of a single habitat to a species (HSI), or describe the changes 
in landscape over time (CURBA, LUCAS), but none of them can translate a time 
series of habitats into a species’ response. 

                                                 
70 Van Horne, B. 1983. “Density as a misleading indicator of habitat quality.” Journal of Wildlife Management 47:893-

901. 
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RAMAS GIS also has the ability to link to models that predict landscape change. A 
recently developed addition, RAMAS Landscape, links the program to the landscape 
model LANDIS (which predicts forest landscape structure in terms of tree species 
composition and age classes). In principle, the program can be linked to any model 
that predicts the future landscape in the form of a time series of raster maps. 

  

 
Figure 5-1. Habitat suitability map showing potential population locations for the  

red-cockaded woodpecker near Fort Bragg, NC. 
Populations are indicated by the yellow circle and labeled with “Pop #”. 

Shortcomings 

RAMAS GIS allows only one-way interaction between the landscape data and the 
metapopulation model. The program does not estimate the function that relates 
landscape data to habitat suitability or to the parameters of the metapopulation 
model. These functions need to be input manually, and must be estimated using lo-
gistic regression or some other method. 

Input parameters are not estimated in this model; the user must research relevant 
literature and use that information to estimate input parameters. RAMAS GIS (and 
in general, habitat-based viability methods) require more information than habitat 
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suitability models, because they require demographic information in addition to 
habitat information. 

Effective Area Model 

Overview 

The Effective Area Model (EAM) was designed to provide a predictive tool for link-
ing field and remote sensing data in a landscape model to permit comparison of the 
impacts of alternative management strategies. The EAM is an extension to ArcView 
GIS, adding a menu called “EAM” to the menu bar of the ArcView graphical user 
interface. It uses quantitative measures of species-specific edge effects to weight 
habitat quality within a patch, based on distance from the edge. The model then cal-
culates an “effective habitat area” for each habitat patch within the study landscape 
or management area. This enables the prediction of changes in species’ density and 
abundance given changes in landscape pattern (Figure 5-3 shows a comparison of 
two alternatives). 

EAM requires three classes of input data, (1) a detailed habitat map and (2) the spe-
cies density response to habitat type and (3) distance from edges. EAM is a raster-
based spatial model that is created by applying the animal density response to the 
closest patch edge. The EAM then provides a rapid, automated means of assessing 
effects of shifts in patch size, shape, and edge characteristics, given a relatively 
small set of assumptions regarding species’ response and the spatial relationship of 
its habitat. 

Strengths 

This model incorporates habitat and species density response information into one 
program for analysis. The program calculates the species’ density and abundance 
response to the habitat given, and can therefore be used to assess impact of habitat 
change in a given species. However, this is provided one has habitat data for a time 
series or can manipulate habitat data to generate habitat change information. 

The program can also “remove noise” from the habitat data. This function allows the 
user to remove habitat patches that are smaller than the user-specified area or 
number of pixels, and replace them with values of the patches’ nearest neighbors. 
EAM can also classify “no data” fields to values of their nearest neighbors. 

The program is able to calculate empirical error through calculation of confidence 
intervals. Error of the animal density grid is calculated to a user-specified confi-
dence interval, assuming the response variable is distributed normally. 
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Figure 5-3. Example of EAM density grids using the edge response and no edge response (null) 

models for the red-cockaded woodpecker near Fort Stewart, GA. 

Shortcomings 

The program emphasizes “effective area,” which is a generalized version of the core 
area concept. Although this generalization is very useful, effective area (or core 
area) is only one factor that determines TES persistence in a landscape. Other fac-
tors (species’ vital rates, predation, competition, climate, etc.) are not considered. 
Also, EAM assumes the habitat is static; it does not incorporate habitat dynamics (a 
general limitation of habitat suitability models). 

Unlike some other methods of habitat suitability modeling, EAM requires prior 
definition of “patch” and identification of “edge.” Other methods (such as HSI, or the 
more general methods of habitat modeling) do not require this, but if such informa-
tion is available, these more general methods can be used to estimate the same 
functions (e.g., of distance to edge) that EAM uses. 

Another shortcoming is that, unlike more general habitat modeling methods, EAM 
does not estimate the parameters of the function (e.g., based on occurrence data). 
Thus, using EAM requires using these more general methods (such as logistic re-
gression) to estimate the parameters to enter in EAM. Although these inputs make 
logical sense, there is little fieldwork to support their generation for the EAM. 
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General Evaluation of the Models in Relation to Military Lands 
Management 

The reviewed models can be grouped in four categories (Table 5-2). 

 
Table 5-2. Characteristics of fragmentation models. 

 Index methods 
Habitat suitability  
models 

Landscape  
prediction models 

Species  
viability models 

Evaluated 
models 

FragStats 
r.le 

Patch Analyst 
(HAMS) 

HSI 
HAMS 
EAM 

CURBA 
LTM 

LUCAS 

RAMAS GIS 
DIAS RCW 

Index Methods 

The methods in this category (FragStats, R.L.E., Patch Analyst) calculate a variety 
of patch and landscape-level metrics or statistics that characterize the spatial struc-
ture of the landscape. These metrics include measures of area (e.g., mean patch 
size), shape (e.g., fractal dimension), isolation (e.g., nearest neighbor distance), and 
other attributes of predefined patches (of specific types) distributed in a landscape. 
The three programs do a very good job of making these calculations relatively easily.  
A fourth program (HAMS) also calculates some landscape metrics, but it is reviewed 
below under habitat suitability models. However, there are four primary shortcom-
ings of the index methods as tools for analyzing the effects of habitat fragmentation: 

1. The index methods are based on predefined patches or habitat categories, which 
require a habitat analysis for the species and considerations of the species’ behav-
ioral characteristics (territoriality, home range, dispersal, etc.) that affect its use 
of space. 

2. Index methods describe the structure of the landscape, but do not analyze the 
effects of habitat structure on floral or faunal species. The relationship between 
the metrics reported by the index methods, and the biological response of the spe-
cies must be quantified using other methods (such as PCA, or regression). 

3. The types of analysis described above can be used to find relationships between 
landscape metrics and population responses, but it is difficult, if not impossible, 
to use these relationships for prediction (e.g., of future population responses in 
the same landscape, or in another landscape). 

4. The index methods are static; they do not consider or model temporal dynamics 
(e.g., changes in land use). 
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Habitat Suitability Models 

The methods in this category (HSI, HAMS, EAM) are used to predict a species’ re-
sponse to its environment, including the landscape it lives in. The response is usu-
ally the occurrence or abundance of the species at a certain locality or the carrying 
capacity of the habitat. The model is usually in the form of an equation that relates 
this response to various habitat-related variables. These variables can include land-
scape metrics, as well as other variables that determine the suitability of the land 
as habitat for a particular species (such as elevation, basal area for particular tree 
species, distance from roads, distance from water, etc.). The model is often used to 
calculate a habitat suitability map for the species. 

Unlike the three index methods evaluated above, these three methods differ from 
each other, as well as from other habitat suitability models that were not evaluated. 
The HAMS model is based on pattern recognition (PATREC) method, which is not 
widely used and can lead to over-fitting. The EAM model can be useful in the lim-
ited context of edge effects, but other, more general habitat suitability models can 
also incorporate such effects. In addition, the HAMS and EAM models are not 
widely used, and there are very few examples of their application. Thus, these mod-
els are not recommended. 

The HSI method is widely used, very simple and straightforward. However, the 
variables selected for inclusion in the HSI model, and the shape of the function for 
each variable, are usually based on expert opinion and can therefore be subjective. 
In addition, the form of the function is restrictive and arbitrary, does not readily al-
low for interactions between variables, and often requires assumptions of linearity 
between a habitat variable and the species’ response to the variable. 

These particular shortcomings of the HSI model can be reduced or eliminated by the 
more quantitative and objective methods of habitat modeling, such as general linear 
models (e.g., logistic regression, also known as resource selection function, rsf). 
These statistical procedures use species occurrence or abundance at each location as 
the dependent variable and the habitat characteristics as the set of predictive vari-
ables. Most statistical methods require both presence and absence data, while oth-
ers (such as “climatic envelopes”) require only presence data (Elith 2000).71 The ad-

                                                 
71 Elith, J. 2000. “Quantitative methods for modeling species habitat: comparative performance and an application to 

Australian plants.” Pages 39-58 in Ferson, S. and Burgman, M. (eds), Quantitative Methods for Conservation Biol-
ogy. Springer-Verlag, New York. 
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vantage of these statistical habitat suitability models over the HSI model is that 
they are statistically rigorous and can be validated; they can also incorporate non-
linearities of, and interactions among habitat variables. 

Because the habitat suitability models relate features of the landscape to its use by 
particular species, their output (habitat functions or habitat maps) are relevant for 
the questions related to managing lands, particularly for studying the effects of 
fragmentation on TES. The models that are based on statistical methods are espe-
cially relevant, because they are objective, and can be validated. These models can 
be used to estimate habitat functions (and to create habitat maps) at different time 
steps, provided that both landscape data (maps of land cover, etc.) and occurrence 
data are available for multiple time steps. Such time series of habitat maps can be 
used to monitor the change in species’ habitat. 

The fundamental shortcoming of all habitat suitability models is that they describe 
habitat suitability, but they do not predict the viability or persistence of the species 
in that habitat, because viability also depends on factors other than habitat suitabil-
ity, including landscape-level factors (e.g., expected future change in the amount 
and spatial distribution of habitat) and demographic factors (survival, fecundity, 
and dispersal as functions of habitat; exploitation and other impacts not related to 
habitat, etc.). In other words, habitat suitability is only one component of viability; 
it cannot be used by itself to predict the effects of fragmentation on the future per-
sistence of TES in a given landscape. Thus, it is recommended that statistical mod-
els of habitat suitability (especially logistic regression) be used in combination with 
viability-based methods. 

Another important shortcoming of habitat suitability models is that they treat habi-
tat as a static component, and do not incorporate dynamic changes in the landscape. 
Depending on the landscape, and the specific fragmentation question to be ad-
dressed, this may be an important shortcoming. For those cases where the temporal 
change in the spatial structure of the habitat is important, general models of habi-
tat suitability can be (and have been) linked to landscape models (described below). 

Landscape Prediction Models 

Landscape prediction models aim at predicting the future of a landscape in terms of 
land use and land cover.  Thus, they do not directly predict impacts on TES, but by 
combining them with habitat models (above) and viability models (below), the ef-
fects of landscape change on TES can be evaluated. However, this has been done 
only to a limited extend. 
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The three reviewed landscape prediction models (CURBA, LTM, and LUCAS) be-
long to a large group of at least 20 models (most of them recently reviewed by 
Agarwal et al. 2002).72 In general, these models focus on urban growth and other 
forms of human land use, but do not include much biological detail. For example, 
the natural vegetation is often categorized into very broad classes such as “forest” 
or, at most, “deciduous forest.” This lack of specificity means that these models can-
not be used to predict the effects of human land-use on specific TES. 

Another group of landscape models focuses on predicting the changes in structure 
and composition of the vegetation cover or more general changes in classes of land 
cover. In general they include more biological detail than landscape models that fo-
cus on human land-use. However, the models that focus on natural vegetation dy-
namics have limited capabilities for incorporating human activities other than tim-
ber harvest. Thus, they do not explicitly recognize and integrate land-use changes, 
particularly increasing urbanization. 

Because they include more detail on vegetation structure, these models have previ-
ously been linked to habitat suitability models for particular species, including TES 
(Smith 1986; Davis and DeLain 1986; Hyman et al. 1991; Pausas et al. 1997; Cur-
nutt et al. 2000; Akçakaya et al. 2003).73 Such links between landscape and habitat 
suitability models eliminate one of the shortcomings of habitat models (static land-
scape). However, the more important shortcoming of lack of direct relevance to per-
sistence requires links with species viability models discussed below. 

                                                 
72 Agarwal, C., G. M. Green, J. M. Grove, T. P. Evans, and C. M. Schweik. 2002. A review and assessment of land-

use change models: dynamics of space, time, and human choice. Gen. Tech. Rep. NE-297. Newton Square, PA: 
U.S. Department of Agriculture, Forest Service, Northeastern Research Station. 61 pages.  Available at: 
http://www.srs.fs.usda.gov/pubs/. 

73 Smith, T.M. 1986.  “Habitat-simulation models: integrating habitat-classification and forest- simulation models.” 
Pages 389-393 in J. Verner, M. L. Morrison, and C. J. Ralph, editors. Wildlife 2000: modeling habitat relationships 
of terrestrial vertebrates. University of Wisconsin Press, Madison.  Davis, L.S., and L.I. DeLain. 1986.  Linking wild-
life-habitat analysis to forest planning with ECOSYM.  Pages 361-369 in Verner, J., M.L. Morrison and C.J. Ralph 
(eds.) Wildlife 2000: Modeling Habitat Relationships of Terrestrial Vertebrates. University of Wisconsin Press, 
Madison.  Hyman, J., J. McAninch, and D.L. DeAngelis. 1991.  “An individual-based simulation model of herbivory 
in a heterogeneous landscape.”  Pages 443-478 in M.G. Turner and R.H. Gardner, editors.  Quantitative methods 
in landscape ecology.  Springer-Verlag, New York.  Pausas, J.G., M.P. Austin, I.R. Noble. 1997. “A forest simulation 
model for predicting eucalypt dynamics and habitat quality for arboreal marsupials.”  Ecological Applications 7: 
921-933.  Curnutt, J.L., J. Comiskey, M.P. Nott, and L.J. Gross. 2000. “Landscape-based spatially explicit species 
index models for everglades restoration.” Ecological Applications 10: 1849-1860.  Akçakaya, H. R., J. L. Atwood, 
D. Breininger, C. T. Collins, and B. Duncan. 2003. “Metapopulation dynamics of the California least tern.” Journal 
of Wildlife Management 67(4):829-842. 
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Species Viability Models 

These population or metapopulation models simulate the dynamics of a species and 
predict its future in terms of number of individuals, risk of decline or extinction, and 
chance of recovery. Species viability models are based on population-level ecological 
models, including structured (life history, or matrix) models, individual-based mod-
els, and metapopulation models (Pastorok et al. 2002)74. From the point of view of 
evaluating the viability of species under fragmentation, the relevant types of popu-
lation-level models are stochastic models with explicit spatial structure. 

Several such models are implemented as generic computer programs, including 
RAMAS GIS, Vortex, and ALEX. Lindenmayer et al. (1995)75 reviewed earlier ver-
sions of these programs. RAMAS GIS allows an explicit link to GIS software and 
incorporates dynamic spatial structure, including appearing, disappearing, merging, 
and splitting patches (Akçakaya 2001, 2002).76 RAMAS GIS also links the habitat 
suitability models discussed above to a species viability model. The habitat suitabil-
ity model can be of a variety of types, including HSI model, or more general models 
such as logistic regression. However, the program does not estimate the habitat 
model; the user must enter the habitat model as a function. 

Species viability models that have explicit spatial structure directly relate to the 
question of the persistence of a species in a fragmented landscape; thus, they are 
relevant to the issues related to managing lands. In addition, they can be used in a 
temporal manner to follow changes over time, and they can recognize and integrate 
land-use changes such as urbanization, if such changes are input as a time series of 
maps. However, species viability models do not predict such maps (RAMAS GIS can 
use such predictions as input) if they are exported as a set of time series raster 
maps describing the habitat variables that are used in the user-specified habitat 
suitability function. Thus, species viability models can be linked to landscape mod-
els by using the output of a landscape model as input for a spatially explicit (and 
spatially dynamic) viability model. An example of how such a link can be formed is a 

                                                 
74 Pastorak, R. A., S. M. Bartell, S. Ferson, and L. R. Ginzburg, editors.  2002. Ecological Modeling in Risk Assess-

ment: Chemical Effects on Populations, Ecosystems, and Landscapes. Lewis Publishers, Boca Raton, Florida. 
75 Lindenmayer, D. B., Burgman, M. A., Akçakaya, H. R. and Possingham, H. P. 1995. A review of generic computer 

programs ALEX, RAMAS/space and VORTEX for modelling the viability of wildlife metapopulations.  Ecological 
Modelling 82: 161-174. 

76 Akçakaya, H.R. 2001. “Linking population-level risk assessment with landscape and habitat models.”  Science of 
the Total Environment 274:283-291.  Akçakaya, H.R. 2002. “Estimating the variance of survival rates and fecundi-
ties.” Animal Conservation 5:333-336. 
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new program, RAMAS Landscape, which links the forest landscape dynamics model 
LANDIS to RAMAS GIS. This program integrates landscape and metapopulation 
approaches, allowing the modeling of species viability in a dynamic landscape. 

Applying a Viability Fragmentation Model to the Evaluation of Golden-
cheeked Warbler Habitat 

Objective 

The golden-cheeked warbler (GCW, Dendroica Chrysoparia) is an endangered 
neotropical migrant songbird with one of the most restricted breeding ranges in all 
of North America. Within the United States, it nests only in Texas. In 1990, the 
GCW was placed on the Federal endangered species list due to declines in popula-
tion, reductions of overall range, and continuing loss of nesting habitat (U.S. Fish 
and Wildlife Service 1992).77 

The objective of this study was to demonstrate the use of habitat-based metapopula-
tion modeling in evaluating the impact of habitat loss and fragmentation on the 
long-term persistence of the GCW. Two very simple fragmentation scenarios were 
given to demonstrate this approach. 

Fragmentation Scenarios 

Habitat fragmentation was modeled by reducing the amount of available habitat 
every 5 years for a period of 50 years. Two scenarios of habitat loss, low and high, 
were modeled to compare the effects of different levels of habitat encroachment. Fu-
ture habitat loss is difficult to predict; however, areas currently developed were as-
sumed likely to experience further expansion. Therefore, fragmentation was mod-
eled as a function of the distance of the habitat from cities and highways. 

A habitat suitability function was created that links habitat characteristics to a 
measure of habitat suitability. For this model, the proximity of a cell to the nearest 
city and highway was used as a habitat characteristic that influences suitability. 
Habitat within a specified distance, X meters, from a city or within a distance of 2X 
from a city and within 1 km of a highway was considered unsuitable (i.e., habitat 

                                                 
77 U.S. Fish and Wildlife Service (USFWS).  1992.  Golden-cheeked warbler recovery plan.  USFWS, Endangered 

Species Office, Albuquerque, NM.  88pp. 
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value = 0). To model temporal changes in habitat, a time series of habitat maps was 
created where the distance X was increased every 5 years. For low habitat loss, the 
distance X was increased in 150-m increments from 0 to 1,500 m. In high habitat 
loss models, X was increased in 1,000 m increments from 0 to 10,000 m. Simulations 
were also run without habitat loss and the results were compared. 

It was assumed that habitat loss and fragmentation affected only available habitat 
as reflected in the number, location, and carrying capacities of the habitat patches. 
The locations of habitat patches determine their distances to neighboring patches, 
thus affecting dispersal rates. Other aspects of the species demography (in particu-
lar survival rates and fecundities) were assumed to be unaffected by habitat loss 
and fragmentation. 

Analysis and Viability Measures Used 

The analysis of the dynamics of the golden-cheeked warbler metapopulation con-
sisted of a series of simulations. Each simulation consisted of 1,000 replications, and 
each replication projected the abundance of each population for 50 years. 

To analyze the sensitivity of the model results to parameters, three simulations 
were run for each parameter, using the lower, intermediate, and upper estimates of 
that parameter and medium estimates of all other parameters. Two measures were 
used to express the predicted viability of the metapopulation: 

1. Risk of 85 percent decline in metapopulation abundance and  
2. Risk of falling below the metapopulation threshold of 5,000 birds anytime within 

50 years. 

Results 

Patch structure 

Nineteen patches were found in the simulations based on an average territory size 
of 6.7 ha. Total carrying capacity (K) was 47,246. Using a lower estimation of K re-
sulted in delineation of 10 patches and a total carrying capacity of 16,395. In both 
models, the largest patch made up about 75 percent of the total area of all patches 
and the two largest patches together made up about 98 percent. 

Carrying Capacity (K) 

The results of simulations with different carrying capacities were similar. There 
was no significant difference in percent decline between the low and high carrying 
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capacity models. In absolute numbers, the low K models declined to a smaller popu-
lation size than in the high K models due to the smaller initial population size in 
the low K models. 

Dispersal 

The major effect of dispersal was on metapopulation occupancy. Using medium val-
ues for all other parameters, at the end of the 50-year simulations 5.4 ± 2.1 (mean ± 
s.d.) populations were occupied in the low dispersal model and 6.4 ± 2.5 were occu-
pied in the high dispersal model. The population trajectory and extinction risk did 
not significantly differ between the low and high dispersal models (Kolmogorov-
Smirnov test; D = 0.033, p = 0.65). 

Correlation 

The correlation among vital rates of populations had a more pronounced effect on 
the risk of decline. Under the assumption of medium values for all other parame-
ters, the risk of 85 percent decline was 0.1540 and 0.2130 for low and high correla-
tion, respectively. The risk of declining below a population abundance of 13,000 was 
greater in the high correlation model than the low correlation model (Figure 5-4). 
However, the risk of decline to an abundance between about 13,000-30,000 was 
greater in low compared to high correlation models. The risk curves for low and high 
correlation models were significantly different (Kolmogorov-Smirnov test; D = 0.082, 
7p = 0.0024). 

Habitat fragmentation 

The habitat fragmentation scenarios resulted in a reduction in the amount of avail-
able habitat. In low habitat loss, about 8.6 percent of the habitat area was lost, and 
in high habitat loss about 48 percent was lost. Using medium values of carrying ca-
pacity, dispersal, and correlation parameters, the mean abundance after 50 years 
was 10,724 for no habitat loss, 9,897 for low, and 5,355 for high habitat loss. The 
habitat loss that occurred also resulted in a greater number of populations, with a 
mean metapopulation occupancy at the end of the 50-year simulations of 6.2 for no 
habitat loss, 8.1 for low, and 48.8 for high habitat loss. 

The fragmentation of habitat resulted in a greater risk of decline. The probability of 
metapopulation abundance declining by 85 percent within 50 years was 0.1850, 
0.2010, and 0.3190 for no, low, and high habitat loss, respectively. 
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(a)  

(b)  

(c)  
Figure 5-4. Distribution of golden-cheeked warbler habitat after 50 years under fragmentation 

scenarios of (a) no habitat loss, (b) low habitat loss, and (c) high habitat loss. 
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The carrying capacity used in the model affected the percent decline in abundance 
for some models. For no habitat loss and low habitat loss, the percent decline did 
not significantly differ between low and high carrying capacity models. There was a 
significant difference in percent decline between the low and high K models for the 
high dispersal models with high habitat loss. Percent decline was similar for no 
habitat loss and low habitat loss and higher in high habitat loss models. 

The risk of decline of the species to 5,000 birds within the next 500 years was differ-
ent under different carrying capacities and dispersal and correlation functions. The 
low carrying capacity models had a higher risk than the high carrying capacity 
models. For low carrying capacity models, risk of decline was greatest in high habi-
tat loss scenarios and the range in the risk of decline was similar for no and low 
habitat loss scenarios. Under no habitat loss, the low correlation models had a lower 
risk than high correlation models (Figure 5-5). 
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Figure 5-5. Sensitivity of risk of decline to hatch year survival. 

In the high carrying capacity models, the risk of declining to less than 5,000 birds 
ranged from 0.4330 to 0.5660 for no loss, 0.4540 to 0.5750 for low loss, and 0.5010 to 
0.7570 for high habitat loss. In all three habitat loss scenarios, the lowest risk oc-
curred with low dispersal and low correlation parameters. Under the two fragmen-
tation scenarios, the high dispersal and high correlation parameters resulted in the 
greatest risk. 
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The results showed sensitivity to the estimates of fecundity and survival. Risk of 
decline to 5,000 birds in 50 years ranged from 0.9970 to 0.0790 for low and high 
Hatch Year (HY) fecundity estimates (Figure 5-5) and from 0.9200 to 0.2370 for low 
and high Annual Hatch Year (AHY) fecundity. Risk ranged from 0.9860 to 0.1900 
for HY survival. The results were not sensitive to density-dependent dispersal. 

Discussion 

The spatial structure derived depends on the accuracy of the habitat map. The habi-
tat map used is based on vegetation classification from TM satellite imagery, with 
no verification conducted on the ground. The actual occurrence of golden-cheeked 
warblers in areas classified as habitat or non-habitat is therefore unknown. Areas 
may have been misclassified due to the nature of TM imagery, the inability to rec-
ognize habitat variables such as tree age, and difficultly distinguishing between 
woodland and savanna. Due to these limitations, the classification of land cover into 
‘habitat’ and ‘non-habitat’ is believed to be about 80 percent accurate (Diamond and 
True 1999). The accuracy of the map will influence the habitat suitability function, 
recognition of patches, carrying capacity, and initial abundance. 

The selected fragmentation scenarios were based only on the distance from roads 
and cities. Future fragmentation is difficult to predict, as it undoubtedly depends on 
many other factors, including social and economic ones. Thus, future fragmentation 
assessments like this study must be considered only as “what if” projections, rather 
than forecasts of future conditions. 

An important aspect of evaluating the impact of habitat loss and fragmentation is 
determining the model parameters that will be affected. In this study, habitat loss 
and fragmentation affected several model parameters, including distances among 
populations (which determine dispersal rates and spatial correlations), number of 
populations, and carrying capacities of populations. Other aspects of the species 
demography (in particular survival rates and fecundities) were assumed to be unaf-
fected by habitat loss and fragmentation. This may not be a valid assumption. In-
creased fragmentation may cause increase edge effects (because each habitat patch 
is smaller; therefore a larger proportion of each habitat patch is closer to an edge 
between the habitat patch and the surrounding landscape). Edge effects may result 
in lower survival and fecundity. Such effects can be documented only through com-
parative field studies that allow multi-annual estimation of survival and fecundity 
in habitat patches of different sizes. In the absence of such data, it was assumed 
that these effects did not exist. Despite this optimistic assumption, the results indi-
cate that loss of habitat around existing roads and cities may cause substantial de-
crease in long-term viability of this species. 
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The sensitivity analysis conducted gives information about which parameters need 
to be estimated more carefully. The results were extremely sensitive to both sur-
vival and fecundity estimates. High vital rates were estimated from Fort Hood, 
where active management strategies are in place. This estimate may therefore be 
overly optimistic for the entire habitat range. Improved estimates of vital rates and 
their association with habitat quality would greatly improve future models and 
therefore management decisions. 

The sensitivity of the results of this work suggests the results should not be inter-
preted in absolute terms. The model serves as a way to compare possible fragmenta-
tion and management scenarios and not as a way to predict future abundance in 
absolute numbers. Results from sets of possible scenarios can be compared in rela-
tive terms to evaluate management options. 

Despite the high sensitivity of the results to some parameters, the predicted effect of 
habitat loss was robust to uncertainties in the model. Under any combination of un-
certain model parameters (such as vital rates, dispersal, or correlation functions), 
low habitat loss resulted in higher viability than high habitat loss. For example, 
under both low and high dispersal rates, the high habitat loss results in higher 
risks. Thus, even if the precise value of some model parameters were unknown, 
habitat fragmentation scenarios can still be compared or ranked with respect to 
their effect on the viability of the GCW. 

The model results (the effect of habitat loss) are also robust with respect to vital 
rates, despite the fact that fragmentation may affect average vital rates (because of 
edge effects). The reason is that any expected affect of fragmentation on vital rates 
will more likely increase the difference between low and high habitat loss than de-
crease the difference. 

Implications for Military Land Managers 

Although the GCW demonstration application was carried out with many restric-
tions, it reveals the utility of such modeling efforts to the management of military 
TES habitats. Restrictions included: 
• Little data availability on the TES except that which was in the published 

literature. Installation managers usually have access to a good deal of addi-
tional information through unpublished data and institutional knowledge. 
Therefore, many of the variables estimated in this example can be improved 
upon significantly. 

• Little data availability about the landscape beyond the installation lands ex-
cept that which was available at a national level. Unfortunately, this is a 
common current situation. The only means to refine this is through the ma-
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nipulation of remote sensing data such as the TM data used in the example. 
As mentioned, the development of a habitat map in conjunction with other 
data (e.g., topography, hydrology, etc.) and ground truth from the installation 
would have further refined the analysis. Even without these additions, the 
habitat map generated based on the imagery was estimated to be 80 percent 
accurate. 

From an effort like this, a land manager can learn: 
• What the likely future scenario for the installation TES(s) is (are). Signifi-

cantly, a land manager can see the value of funding various options avail-
able. If under all possibilities, there is a low possibility of a viable TES popu-
lation on the installation, the manager knows how well spent those funds are 
on the installation (versus for projects off installation). 

• What the relative importance of trying to influence changes in TES charac-
teristics are. From the model, it is clear that it is important for the manager 
to try to influence survival and fecundity. 

• Those objections to the effect that “not everything is known about a particu-
lar TES so we cannot trust models based on incomplete data” are immaterial 
to the military land manager for purposes of resource allocation. It is impor-
tant to focus on the consequence that the predicted result to the model habi-
tat loss was robust to the uncertainties. If so, why would a land manager 
provide resources to work that would not significantly change the nature of 
the resultant scenario? 

• What locations off the installation will provide for him the greatest return for 
his effort when involved in the ACUB process. A well carried out viability 
analysis will also provide an objective relative ranking of the importance of 
different land parcels. That ranking can translate easily into the number of 
dollars that would be appropriate to expend in support of land conservation 
efforts, making financial decisions easier to defend and helping to direct 
ACUB dollars toward the most appropriate lands. 

• Cooperation that might be required from other agencies and stakeholder to 
accomplish the mission of habitat preservation within installation boundaries 
is more easily justified. Also as a corollary, the support and cooperation of 
higher levels within the military are more easily justified if the cooperation is 
more appropriately carried out at those levels (e.g., if the habitat crosses in-
ternational boundaries). 
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Conclusions and Recommendations 

The major concerns that have emerged from this review of the issues of TES habitat 
fragmentation (as they concern the Army military mission) lead to the following 
conclusions: 

1. There are a number of fragmentation evaluation programs and models currently 
available. Although they present different approaches, all of them also funda-
mentally rely on some version of standard landscape metrics originally pioneered 
in a program called FragStats. Since this set of landscape metrics provide the 
core for most programs, they then must be considered as the basis for the direc-
tion toward which future research must be aimed. 

2. Although researchers have developed a plethora of TES habitat and viability 
models, all of them suffer from the inability to get required support data. The 
field data does not well fit into the structure of the technology that has been de-
veloped for the 21st century. It is likely that a major paradigm shift has occurred 
in the way science is now being done and this change has not yet been recognized 
in our funding and review structure. 

Therefore, it is recommended that: 

1. The research community more closely determines what is actually needed to 
manage TES at a regional scale and then set in motion research to provide the 
answers that will generate the information Army land managers need to carry 
out for their TES management and recovery requirements. 

2. The Army sponsor a conference of TES biologists and modelers to improve the 
efficiency and effectiveness of the TES research program. The purpose would be 
to coordinate efforts of the two groups. Desired results of the conference would be: 
a. Biologists would agree among themselves on the basic critical characteris-

tics for a viable habitat for each TES. These characteristics will be re-
quired to be in a format that can be measured in the field and successfully 
summarized as critical TES parameters. 

b. Modelers would agree among themselves on the basic critical inputs they 
must have to successfully operate their models. These inputs will be re-
quired to be in a format that can be measured in the filed or derived. 

c. Both groups would agree on the critical parameters that each could dis-
cuss with the other group. This result should set the direction for coordi-
nated initial research. 

d. Both groups would identify the critical parameters that are required but 
are not available for field measurement and verification at this time. This 
result should set the direction for coordinated long-term research. 
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6 Data Quality for Themes Monitoring 
Threatened and Endangered Species 
Habitat 
Dr. Charles Ehlschlaeger 

Overview 

This chapter describes the quality and utility of data products useful to the identifi-
cation and long-term monitoring for Threatened and Endangered Species (TES) 
habitat. Chapter 3 of this report discusses data themes and a basic modeling proce-
dure for identifying TES habitat. Chapter 7 of this report (page 146) discusses data 
themes and models necessary for long term monitoring of TES habitat. 

Ideal data products useful in modeling TES habitat provide a highly accurate base-
line as well as frequently renewed time-series themes for long-term monitoring. 
Ideal data products will also be available from global or national sources. Data from 
local governments, such as cities or counties, has two major problems: 
• Local government data sources have large variability in data standards and 

quality, and some local governments in the study area may not even have the 
data in an appropriate format. 

• Combining data from different local government entities is a logistical 
nightmare and will severely increase the overall cost of the monitoring 
program. 

Therefore, while data themes from local government are useful for monitoring TES 
habitat, they will provide less benefit for more effort than other data themes. 

Unfortunately, there is no straightforward technique to define the quality of data. 
Data quality cannot be determined independent of the use to which that data will be 
applied. Since the goal is too determine TES habitat, the important issue is whether 
these data layers can provide a useful model of TES habitat. There are drawbacks 
to determining the usefulness of TES habitat models. 
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1. Few TES have been researched enough to definitely determine (or even roughly 
determine) the number of individuals that are capable of living within regions 
defined as “quality habitat”, “good habitat,” or “marginal habitat.” 

2. None of the TES have been researched enough to definitely determine the 
boundaries between TES habitat and nonhabitat. 

3. The national data products are not precise or accurate enough to locate the 
boundaries between habitat and non-habitat with complete confidence. 

Given that it is currently not possible to use these data layers to define an accurate 
count of TES individuals within a region, one needs to recognize instead that data 
models can provide a representation of which lands are more suitable than others 
for the goal of identifying and monitoring TES habitat. Therefore, at this time, the 
initial goal of a TES habitat modeler is to rate the relative potential tracts of land 
for specific species in support of potential ACUB program purchases. Once local spe-
cies counts have been made, it is then appropriate for monitoring data layers to be 
used to measure stresses on TES habitat (as well as improvements to the habitat). 

This chapter provides a description of data quality for many products identified as 
useful for TES habitat modeling. Each data product will be discussed in a separate 
section. Each section will contain a brief summary of the data’s utility followed by a 
description of quality. The chapter concludes with caveats and advantages of that 
data product for modeling TES habitat. 

Potentially Useful Data Products 

Products Available Now 

1. The 30-m resolution National Land Cover Data (NLCD) to model: 
• large tracts of mixed deciduous and coniferous tree cover, 
• coniferous tree cover, 
• deciduous tree cover, 
• protective canopy flight corridors, 
• large bodies of water, 
• shrub cover and nectar corridors, 
• “Fragmented places.” 

2. MODIS (between 30°S and 30°N and soon for much of the rest of the world): 
quarterly land cover map (MOD44A, Level 3 96-day land cover / dynamics) to 
model: 

• recent land use change that has occured, 
• recent urbanization and orchard growth tha has occurred, 
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• protective canopy flight corridors, and 
• when MODIS has been around for 20+ years, it can be used to measure tree 

stand age. 

3. FSCPP county level population growth estimates to determine population den-
sity for various locations (using NLCD as a model of land cover type). As popula-
tion density increases, use population change to model habitat loss. 

 
4. National Elevation Data to model: 
• steep canyon slopes, 
• rough terrain, 
• elevations 900-1,500m, 
• flat and rolling hills. 

5. U.S. census block population counts for population density. 
 
6. MODIS LST (MOD11) product potentially to monitor surface soil moisture. 

(Caveat: More validation of MOD11 is necessary before this surface soil moisture 
data is useful.) MOD11 can be used to model: 

• moist soil to ensure adequate water supplies, 
• potential fire hazard. 

7. Soil Survey Geographic DB (SSURGO) for: 
• high surface runoff, 
• deep, well-drained, sandy substrate at least 1m above the seasonal water 

table. 

8. MODIS 8-day L3 fire product (low quality): can be used to locate current fires. 
 
9. TIGER files to locate large bodies of water. 
 
10. MODIS leaf area index can locate places with too little undergrowth. 
 
11. EPA STORET water quality information:  http://www.epa.gov/storet/about.html. 

Water quality information can be found at NWISWeb at: 
http://waterdata.usgs.gov/nwis 

Products Available Soon 

1. The Future MODIS 500m 32-day burned area product will provide a more accu-
rate history of burned area. 

 

http://www.epa.gov/storet/about.html�
http://waterdata.usgs.gov/nwis�
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2. MODIS Vegetation Continuous Field Maps (MOD44B, 500m current, 250m reso-
lution with Collection 5 data78) presents percent grasses and shrubs, as well as 
percent trees to determine prime habitat to model: 

• canopy cover, 
• sunny grassy areas, 
• noncontinuous canopies, 
• percent shrub cover, 
• areas with enough grasses and shrubs for Palmer’s agave, and enough bare 

ground to prevent fires from getting too hot, 
• rangeland clearing (a drop in forest cover would indicate an increase of cow-

birds), 
• overbrowsing of nearby rangeland (a drop in grass cover with increased bare 

ground). 

Data Quality by Theme 

30-m resolution National Land Cover Data 

NLCD can be used to model the following important concerns for the indicated TES 
of high Army concern: 
• large tracts of mixed deciduous and coniferous tree cover (golden-cheeked 

warbler) 
• coniferous tree cover (gopher tortoise, red-cockaded woodpecker) 
• deciduous tree cover (black-capped vireo) 
• protective canopy flight corridors (gray bat, Indiana bat) 
• large bodies of water (gray bat, Indiana bat) 
• shrub cover and nectar corridors (lesser long-nosed bat) 
• “fragmented places” (brown-headed cowbird). 

NLCD data was created by the Multi-Resolution Land Characteristics (MRLC) Con-
sortium. The MRLC Consortium contains 9 federal agencies that purchased 1993 
Landsat 5 imagery for the lower 48 states. This first generation product is now 
freely available for download at http://landcover.usgs.gov/. The second generation 
NLCD is currently being created from 2001 Landsat images and is slowly becoming 
available for the entire continental United States. 

                                                 
78 As the NASA EOS data manipulation routine is refined, the data is reprocessed with a higher collection number.  

Collection number 3 is currently available; they are working toward greater Product Validation. 

http://landcover.usgs.gov/�
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EPA has performed an accuracy assessment of the NLCD by dividing the 48 states 
into the nine EPA regions and calculating the “user’s accuracy” for each NLCD class 
within each region. There are three EPA regions relevant to the TES in this report: 
• Region Four (states south of and including Kentucky and North Carolina), 
• Region Six (New Mexico, Texas, Oklahoma, Arkansas, and Louisiana), and 
• Region Nine (California, Nevada, and Arizona). 
User’s accuracy is a measure of how likely a cell with a desired land cover class is 
actually the class desired. User’s accuracy was sampled at both Level One and Level 
Two of the classification scheme (after Anderson79). 

Level One classification breaks land cover into broad categories: 
• open water (10s), 
• urban (20s), 
• forest (40s), 
• grasses and  shrub (50s and 70s), 
• croplands (60s and 80s), and 
• wetlands (90s). 

Level One classification important for modeling TES includes: 
• grasses and shrubs (50s and 70s) for “shrub cover and nectar corridors.” 

Level Two Classification provides a more precise breakdown of land cover classes 
than Level One classification. The Level Two classes in the NLCD are: 
• open water (11), 
• perennial ice/snow (12), 
• low-density residential (21), 
• high-density residential (22), 
• commercial/industrial/transportation (23), 
• bare rock/sand/clay (31), 
• mining (32), 
• transitional (33), 
• deciduous forest (41), 
• evergreen forest (42), 
• mixed forest (43), 
• shrubland (51), 
• orchards/vineyards (61), 

                                                 
79 Anderson, J.F., E.E. Hardy, J.T. Roach, and R.E. Witmer, 1976. A Land Use and Land Cover Classification Sys-

tem for Use with Remote Sensor Data, Professional Paper 964, U.S. Geological Survey, Washington, D.C., 28 p. 
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• grasslands (71), 
• hay and pasture (81), 
• cropland (82), 
• small grains (83), 
• bare soil/fallow land (84) 
• urban grass (85), 
• woody wetland (91), and 
• emergent (herbaceous) wetland (92). 

Land cover classes important to modeling TES habitat include: 
• mixed forest (43), woody wetland (91), and evergreen forest (42) for “large 

tracts of mixed deciduous and coniferous tree cover,” 
• deciduous forest (41), mixed forest (43), woody wetland (91), and evergreen 

forest (42) for “protective canopy flight corridors,” 
• evergreen forest (42) for “coniferous tree cover,” 
• deciduous forest (41) for “deciduous tree cover,” 
• open water (11) for “large bodies of water.” 

We can determine the quality of NLCD data for the purpose of identifying TES 
habitat by analyzing the EPA’s NLCD data quality research. The EPA performed a 
stratified random sample of NLCD classes throughout the 10 EPA Regions compris-
ing the 48 states. The NLCD classes were compared to the georeferenced higher 
quality National Aerial Photography Program (NAPP) photos. 

Figure 6-180 compares a Landsat image used to create NLCD land cover classes to 
the NAPP photograph to determine NLCD quality. 

The likelihood of NLCD classes actually being the desired category is summarized 
by Table 6-1 and Table 6-2. For both tables, each cell contains the likelihood that 
any given NLCD class is actually a NAPP class at that location. The three numbers 
represent EPA Region Four, Six, and Nine, respectively. For example, in Table 6-2 
an NLCD Deciduous Forest, value 41, pixel in Georgia (EPA Region Four) has a 0.4 
percent chance of really being class 21, a 7.6 percent chance of really being class 33, 
a 63.8 percent chance of being class 41, a 19.4 percent chance of really being class 
43, a 1.8 percent chance of really being class 81, a 0.9 percent chance of really being 
class 82, a 3.1 prcent chance of really being class 85, a 1.8 percent chance of really 
being class 91, and a 0.9 percent chance of really being class 92. 

                                                 
80 From http://landcover.usgs.gov/accuracy 
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Figure 6-1. Landsat image used to make NLCD (left) to a NAPP photo (right). 

 
Table 6-1. Percent classified and percent correctly classified (bold) for NLCD Level One. 

 

NAPP 
Water 
(10s) 

NAPP 
Urban 
(20s) 

NAPP 
Transition 

(30s) 

NAPP 
Forest 
(40s) 

NAPP Grasses 
and Shrubs  

(50s and 70s) 

NAPP 
Croplands  

(60s and 80s) 

NAPP 
Wetlands 

(90s) 

NLCD   
Forest (40s) 

.2%, 

.2%, - 
1.1%,1.2
%, .2% 

2.2%, 2.0%, 
2.1% 

90.7%, 
66.4%, 
79.6% 

-, 10.4%, - 2.6%, 11.0%, - 3.1%, 
8.9%, - 

NLCD 
Grasses 
and Shrubs 
(50s & 70s) 

 -, 0.1%, - -, 1.1%, 
2.6%  

-, 5.8%, 
4.8%  

-, 74.7%, 
91.1%  

-, 17.3%, 0.5%  -, 0.5%, 
0.8%  

 
Table 6-2. Percent classified and percent correctly classified (bold) for NLCD Level Two. 

NLCD 
Class 

NAPP 
Water, 11 

NAPP Low-
density 

Residential, 
21 

NAPP  
Commercial, 

Industrial, 
Transportation, 

23 

NAPP Bare 
Rock or Soil, 

31 
Transitional, 

33 

NAPP  
Deciduous 
Forest, 41 

NAPP  
Evergreen 
Forest, 42 

NAPP 
Mixed 
Forest, 

43 

NAPP 
Shrub-
land, 

51 

Water, 11 96.9%, 
80.2%, 
71.8% 

-, -, 1.0% -, 1.0%, 2.1% -, 1.9%, 3.1% 1.0%, -, - -, 1.4%, 
3.2% 

1.0%, 1.0%, 
1.0% 

 -, -, 
1.0% 

Deciduous 
Forest, 41 

0.3%, -, - 0.4%, -, 3.4%   7.6%, 1.4%, 
3.6% 

63.8%, 
33.2%, 
18.4% 

-, 14.3%, 
15.0% 

19.4%, 
6.0%, 
16.8% 

-, 
5.6%, 
35.2% 

Evergreen 
Forest, 42 

-, -, - 0.1%, 0.1%, 
1.1% 

1.1%, -, - 1.1%, -, 3.0% 0.1%, 2.0%, - 1.1%, 3.9%, 
10.4% 

55.5%, 
57.6%, 
51.3% 

31.0%, 
13.5%, 
7.8% 

-, 
6.3%, 
23.4% 
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NLCD 
Class 

NAPP 
Water, 11 

NAPP Low-
density 

Residential, 
21 

NAPP  
Commercial, 

Industrial, 
Transportation, 

23 

NAPP Bare 
Rock or Soil, 

31 
Transitional, 

33 

NAPP  
Deciduous 
Forest, 41 

NAPP  
Evergreen 
Forest, 42 

NAPP 
Mixed 
Forest, 

43 

NAPP 
Shrub-
land, 

51 

Mixed 
Forest, 43 

-, 1.0%, - 1.4%, -, -  -, -, 1.2% 4.3%, 2.4%, - 3.3%, 
19.5%, 
9.6% 

0.2%, 
34.9%, 
22.8% 

85.6%, 
20.5%, 
43.1% 

-, 
6.5%, 
13.3% 

Woody 
Wetland, 
91 

1.6%, -, -   0.9%, -, 9.4% 3.8%, -, - 4.9%, -, 
21.9% 

3.0%, 1.8%, 
- 

9.9%, 
16.3%, 
- 

-, 
1.2%, 
40.6% 

 
NLCD 
Class 

NAPP 
Orchards 
and Vine-
yards, 61 

Grass-
lands, 71 

Hay and 
Pasture, 81 

Cropland, 
82 

Small 
Grains, 83 

Bare Soil, 
Fallow 
Land, 84 

Urban 
Grass, 85 

Woody 
Wetland, 
91 

Emergent 
Wetland, 
92 

Water, 11 -, -, 1.0% -, 2.9%, 
3.1% 

-, 1.0%, 
1.0% 

-, -, 5.1% -, -, 3.1% -, 1.9%, - 0.2%, -, - -, 3.9%, - 1.0%, 
4.8%, 3.2%

Deciduous 
Forest, 41 

 -, 10.2%, 
7.5% 

1.8%, 
15.2%, - 

0.9%, -, -  -, 0.8%, - 3.1%, 0.9%, 
- 

1.8%, 
10.5%, - 

0.9%, 
1.8%, - 

Evergreen 
Forest, 42 

-, 2.3%, - -, 4.9%, 
3.2% 

0.6%, 2.8%, 
- 

  -, 2.0%, - 1.1%, -, - 7.5%, 
4.6%, - 

0.6%, -, - 

Mixed 
Forest, 43 

-, -, 1.8% -, -, 7.2% 2.0%, 2.4%, 
1.2% 

   2.2%, -, - 1.1%, 
10.3%, - 

-, 2.4%, - 

Woody 
Wetland, 
91 

-, -, 9.4% -, 1.8%, 
6.2% 

1.8%, 1.8%, 
- 

1.9%, -, -   0.9%, -, - 67.8%, 
72.9%, 
12.5% 

3.8%, 
4.2%, - 

Using these tables, a GIS analyst can determine the “user’s accuracy” for any de-
sired TES habitat. For example, suppose a parcel of land in Arizona (EPA Region 
Nine) contained 500 acres of shrubland defined by NLCD. Since 91.1 percent of 
NLCD shrubland is actually shrubland, the analyst can estimate that 456 acres of 
shrubland actually exist for the purpose of measuring “shrub cover and nectar cor-
ridors.” TES habitat classes with multiple classes must account for the misclassified 
grid cells being a class still desired by the TES habitat model. For example, mixed 
forest (43), woody wetland (91), and evergreen forest (42) define “large tracts of 
mixed deciduous and coniferous tree cover.” Any mixed forest cell in Texas (EPA 
Region Six) has a 20.5 percent chance of actually being mixed forest. But, that 
mixed forest cell also has a 34.9 percent chance of being evergreen forest and a 10.3 
prcent chance of being woody wetland. Thus, that mixed forest cell has a 

20.5% + 34.9% + 10.3% = 65.7%  

chance of being potential habitat for GCW if the other GCW constraints are met. 
Following are the user’s accuracy values for the various TES habitat for EPA re-
gions Four, Six, and Nine: 
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USER ACCURACY VALUES for NLCD classes in EPA  
Regions Four, Six, and Nine: 

Open water (11) 
For gray bat and Indiana bat: 96.9%, 80.2%, & 71.8%. 

Deciduous forest (41)  
For gray bat and Indiana bat: 85.0%, 64.0%, & 50.2%. 
For black-capped vireo: 63.8%, 33.2%, & 18.4%. 

Evergreen forest (42)  
For golden-cheeked warbler: 94.0%, 78.6%, & 59.1%. 
For gray bat and Indiana bat: 95.1%, 79.6%, & 69.5%. 
For gopher tortoise and red-cockaded woodpecker: 55.5%, 57.6%, & 51.3%.  

Mixed forest (43)  
For golden-cheeked warbler: 86.9%, 65.7%, & 65.9%.  
For gray bat and Indiana bat: 90.2%, 85.2%, & 75.5%. 

Woody wetland (91)  
For gray bat and Indiana bat: 85.6%, 91.0%, & 34.4%.  
For golden-cheeked warbler: 80.7%, 91.0%, & 12.5%.  

Grasses and Shrubs (50s and 70s)  
For lesser long-nosed bat: 74.7%, 91.1%. 

Only “fragmented places” does not have a precise definition of data quality. Based 
on the foods brown-headed cowbird eats, fragmented places should be all grasses 
and shrubs (50s and 70s) cells adjacent to forest (40s) or woody wetlands (91). With-
out a spatial data uncertainty model performed on specific data layers, it is impos-
sible to determine how useful NLCD data is for representing the quality of areas 
determined to be “fragmented places.” See Ehlschlaeger (2000)81 for how complex a 
spatial data uncertainty model can be. 

MODIS 

Notes for all MODIS Products 

MODIS data provide scientifically measured products available on a regular time 
scale. Reports from MODIS researchers indicate that MODIS products are con-
stantly changing and improving. MODIS researchers have announced initiatives 

                                                 
81 Ehlschlaeger, C.R. (2000). "Representing Uncertainty of Area Class Maps with a Correlated Inter-Map Cell 

Swapping Heuristic," Computers, Environment, and Urban Systems. Vol. 24, No 5, pp 451-69.  
URL: http://faculty.wiu.edu/CR-Ehlschlaeger2/older/urban/urban.html. 
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and upgrades that will improve every data set discussed in this chapter. The biggest 
issue with MODIS data is the large cell resolution relative to other remotely sensed 
products. For modeling TES, there are both disadvantages and advantages to 
MODIS large cell resolution. The biggest disadvantage with 250+ meter grid cells is 
that some large-scale habitat effects may not be measured accurately. Also, MODIS 
data is provided in nearly square tiles without any attempt to correct boundary 
problems. Boundaries problems are evident after combining tiles together as seen in 
Figure 6-2. Notice the sharp horizontal boundary between grasses and bare ground 
extending dozens of kilometers. 

Bare ground

Grass/shrubs/moss
Trees

0% 100%Percent cover

 
Figure 6-2. MODIS44B composite image from 2000. 

 

The most serious drawback to using MODIS data for monitoring TES habitat 
change appears to be the uncertain progress of MODIS improvements. Many pre-
senters at the MODIS Vegetation Workshop II in August 2004 were primary re-
searchers in the development of new and improved MODIS products that would ful-
fill all TES habitat-monitoring needs. However, virtually none of the “coming soon” 
improvements stated at the conference has been reflected in the official MODIS web 
site documentation 1 year later. Until these products are delivered and can be inde-
pendently tested for data quality, it is impossible to be certain of their utility. On a 
positive note, the main purpose for using MODIS data is for the testing of relative 
change, for which MODIS products from 2001 and 2002 have demonstrated full ca-
pability. Several time series analyses (unpublished, performed by the author of this 
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chapter) on MODIS products (e.g., Leaf Area Index) have demonstrated that these 
MODIS products are capable of indicating when TES habitat conditions are degrad-
ing or improving. However, it would be impossible, using MODIS data alone, to de-
clare whether an environmental emergency is occurring. In fact, if change condi-
tions are noticed using the forest change monitoring MODIS44A product, the 
supporting documentation states higher quality data should then be used to deter-
mine whether the changes exist or are significant. 

Notes for each particular MODIS product useful in TES monitoring 

The MODIS naming convention is rather complex but it is useful to be able to un-
derstand the product codes while reading this section. Here is sample name: 

MOD09A1 MODIS/Terra Surface Reflectance 8-Day L3 Global 500m ISIN Grid 
        A            B         C                  D                    E      F     G       H                I 

Key to deciphering Product Code: 
A: Short Name 
B: Instrument 
C: Platform 
D: Parameter 
E: Temporal Resolution 
F: Processing Level 
  L1: Product accuracy has been estimated using a small number of 

independent measurements obtained from selected locations and time 
periods and ground-truth/field program effort. 

  L2: Product accuracy has been assessed over a widely distributed set of 
locations and time periods via several ground-truth and validation efforts. 

  L3: Product accuracy has been assessed and the uncertainties in the 
product well established via independent measurements in a systematic 
and statistically robust way representing global conditions. 

G: Global or Swath 
H: Spatial Resolution 
I: Grid or not. 

MODIS Quarterly Land Cover Map (MOD44A, Level 3 96-day land 
cover/dynamics) 

MOD44A quarterly land cover data layers will eventually model (for these TES): 
• recent land use change occurs (golden-cheeked warbler, gopher tortoise, 

lesser long-nosed bat, brown-headed cowbird), 
• recent urbanization (red-cockaded woodpecker, black-capped vireo), 
• recent urbanization and orchard growth (many TES), 
• protective canopy flight corridors (gray bat, Indiana bat). 
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• when MODIS has been around for 20+ years, it can be used to measure tree 
stand age (red-cockaded woodpecker). 

Early validation work82 with available data sets and Landsat-7 ETM+ data sug-
gests a good relationship between areas identified as change and actual change. 
Complete validation is currently underway. However, the products mentioned above 
are not currently ready for release. No definitive date has been offered. Land cover 
must be validated before MOD44A is useful. Mark Friedl, John Hodges, and Alan 
Strahler of Boston University are the principal investigators for land cover. They 
report that land cover has been validated to stage 1. Individual classes have an ac-
curacy of 60 to 90 percent. These estimates are supported by quantitative analysis 
of unseen training sites, and confidence values aggregated by land cover class. They 
used field surveys, airborne imagery, and high-resolution satellite imagery for pri-
mary reference data.83 

MODIS Leaf Area Index (MOD15A2) 

MOD15A2 can locate places with too little undergrowth (black-capped vireo). 
Several time-series analyses have been performed (unpublished, by the chapter au-
thor) on MODIS products such as Leaf Area Index. MOD15A2 is capable of indicat-
ing when TES habitat conditions are degrading or improving. MOD15A2 comes 
every 8 days but a single 8-day period can mislead TES habitat monitors. TES habi-
tat monitors should compare MOD15A2 8-day maps against MOD15A2 time series 
from previous years to spot trends and deviations. 

MODIS Vegetation Continuous Field Maps (MOD44B, 500-m current, 
250-m resolution with collection 5 data) 

MOD44B will include percent grasses and shrubs, as well as percent trees to deter-
mine prime habitat. MOD44B was scheduled to be released in “mid 2005.” MOD44B 
will model (for these TES): 
• canopy cover (gray bat, Indiana bat), 
• sunny grassy areas (gopher tortoise), 
• noncontinuous canopies (red-cockaded woodpecker), 

                                                 
82 From the official web site for MOD44A:  http://glcf.umiacs.umd.edu/data/modis/vcc/description.shtml. 
83 Information from “MODIS land team validation” by Jeff Morisette, presented at MODIS Vegetation Workshop II, 

August 2004, Missoula, MT. 
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• areas with enough grasses and shrubs for Palmer’s agave, and enough bare 
ground to prevent fires from getting too hot (lesser long-nosed bat), 

• rangeland clearing for a drop in forest cover (brown-headed cowbird), 
• overbrowsing of nearby rangeland by a drop in grass cover with increased 

bare ground (black-capped vireo). 

John Townshend, Ruth DeFries, and Matt Hansen of the University of Maryland 
are the principal investigators for MOD44B. They report84 that a procedure cur-
rently exists for validation of the MOD44B product. It is true that MOD44B valida-
tion can improve, but at large financial or time costs. Results of validation indicate 
higher accuracy in areas of extreme low or high percentage cover. MOD44B has 
been validated to stage 1. Product accuracy has been estimated from training data 
and limited in-situ field validation data sets. Overall accuracy yielded a standard 
error estimate of 11.5 percent from two field test areas. Field surveys use airborne, 
IKONOS, and ETM+ imagery. 

MODIS MOD14 8-day L3 Fire Product  

The MOD14 8-day L3 fire product can be used to locate (for these TES): 
• current fires (golden-cheeked warbler, gopher tortoise, lesser long-nosed bat, 

red-cockaded woodpecker, black-capped vireo),  
• potential fire hazard (lesser long-nosed bat). 

If MOD14 data isn’t required in a GIS; two web sites can provide a graphic repre-
sentation of current and potential fires for TES habitat monitoring. 

http://activefiremaps.fs.fed.us/ is a web site showing “large incidents” of fires in 
the United States. 
http://firemapper.sc.egov.usda.gov/recent3.php shows potential fire danger 
across the United States. 

If MOD14 declares grid cells to have fire, it is very likely there is a fire. However, 
MOD14 misses late afternoon, cloud-covered fires, and most fires smaller than 
100m2. 

                                                 
84 Information from “MODIS land team validation” by Jeff Morisette, presented at MODIS Vegetation Workshop II, 

August 2004, Missoula, MT. 

http://activefiremaps.fs.fed.us/�
http://firemapper.sc.egov.usda.gov/recent3.php�
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MODIS MOD14 500-m 32-day burned area product 

The 32-day burned area product will provide a more accurate history of burned area 
(golden-cheeked warbler, gopher tortoise, lesser long-nosed bat, red-cockaded wood-
pecker, black-capped vireo). 

The 32-day product was originally scheduled to be released in the spring of 2005. 
(This estimate is based on presentations at the MODIS Vegetation Workshop II, 
August 2004.) Ideally, this data product will be able to identify some fires missed by 
the 8-day product. 

MODIS LST (MOD11) Product  

MOD11 can potentially monitor surface soil moisture. More validation of MOD11 is 
necessary before this surface soil moisture data is useful. MOD11 can be used to 
model (for these TES): 
• moist soil to ensure adequate water supplies (golden-cheeked warbler), 
• potential fire hazard (lesser long-nosed bat). 

If there is no need to get the data into a GIS, the following web site provides a quick 
method to see potential fire danger across the United States: 
http://firemapper.sc.egov.usda.gov/recent3.php 

While MODIS researchers argue that MOD11 can eventually provide an estimate of 
soil moisture, the actual implementation has not yet occurred. 

Potential evapotranspiration (PET) can be calculated as a function of temperature, 
day length, net radiation (from MOD11), wind speed, and relative humidity. Once 
PET is estimated, actual evapotranspiration can be estimated as a function of PET 
and plant and soil properties. 

Accuracy of surface temperature is better than 1°K when compared to Heimann 
thermometers and thermistors, TIR radiometers, and high-resolution imagery. Ac-
curacy is better than 0.5oK in most cases.  

FSCPP County Level Population Growth Estimates 

The Federal State Cooperative Program for Population Projections (FSCPP) is used 
to determine population density for various locations (using NLCD as a model of 
land cover type). As population density increases, use population change to model 
habitat loss (applicable to golden-cheeked warbler, gopher tortoise, black-capped 
vireo). 

http://firemapper.sc.egov.usda.gov/recent3.php�
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Human encroachment will have a major impact on TES habitat through both direct 
loss and fragmentation of habitat. Encroachment will occur wherever population 
growth occurs. The U.S. Census Bureau has a population growth model developed to 
the county level using the following variables: age, sex, race, and Hispanic origin. 
State agencies may produce county level projections that include additional vari-
ables such as household composition and economic conditions. Understanding where 
population may grow is critical to monitoring the quality of TES habitat and its 
fragmentation. 

The U.S. Census Bureau has a working relationship with the FSCPP. The FSCPP 
has state-by-state agencies that distribute the data as well as advise the U.S. Cen-
sus Bureau on future needs of demographic data and demographic projections. The 
contact information for the various state agencies is at: 
http://www.census.gov/population/www/fscpp/contacts.html 

Since each state can potentially have a different model for determining population 
growth, and these models are continuously changing, it is impossible to judge the 
quality of the population growth forecasts. 

National Elevation Data (NED) 

NED, http://ned.usgs.gov/, can be used to model (for these TES): 
• Steep canyon slopes (golden-cheeked warbler), 
• Sunny areas (gopher tortoise), 
• Rough terrain (lesser long-nosed bat, black-capped vireo), 
• Flat terrain (black-capped vireo), 
• Elevations 900-1,500m (lesser long-nosed bat), 
• Flat and rolling hills (golden-cheeked warbler). 

NED is a seamless data set composed of 3-arc-second Defense Mapping Agency 
(DMA) Digital Elevation Data, USGS 30-meter Digital Elevation Data, and the lat-
est 10-m horizontal resolution data where available. At this time, only about 75 per-
cent of the United States is covered by the higher quality USGS 30-m data. The 
NED web site indicates that DEM users should find out what source data was used 
for a particular region and use the data quality measures for those locations. 

TES modelers need to consider both first-order and second-order properties of DEM 
to determine whether habitat is suitable. Elevation heights (elevations 900 to 1,500 
m) are the first order properties, while steep canyon slopes, sunny areas, rough ter-
rain, flat terrain, flat hills, and rolling hills are second order properties. 

http://www.census.gov/population/www/fscpp/contacts.html�
http://ned.usgs.gov/�
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NED First-Order Data Quality Properties 

Data quality research of DMA data in a mountainous region (Ehlschlaeger et al. 
1997) indicate that 95 percent of DMA data has a standard deviation of error of 
39 m or less when compared to the higher quality USGS 30-m DEM. Since moun-
tainous areas have higher errors overall, we can assume that 95 percent of DMA 
DEMs are within 117 m of reality. If a TES modeler assumes the 900 to 1,500 m ele-
vation range to be both precise and accurate, s/he should then consider elevations 
between 883 and 1,617 m to have a 5+ percent chance of being lesser long-nosed bat 
habitat. Elevations between 1,017 and 1,383 m have a 95+ percent chance of being 
lesser long-nosed bat habitat. 

The USGS portions of NED are supposed to meet the vertical standard: “90% of ele-
vation values shall be within a half contour interval of true values.” Unfortunately, 
USGS DEMs that do not meet that standard are still distributed (and are part of 
the NED dataset). Also, the control points used to test data quality are more likely 
to be distributed along roads and urbanized areas. Therefore, the mountainous por-
tions of DEMs, the places with the greatest error, are the least likely to be sampled. 
If the DEM analyst analyzes each quadrangle’s DEM metadata records, s/he can 
determine what the quality standards should be. USGS DEMs in mountainous ar-
eas, if they are meeting standards and have a 50-m contour interval, should have 90 
percent of elevation values within 45 m of reality. Thus, lesser long-nosed bat habi-
tat has a 10+ percent chance of being habitat at elevations of 855 to 1,545 m, and a 
90+ percent chance of being habitat at elevations of 945 to 1,455 m. If analyzing a 
region covering many 7.5′ by 7.5′ quadrangles, a modeler could assume a worst-case 
scenario and treat all the data as DMA quality. 

NED Second-Order Data Quality Properties 

Identifying rough terrain, flat terrain, sunny areas, flat hills, and rolling hills 
shouldn’t be much of a problem with even the lowest quality NED data, assuming 
the TES modeler is looking for large parcels of TES habitat. However, identifying 
steep canyon slopes, for golden-cheeked warbler, can be problematic if the NED 
source data is DMA 3-arc-second data. DMA DEMs oftentimes will not be able to 
represent small ridges and valleys in mountainous areas. Valleys must be several 
hundred meters wide before the DMA DEM will represent them. Even then, slope 
calculations on these valleys will dramatically underestimate the downhill slope. 
Since TES modelers will use slope calculations to find steep canyon slopes, they 
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must first identify which portions of the NED are made from DMA data. One rule of 
thumb for identifying steep canyon slopes would be to assume that slopes on DMA 
DEMs are 25 to 50 percent greater than the calculations indicate.85 

U.S. Census Block Population Counts 

U.S. Census population enumerations can be used to generate population density 
maps (for application to golden-cheeked warbler, gopher tortoise, red-cockaded 
woodpecker, black-capped vireo). 

The accuracy of U.S. Census population counts is greater than any TES population 
model needs. Any errors in representing population density are likely to be cor-
rected by improving the population density model. 

Soil Survey Geographic DB (SSURGO) 

SSURGO information can be used to identify: 
• high surface runoff (golden-cheeked warbler), 
• deep, well-drained, sandy substrate at least 1 m above the seasonal water 

table (gopher tortoise). 

SSURGO soil information has long been criticized in the research literature for not 
being able to provide adequate representations of data quality, especially in areas of 
soil class boundary representation and not including small polygons of soil classes 
within large areas. However, without extensive fieldwork, it would be impossible to 
determine the increase or decrease of potential TES habitat resulting from these 
errors. Even if a location has a misclassified soil value, the incorrect soil class may 
also have high surface runoff, if modeling the golden-cheeked warbler. A soil class 
with the attribute of water table at 2 to 4 m below surface may have large patches 
with the water table only 0.5 m below surface, harming potential gopher tortoise 
habitat. Without field checking, TES modelers should assume: 
• Up to 30 percent of soils appropriate for potential habitat are really not suit-

able and 
• Up to 30 percent of soils close to but not appropriate for potential habitat are 

really suitable. 

                                                 
85 Ehlschlaeger, C.R., Shortridge, A.M., & Goodchild, M.F. (1997). Visualizing Spatial Data Uncertainty Using Ani-

mation. Computers in GeoSciences, Vol. 23(4):387-395. 
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Of course, digging drainage ditches to drop the water table could easily increase po-
tential gopher tortoise habitat, as this species is already fond of roadside swales. 
Drainage ditches have the advantage over road swales as potential GT habitat be-
cause fewer GT are run over. 

TIGER Files 

TIGER vector files can be used to locate large bodies of water (important to the gray 
bat). TIGER files may or may not be necessary for the modeling of large bodies of 
water. The primary source of water-body information should be the NLCD land 
cover data. Should significant rivers not be a continuous line of open water as repre-
sented by grid cells, the TIGER stream file can then be used to locate the missing 
grid cells containing the river. 

EPA STORET or NWISWeb Water Quality Information 

EPA water quality information can be found at: 
http://www.epa.gov/storet/about.html 

Water quality is useful for modeling gray bat and Indiana bat habitats. 
The NWISWeb can be found at: 
  http://waterdata.usgs.gov/nwis 

After a brief exploration of both web sites, the author of this chapter found the 
EPA’s web site more intuitive. However, the EPA’s web site is missing data from 
Texas, Illinois, Alabama, and Mississippi that may be critical for a TES habitat. The 
author did not find a map of sites on the NWISWeb site. 

TES modelers can find water quality information for the locations in Figure 6-3. Bi-
ologists would need to consult with hydrologists to determine whether specific 
streams fit the criteria for quality gray bat and Indiana bat habitat. 

http://www.epa.gov/storet/about.html�
http://waterdata.usgs.gov/nwis�
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Figure 6-3. EPA STORET sites. 

Summary 

Data quality impacts the ability to identify as well as monitor TES habitat. Al-
though it may sound too obvious, it must be stated: the data products available for 
identifying TES habitat cannot guarantee high-quality habitat will exist on parcels 
of lands not field checked. But, for the purposes of the ACUB initiative, TES habitat 
modeling will sort parcels into those that require minimal modification to those that 
require large modification to support TES habitat. In addition, changes in habitat 
fragmentation can be evaluated from these model results. In this case, if a parcel is 
not the best for TES habitat, but is critical in preserving a connected (nonfrag-
mented) corridor, then this concern may become paramount over the basic habitat 
quality. However, the decision to purchase land will require subjective estimate on 
the potential for long-term human encroachment. For this reason, population 
growth estimates, road locations, and traffic load patterns will be as or more impor-
tant than current vegetation cover. 

At this time, the delineation of TES habitat is in its infancy. Fieldwork needs to be 
done to confirm population counts. 
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7 Data Themes for Monitoring Threatened 
and Endangered Species Habitat 
Dr. Charles Ehlschlaeger 

Overview 

This chapter was written for installation land managers and developers of GIS da-
tabases for the purpose of TES habitat fragmentation monitoring. This chapter pro-
vides a list of data products useful to the long-term fragmentation monitoring for 
Threatened and Endangered Species (TES) habitat. This chapter assumes that the 
ACUB program has purchased property and/or property rights of TES habitat near 
military installations using criteria discussed in previous chapters (particularly 
Chapters 3 and 6) of this document. Since TES habitat is likely to extend beyond 
the boundaries of military installations and ACUB purchased lands, it will be im-
perative that DOD land inside installation boundaries, ACUB purchased land, and 
nearby lands be monitored to ensure TES habitat remains in a nonfragmented 
state. These lands must be monitored for human development, crop changes, and 
local climate variations that might temporarily or permanently reduce TES habitat 
or cause TES habitat fragmentation. 

Chapter 3 discussed using data themes to provide an accurate baseline of where 
quality TES habitat is located. This chapter discusses monitoring previously identi-
fied habitat, particularly those patches that have been identified as important habi-
tat corridors for the continued viability of a particular TES. The data themes are 
listed under Summary of Monitoring Data Themes (page 147) and discussed in de-
tail in the subsequent paragraphs. 

Time-series data themes are often too coarse and the data quality is too low to di-
rectly measure TES habitat. Instead, the time-series data themes presented here 
should be used in conjunction with field surveys and the original higher-quality 
data identifying TES habitat in order to measure the change in quality across habi-
tat areas. Chapter 6 of this report discusses data quality of many of the data themes 
discussed in Chapter 3 and the present chapter. 
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 Long-Term Monitoring Methodology 

Long-term monitoring is probably more “art” than “science.” A GIS analyst will have 
access to map layers that identify quality habitat for each TES, the maps that de-
termined quality habitat location, a map of current land ownership, and monitoring 
data themes. The analyst would be expected to notice current or future deviations 
based on monitoring data that would indicate the improvement or degradation of 
confirmed TES habitat and determine whether remedial action might be required. 

Summary of Monitoring Data Themes 

This section provides a brief summary of data themes that can be used to monitor 
the quality of TES habitat. The following monitoring data themes are organized by 
the extent over which the themes are collected. 

Global 
MODIS data layers 
• Leaf Area Index 8-Day (MOD15A2) 
• 8-Day Fire Product (MOD14A2) and/or 32-Day Burned Area Product (not yet 

available) 
• 96-Day Land Cover (MOD44A) 
• Surface Soil Moisture (MOD11) 
• Vegetation Continuous Field Maps (MOD44B) for  

- percent grass cover,  
- percent bare ground, and 
- percent canopy cover. 

U.S. National 
• Federal State Cooperative Program for Population Projections (FSCPP) 
 long-term population projections at county level. 

Non-Governmental Organizations 
• The Nature Conservancy, Ducks Unlimited, etc. 
 Ongoing field surveys of TES nests, forage locations, and trails on ACUB 

lands. 

State and Local Governments 
• New road construction 
• Traffic load on existing highways 
• Parcel zoning changes. 
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Only two of these data sources: MODIS and FSCPP, provide a straightforward data 
transfer mechanism. As mentioned in Chapter 5, a less standardized format and 
transfer mechanism increases labor and time commitment, which quickly renders 
the application of the data too costly to be feasible. 

Detailed Description of Monitoring Data 

MODIS 

MODIS data provide scientifically measured products available on a regular time-
scale. The biggest issue with MODIS data is the large cell resolution relative to 
other remotely sensed products. For modeling TES, there are disadvantages and 
advantages to MODIS large-cell resolution. The biggest disadvantage with 250+ 
meter grid cells is that some large-scale habitat effects may not be measured accu-
rately. For this reason, those data themes identified in Chapter 3 provide large-
scale detail to identify prime TES habitat. But for monitoring purposes, MODIS 
data has several advantages over traditional remote sensing data products: 
• MODIS, with large-scale auxiliary data, can cover large areas at frequent 

time intervals. The next best remotely sensed product is Landsat images. 
Even if Landsat images were free, processing the data would still be costly 
since it would require 66 times as much disk space, with the corresponding 
hardware and “wetware” costs. 

• MODIS data has already been transformed into useful environmental prod-
ucts. The greatest advantage to MODIS is that it contains so many derived 
products that remote sensing researchers or technicians are not needed to 
create products such as continuous vegetation fields, surface moisture, land 
cover change, and burned area maps. 

MODIS data can now be imported easily into GIS data layers using the latest ver-
sion of many advanced remote sensing software packages (e.g., ENVI, Imagine). 

Federal State Cooperative Program for Population Projections (FSCPP) 

Human encroachment will occur wherever population growth occurs and this will 
have a major impact on TES habitat through both direct loss and habitat fragmen-
tation. FSCPP data can be used to continuously monitor encroachment on natural 
areas of concern for a particular TES. Basically, development will continue to frag-
ment habitats. The contact information for the various state agencies is at: 
http://www.census.gov/population/www/fscpp/contacts.html. 

http://www.census.gov/population/www/fscpp/contacts.html�


ERDC/CERL TR-06-36 149 

 

State and Local Governments 

Three available products from state and local governments are useful for monitoring 
long-term TES habitat: new road construction or expanding road construction, traf-
fic load maps, and zoning parcel changes. Since different states, counties, and cities 
have different procedures for distributing this data, it will be necessary to contact-
ing each governmental agency to determine their unique transfer procedures. Al-
though data themes from local governments are useful for monitoring TES habitat, 
they will provide less benefit and require more effort than other data themes. Al-
though available theoretically, in practice the time and cost of acquiring and ma-
nipulating these sources tend to prohibit their use. Perhaps as data formats become 
more standardized this problem will tend to decrease in the (possibly distant) fu-
ture. 

New Road Construction or Expanding Road Construction 

New road construction is often the major reason for the initial and continuing de-
velopment that fragments TES habitat. New roads increase the likelihood that ex-
otic invasive plants will displace native vegetation in the area. New roads also 
change microclimate conditions that encourage seedier species over shade-tolerant 
forest species. Proposed new road construction provides an indirect measure of fu-
ture housing, commercial, or industrial construction. Normally, population growth 
does not evenly spread away from population centers but rather grows in the direc-
tion of infrastructure (particularly road) “improvements.” Should a city plan most of 
its growth on its section closest to TES habitat areas, encroachment of people, feral 
cats, pollution, etc. may downgrade the quality of TES habitat. 

Due to the importance of (new) roads in contributing to fragmentation, this is one 
data type for which greater effort to acquire and continually update may be worth 
the effort. 

In Illinois, County Highway Engineers have the latest maps of where proposed 
highway corridors will be placed as well as final highway layouts. In Kentucky, the 
6-year highway construction plans reside at the state level and can be obtained from 
the Kentucky Transportation Cabinet. 

Traffic Load Maps 

On existing roads, traffic volume has a relationship with road kill. While most peo-
ple immediately think of cars striking deer or other big animals, cars and trucks of-
ten kill smaller animals and birds. Ongoing and currently unpublished research at 
Southern Illinois University at Edwardsville, IL, indicates that the relationship is 



ERDC/CERL TR-06-36 150 

 

not linear. Road kill has a logarithmic relationship to the car miles per year. In 
other words, as traffic increases, so does road kill. However, road kill increases more 
slowly than traffic increases. It is likely that large traffic volumes scare away ani-
mals from crowded roads. Therefore, lands near large highways are probably not 
suitable for TES habitat under any circumstances. 

Zoning Parcels 

A change in the zoning for parcels in and near cities is another indicator of future 
population encroachment. In Illinois, cities can declare parcel zoning for all land 
within 1.5 miles of the city. Figure 7-1 shows Macomb, IL, as the white parcels in 
the center of the map. Green (agriculture), tan (residential development), blue (in-
dustrial development), and red (commercial development) parcels indicate that the 
city is expecting most of its development to occur east and west of the city proper. 
(This information is not apparent from the highway maps as highways leave in all 
four cardinal directions.) It is additionally important that this seemingly sensible 
policy of cities declaring parcel zoning for all land within 1.5 miles of the city results 
in effectively claiming an extent of the city a full four times greater than the current 
area upon which the city resides. Thus it is important to realize that even little ur-
ban areas have the potential to significantly contribute to habitat fragmentation 
with the application of seemingly simple policy. 

Unfortunately, TES habitat modelers will have to discover how these maps or data 
layers are available. In McDonough County, all local governments’ maps are free for 
download from the McDonough County GIS Center. However, different counties 
have different standards and criteria. 

Non-Governmental Organizations 

Non-Governmental Organizations (NGOs) will often perform detailed analyses of 
TES habitat before making purchases of parcels. However, they are leery of sharing 
their models and data with outside organizations. Based on recent conversations 
with regional representatives from The Nature Conservancy, they are worried that 
land values will increase due to speculation if it were known that specific tracts of 
lands were desirable. NGOs that have already partnered with DoD for TES habitat 
preservation should be contractually obligated to share survey data with DoD rep-
resentatives in order for monitoring to proceed. Ideally, both organizations will fully 
share data themes. Sharing analytical models is probably not feasible. 
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Figure 7-1. Macomb, Illinois, buffer zoning map. 

Monitoring Data Themes by Species 

The rest of this chapter contains descriptions useful for monitoring TES habitat 
fragmentation quality. Monitoring data requires a temporal frequency not required 
for habitat delineation (a single time-horizon occurance). Abbreviated TES life de-
scriptions are available in Chapter 3; more complete descriptions are presented in a 
related ERDC/CERL Technical Report.86 

Golden Cheeked Warbler (Dendroica chrysoparia) 

• MODIS 96-Day Land Cover (MOD44A). New land cover maps can deter-
mine where recent development occurs. 

• FSCPP county level population growth estimates to estimate future 
human encroachment. 

                                                 
86 Balbach, H.E.  Profiles for High-Priority Species ERDC-CERL Technical Report (DRAFT), September 2006. 
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• The MODIS LST (MOD11) product can potentially monitor surface soil 
moisture. More validation of MOD11 is necessary before this surface soil 
moisture data is useful. 

• The Future MODIS 500m 32-day burned area product will provide a more 
accurate history of burned area. Until available, the MODIS 8-Day Fire 
Product (MOD14A2) is available. However, MOD14A2 is less accurate than 
the 32-day burned area product will be. 

• MODIS Vegetation Continuous Field Maps (MOD44B, 500-m current, 
250-m resolution with collection 5 data) presents percent grasses and shrubs, 
as well as percent trees to determine prime habitat to ensure enough canopy 
cover. 

• U.S. Census block population counts for population density. 

Gopher Tortoise (Gopherus polyphemus) 

• MODIS 96-Day Land Cover (MOD44A). New landcover maps can deter-
mine where recent development occurs. 

• FSCPP county level population growth estimates to estimate future 
human encroachment. 

• The Future MODIS 500m 32-day burned area product will provide a 
more accurate history of burned area. Until available, the MODIS 8-Day 
Fire Product (MOD14A2) is available. However, MOD14A2 is less accurate 
than the 32-day burned area product will be. 

• MODIS Vegetation Continuous Field Maps (MOD44B, 500m current, 
250m resolution with collection 5 data) presents percent bare ground, percent 
grasses and shrubs, and percent trees to determine prime habitat to ensure 
enough sunny, grassy areas. 

• U.S. Census block population counts for population density. 

Gray Bat (Myotis grisescens) 

• MODIS 96-Day Land Cover (MOD44A) land cover maps can determine 
where recent development occurs and may signal changes in protective, for-
ested flight routes. 

• MODIS Vegetation Continuous Field Maps (MOD44B, 500m current, 
250-m resolution with collection 5 data) present percent bare ground, percent 
grasses and shrubs, and percent trees to determine prime habitat to ensure 
forest canopy remains thick. 

• U.S. Census block population counts for population density. 
• EPA STORET. Water quality reports for large rivers and lakes. 
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Indiana Bat (Myotis sodalis) 

• MODIS 96-Day Land Cover (MOD44A) land cover maps can determine 
where recent development occurs and may signal changes in protective, for-
ested flight routes. 

• MODIS Vegetation Continuous Field Maps (MOD44B, 500m current, 
250-m resolution with collection 5 data) present percent bare ground, percent 
grasses and shrubs, and percent trees to determine prime habitat to ensure 
forest canopy remains thick. 

• U.S. Census block population counts for population density. 
• EPA STORET. Water quality reports for large rivers and lakes. 

Red-Cockaded Woodpecker (Picoides borealis) 

• MODIS 96-Day Land Cover (MOD44A). New land cover maps can deter-
mine where recent development occurs. After 20-40 years, it would be useful 
for determining stand age. 

• The Future MODIS 500m 32-day burned area product will provide a 
more accurate history of burned area. Until available, the MODIS 8-Day 
Fire Product (MOD14A2) is available. However, MOD14A2 is less accurate 
than the 32-day burned area product will be. 

• MODIS Vegetation Continuous Field Maps (MOD44B, 500m current, 
250m resolution with collection 5 data) present percent bare ground, percent 
grasses and shrubs, and percent trees to determine prime habitat and ensure 
forest canopy remains non-continuous. 

• U.S. Census block population counts for population density. 

Black-Capped Vireo (Vireo atricapillus) 

• MODIS 96-Day Land Cover (MOD44A). New land cover maps can deter-
mine where recent development occurs. 

• The Future MODIS 500m 32-day burned area product will provide a 
more accurate history of burned area. Until available, the MODIS 8-Day 
Fire Product (MOD14A2) is available. However, MOD14A2 is less accurate 
than the 32-day burned area product will be. 

• FSCPP county level population growth estimates to estimate future 
human encroachment. 

• The MODIS leaf area index (MOD15A2) can locate places with too little 
undergrowth. This would require higher resolution data to define initial con-
ditions. 

• MODIS Vegetation Continuous Field Maps (MOD44B, 500m current, 
250m resolution with collection 5 data) present percent bare ground, percent 
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grasses and shrubs, and percent trees to ensure percent shrub cover remains 
17 to 88 percent. MODIS VCF can be used to look for rangeland clearing 
(drop in forest cover which would indicate an increase of cowbirds) or over 
browsing of nearby rangeland (drop in grass cover with increased bare 
ground). 

• U.S. Census block population counts for population density. 

Proposing a Long-Term Monitoring Approach 

“How does one go about monitoring habitat to identify important changes that may 
be detrimental to the TES populations?”  That is; “How is it possible to ensure that 
those areas that have been identified as being critical to TES be preserved?” These 
questions can be more difficult to answer than one may initially suspect because at 
the landscape scale, installation land managers, and even possibly extra staff from 
multiple organizations (such as the Fish and Wildlife Service), may not have the 
manpower to regularly check all those TES habitats. What is needed is a Red Flag 
Monitoring capability at the landscape scale. 

Conceptually, the scheme for providing an alarm or a Red Flag Monitoring capabil-
ity is easy. Being able to tell what sent the flag up when things change to the detri-
ment of the particular species is also possible. The limiting factor here is the source 
data in order to feed into such a long term monitoring system. 

What are the viable data sources for our Red Flag Early Warning System? We know 
a few of the qualifications that would be required. 
• Clearly compatibility across state and other governmental boundaries. 
• A degree of detail (resolution) at a scale compatible with the landscape scale. 
• Detail. In some of the research done already (particularly with the Corridor 

Tool) researchers have come to the consensus that a resolution of 60 meters 
on an edge is probably more detailed than necessary. The general sense is 
that a resolution of 120-meter cell size may be equally adequate, at least for 
purposes of red-cockaded woodpecker monitoring. 

• Acquisition of the source data must be inexpensive. 
• For data acquisition we need to be concerned with the temporal scale, that is, 

how often is the data collected and therefore how often can we afford to run 
our Red Flag System? 

Once we put in place this set of criteria our support data sources for the Red Flag 
System become very limited. It is possible to begin with data sources that do not 
change overtime. One example is the USGS Digital Elevation Models (DEM) eleva-
tion files. Another example comes from the National Biological Survey’s (NBS) gen-
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eralized soil information: Soil Survey Geographic DB (SSURGO). However, if we set 
up a Red Flag System that uses data that does not change over time, perhaps we 
have accomplished very little. 

If our Red Flag System is to be run once every decade, then there are a few data 
sources that can support it. Tiger files generated in support of the U.S. Census are a 
very good example. Another good example generated about once a decade is the Na-
tional Land Cover Data (NLCD) set. Several derivative data sets can be generated 
from the NLCD. The most notable of these is the set generated by the U.S. Forest 
Service that evaluates by various metrics the fragmentation of forests across the 
United States. But at this point we must also ask the question, “Is once a decade an 
adequate temporal resolution?” If we wish to be proactive in our management of 
TES habitat, once every 10 years clearly is not appropriate. 

Other agencies have set up data sources that are updated at a frequency greater 
than once a decade. Notable among them is the EPA STORET system for water 
quality. Two other data sources can be placed here. The Federal State Cooperative 
Program for Population Projections (FSCPP) county-level population growth esti-
mate projections come out at irregular but useful intervals. State and county new 
roads projections both are important indicators of human urban development. The 
problems with all of the sources in this category are that they come from somewhat 
dispersed sources, at irregular intervals, and at various levels of quality and detail. 
At best, these sources would provide a long-term monitoring capability with a tem-
poral repeat frequency of no greater than 3- to 5-year intervals. A habitat could be 
completely removed from the landscape within a matter of months; none of these 
data sources will yet provide the land manager with a Red Flag System that can re-
spond quickly to potential detrimental changes to significant to TES. 

Now we come to those areas that are more dynamic in the frequency with which 
data can be acquired. At this point all of them relate to land sensing satellite sys-
tems. The best known is Landsat Thematic Mapper (TM). Imagery from it can be 
used to regularly monitor a region and image processing techniques can be used to 
generate near real-time information about land cover changes. Although the TM 
instrument can overcome the frequency and resolution issues it introduces a prob-
lem of high cost. Even to the government, each TM image costs at least $400. If we 
multiply this by about a dozen images to cover a region at a frequency of two times 
per month, the cost of monitoring becomes great, although not prohibitive. 

Although designed for the purposes of tracking climatic change, the Earth Observa-
tions System (ESO) carries a small set of instruments that are useful to the moni-
toring of land surface changes. Probably the most useful instrument for the pur-
poses of regional scale land use monitoring is the MODIS instrument. The 
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advantage of the MODIS program is that NASA generates second- and third-order 
products from the raw images and these are made available along with the original 
imagery. At a resolution ranging from 250 meters to 1 kilometer per pixel, the 
MODIS instrument data products are approximately the correct level for monitoring 
landscape scale concerns. As the science advances and new MODIS products are 
validated and generated, they are made available via the Internet. This chapter 
shows that products of the MODIS instrument are currently a unique source for 
data required for the Red Flag System. The MODIS instruments (there are actually 
two currently, one on the Terra platform and a second on the Aqua satellite) cover 
the entire earth four times a day. NASA generates a set of composite products at a 
frequency depending on the product (usually once every 8 to 90 days). Those of the 
greatest interest to us for TES fragmentation monitoring purposes include the Vege-
tation Indices, the Leaf Area Index, and the Fire products. In many ecosystems the 
regular occurrence of controlled burns is important because a burn resets the suc-
cession of the ecological community. The fact that we now have regular information 
about land character is a great boon to monitoring ecoregional health. Most signifi-
cantly, the products are available via the Internet shortly after the images are ac-
quired or within a few hours of when a land composite is generated. And probably 
just as significantly, these products can be acquired at no cost. At least as an initial 
set of data sources for the purpose of ecological monitoring at the landscape scale, 
MODIS data are available. 

Remember that for a monitoring capability, we do not require the detail of input 
data or output results that one requires for habitat fragmentation delineation. In 
this chapter we have assumed that the habitat has already been defined and field 
confirmed. Rather, for the purposes of a Red Flag System we need only determine if 
there is a change in any parameter that is significant to the TES in question. 

Although the data sources and expertise exist to generate a Red Flag System to 
warn land managers if critical areas near their installation are in danger of chang-
ing, no such red flag system exists. The development of such a prototype would be 
straightforward. Therefore it is recommended that a prototype TES Red Flag Moni-
toring System be implemented (Figure 7-2). 
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Figure 7-2. Near Fort Benning the difference in MODIS Product Leaf Area Index (LAI)  
between Spring and Fall show large negative changes. 

Roads are overlaid in the right panel to show their coincidence with the very negative LAI changes at the 
lower right.  This Red Flag is an example of the detection of road construction – a major contributor to habi-
tat fragmentation.  A military trainer might also be interested in knowing what is causing the large decrease 
in LAI directly to the south of Fort Benning (the red-circled area) and will that causative agent have an en-
croachment effect on the training mission assigned to the nearby Training Compartments G and H? Early 
“Red Flagging” of either fragmentation concerns or potential issues to the military training mission and other 
responsibilities can help avoid a situation growing significantly worse. 
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8 The Way Forward 
Robert Lozar 

Conclusions and Recommendations 

From the Summary section of each chapter a few major concerns have emerged from 
this review of the issues of TES habitat fragmentation as they concern the Army 
military mission.  They lead to the following set of conclusions and recommenda-
tions: 

1. In the continental United States, as habitat decreases, fragmentation and the 
constituent TES increase at a rate at least as rapid as the habitat destruction in 
locations that are better-known to the public. This directly affects military instal-
lations land management responsibilities. 

2. Habitat fragmentation can only be studied as a species-specific phenomenon. To 
understand fragmentation, one must look at a landscape through the eyes of a 
single species. Looking at the same landscape through the life history of another 
species can yield a completely different level and distribution of fragmentation. 

3. Although we have focused in the past on individual species through the Endan-
gered Species Act, the literature shows that single-species management is not 
always beneficial to the related ecosystems. The cost-effective way to deal with 
habitat fragmentation is by looking at land at the regional or landscape scale as a 
single functioning unit. 

4. The theoretical basis for dealing with issues at the landscape scale has been de-
veloped in the academic field of Landscape Ecology. GIS technology and image 
processing capabilities are available to address TES habitat fragmentation is-
sues. 

5. The isolation that military installations enjoyed in the past is over. Problems 
dealing with issues of urban development near the military missions have al-
ready developed. 

6. Installations have become refugees for TES. Those areas outside the installation, 
which have the potential of providing habitat and therefore taking some of the 
TES management load off of the installation, are decreasing. 

7. Congress has provided some opportunities to help support the preservation of 
critical TES lands off installation. Using this authority, the Army has created the 
ACUB initiative. States and environmental organizations can combine funding 
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with military installations to ensure the conservation of critical TES lands off in-
stallations, which have the potential to take some of the TES management load 
off of the installations. 

8. TES do not respect political boundaries and many of them use areas of other 
countries as part of their regular lifecycle (notably the migration of bats to Mex-
ico). No matter how much the military does, it cannot alone succeed in national 
management efforts without the cooperation of other bodies. Therefore increased 
cooperation between these other governmental agencies must be supported at all 
levels of government. 

9. Roughly half of the Army’s top seven TES are nocturnal species. An initial review 
of the literature shows that little attention has been paid to the effect of night 
lighting on the issues of TES habitat fragmentation. It is feasible that night light-
ing may fragment nocturnal habitat as severely as cutting down a forest frag-
ments habitat for sylvan species. It is recommended that much more research be 
done to define the affects of night lighting on nocturnal species habitat fragmen-
tation. 

10. It is recommended that a prototype TES Red Flag System be generated, based on 
the best data sources at the landscape scale. 

11. There are a number of fragmentation evaluation programs and models available 
currently. Although they present different approaches, all of them also funda-
mentally rely on some version of standard landscape metrics originally pioneered 
in a program called FragStats. Since this set of landscape metrics provides the 
core for most programs, they then must be considered as the basis for the direc-
tion toward which future research must be aimed. 

12. Although several TES habitat and population viability models are available, all 
of them suffer from the inability to get all required support data. Field research 
needs to provide better data to management-oriented decision support models 
and tools. 

13. Recommend that the Army sponsor a conference of TES biologist and modelers. 
The purpose would be to coordinate the two groups efforts. Desired results of the 
conference would be: 
a. Biologists would agree among themselves what are the basic critical 

characteristics for each TES habitat for describing viable habitats. These 
will be required to be in a format that can be measured in the field and 
successfully summarized as critical TES parameters. 

b. Modelers would agree among themselves what are the basic critical in-
puts (that can be field measured or derived) they must have to success-
fully operate their models. 

c. Both groups would agree on those critical parameters that each could via-
bly discuss with the other group. This result should set the direction for 
coordinated initial research. 
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d. Both groups would identify those critical parameters that are required 
but are not liable for field measurement and verification at this time. This 
result should set the direction for coordinated long-term research. 



ERDC/CERL TR-06-36 161 

 

Appendix:  Additional References 

Prologue 

To provide additional resources for the readers, this bibliography has been devel-
oped to amplify those subjects covered directly within each chapter. They are pre-
sented in order of the chapters in this guide. Though not necessarily directly related 
to the specific items discussed in the main text, this appendix is designed to provide 
a source for further investigation by the reader on specific matters covered. This 
appendix is presented as additional references roughly related to the different chap-
ter headings. For brevity a reference is presented only once although most of them 
could rightfully be placed in several sections. 

 

Additional References for the Fragmentation Overview Chapter 

Addicott, J.F., J.M. Aho, M.F. Antolin, D.L. Padilla, J.S. Richardson, and D.A. Soluk. 1987. 
Ecological neighborhoods: scaling environmental patterns. Oikos 49:340-346.  

Acevedo, M., D.L. Urban, and M. Ablan. 1995. Transition and gap models of forest dynamics. Ecol. 
Applic. 5:1040-1055.  

Allen, T.F.H., and E.P. Wyleto. 1983. A hierarchical model for the complexity of plant communities. 
J. Theor. Biol. 101:529-540.  

Arnold, G. W., Steven, D. E. and Weeldenberg, J. R. 1993. Influences of remnant size, spacing 
pattern and connectivity on population boundaries and demography in Euros macropus 
robustus living in a fragmented landscape. Biological Conservation 64: 219-230.  

Aspinall, R. 1992. An inductive modelling procedure based on Bayes' theorem for analysis of 
pattern in spatial data. International Journal of Geographical Information Systems. 6(2): 
105-121.  

Austin, M.P. 1985. Continuum concept, ordination methods and niche theory. Annual Review of 
Ecological Systems. 16: 39-61.  

Austin, M.P., and T.M. Smith. 1989. A new model for the continuum concept. Vegetatio 83:35-47.  



ERDC/CERL TR-06-36 162 

 

Baker, W.L. 1992. The landscape ecology of large disturbances in the design and management of 
nature reserves. Landscape Ecol. 7:181-194.  

Baker, W.L., and Y. Cai. 1992. The r.le programs for multiscale analysis of landscape structure 
using the GRASS geographic information system. Landscape Ecol. 7:291-302.  

Bascompte, J. and Sole, R. V. 1996. Habitat fragmentation and extinction threshholds in spatially 
explicit models.  Journal of Animal Ecology 65: 465-473.  

Bierregaard, R. O. J. 1992. The biological dynamics of tropical rainforest fragments.  BioScience 
42: 859- 866.  

Bissonette, J.A. (ed.). 1997. Wildlife and landscape ecology: effects of pattern and scale. Springer-
Verlag, New York.  

Bormann, F.H., and G.E. Likens. 1979. Pattern and process in a forested ecosystem. Springer-
Verlag, New York.  

Botkin, D.B. 1993. Forest dynamics: an ecological model. Oxford University Press, Oxford.  

Bridgewater, P. B. (1993). Landscape ecology, geographic information systems and nature 
conservation. In Landscape Ecology and GIS (Eds R. Haines-Young, D. R. Green and S. H. 
Cousins.) pp. 24-36. (Taylor and Francis: London.)  

Brooker, M.G. & Margules, C.R. (1996) The relative conservation value of remnant patches of 
native vegetation in the wheatbelt of Western Australia. 1 Plant diversity. Pacific 
Conservation Biology, 2, 268-278.  

Brown, J. H. 1971. Mammals on mountaintops: nonequilibrium insular biogeography.  American 
Naturalist 105: 467-478.  

Brown, J.H. 1995. Macroecology. Univ. Chicago Press, Chicago.  

Brussard, P.F. 1991. The role of ecology in biological conservation. Ecol. Applic. 1:6-12.  

Burke, I.C., D.S. Shimel, C.M. Yonker, W.J. Parton, L.A. Joyce, and W.K. Lauenroth. 1990. 
Regional modeling of grassland biogeochemistry using GIS. Landscape Ecol. 4:45-54.  

Burrough, P.A. 1987. Spatial aspects of ecological data. Pages 213-251 in R.H. G. Jongman, C.J.F. 
ter Braak, and O.F.R. van Tongeron (eds.), Data analysis in community and landscape 
ecology. PUDOC, Wageningen, the Netherlands.  

Carlile, D.W., J.R. Skalski, J.E. Batler, J.M. Thomas, and V.I. Cullinan. 1989. Determination of 
ecological scale. Landscape Ecol. 2:203-213.  

Chaplin, Stuart F., Brian H. Walker, Richard J. Hobbs, David U. Hooper, John H. Lawton, Osvaldo 
E. Sala, and David. Tilman. "Biotic Control Over the Functioning of Ecosystems." Science 
277 (1997): 500-504.  



ERDC/CERL TR-06-36 163 

 

Christensen, N.L., A.N. Bartuska, J.H. Brown, S. Carpenter, C. D'Antonio, R. Francis, J.F. 
Franklin, J.A. MacMahon, R.F. Noss, D.J. Parsons, C.H. Peterson, M.G. Turner, and R.G. 
Woodmansee. 1996. The report of the Ecological Society of America Committee on the 
scientific basis for ecosystem management. Ecol. Applic. 6:665-691.  

Crome, F. H. J., M. R. Thomas, and L. A. Moore. "A Novel Bayesian Approach to Assessing Impacts 
of Rain Forest Logging." Ecological Applications 6 (1996): 1104-23.  

Daly, C., R.P. Neilson, and D.L. Phillips. 1994. A digital topographic model for distributing 
precipitation over mountainous terrain. J. Appl. Meteor. 33:140-158.  

Delcourt, H.R., and P.A. Delcourt. 1988. Quaternary landscape ecology: relevant scales in space 
and time. Landscape Ecol. 2:23-44.  

Edwards, P.J., N.R. Webb, and R.M. May (eds.). 1994. Large-scale ecology and conservation 
biology. Blackwell, Oxford.  

Fahrig, L. 1989. Relative importance of spatial and temporal scales in a patchy environment. 
Theoret. Pop. Biol. 41:300-314.  

Fiedler, P.L., and P.M. Kareiva (ed.s). 1998. Conservation biology for the coming decade. Chapman 
and Hall, New York.  

Forman, R.T.T. 1983. An ecology of the landscape. BioScience 33:535.  

Forman, R.T.T., A.E. Galli, and C.F. Leck. 1976. Forest size and avian diversity in New Jersey 
woodlots with some land use implications. Oecologia 26:1-8.  

Forman, R.T.T., and M. Godron. 1986. Landscape ecology. Wiley, New York.  

Franklin, J.F., and R.T.T. Forman. 1987. Creating landscape patterns by forest cutting: ecological 
consequences and principles. Landscape Ecol. 1:5-18.  

Freemark, K.E., and H.G. Merriam. 1986. Importance of area and habitat heterogeneity to bird 
assemblages in temperate forest fragments. Biol. Conserv. 31:95-105.  

Gardner, R.H., and R.V. O'Neill. 1991. Pattern, process, and predictability: the use of neutral 
models for landscape analysis. Pages 289-307 in Turner and Gardner (1991). 

Godron, M., and R.T.T. Forman. 1983. Landscape modification and changing ecological 
characteristics. Pages 17-28 in H.A. Mooney and M. Godron (eds.), Disturbance and 
ecosystems. Springer-Verlag, New York.  

Golley, F.B. 1993. Development of landscape ecology and its relation to environmental 
management. Pages 37-44 in M.E. Jensen and P.S. Bouregeron (eds.), Eastside forest 
ecosystem health assessment, vol. II. Ecosystems management: principles and 
applications. USDA For. Serv. Missoula, MT.  

Goodall, D.W. 1974. A new method for analysis of spatial pattern by random pairing of quadrats. 
Vegetatio 29:135-146.  



ERDC/CERL TR-06-36 164 

 

Gosselink, J.G., et al. 1990. Landscape conservation in a forested wetland watershed. BioScience 
40:588-600.  

Green, D.G.. 1989. Simulated effects of fire, dispersal and spatial pattern on competition within 
forest mosaics. Vegetatio 82: 139-153.  

Gustafson, E.J. 1998. Quantifying landscape spatial pattern: what is the state of the art? 
Ecosystems 1:143-156.  

Haines-Young , R., Green, D.R. and Cousins, S. (eds). 1993. Landscape Ecology and Geographical 
Information Systems. Taylor &Francis, London.  

Hannsen, L., and P. Angelstam. 1991. Landscape ecology as a theoretical basis for nature 
conservation. Landscape Ecol. 5:191-201.  

Harrington, G. N., A. K. Irvine, Francis H. J. Crome, and Les A. Moore. "Regeneration of Large-
Seeded Trees in Australian Rainforest Fragments : a Study of Higher-Order Interactions." 
In Tropical Forest Remnants : Ecology, Management and Conservation of Fragmented 
Communities, Eds William F. Laurance, and Richard O. Bierregaard, 292-303. Chicago: 
University of Chicago Press, 1997.  

Hastings, A. and Wolin, C. L. 1989. Within-patch dynamics in a metapopulation.  Ecology 70: 1261-
1266.  

Hobbs, R. 1997. Future landscapes and the future of landscape ecology. Landscape and Urban 
Planning 37:1-9.  

Hobbs, R. J. 1999. Clark Kent or Superman: where is the phone booth for landscape ecology. In 
Landscape Ecology Analysis: Issues and Applications. Eds J. M.Klopatek, and Gardner R. 
H., 11-23. New York: Springer.  

Iverson, L.R., R.L. Graham, and E.A. Cook. 1989. Applications of satellite remote sensing to forest 
ecosystems. Landscape Ecol. 3:131-143.  

Johnson, L.B. 1990. Analyzing spatial and temporal phenomena using geographic information 
systems: a review of ecological applications. Landscape Ecol. 4:31-43.  

Johnston, C.A., and J. Bonde. 1989. Quantitative analysis of ecotones using a geographic 
information system. Photo. Eng. and Rem. Sens. 55:1643-1647.  

Johnston, C.A., N.E. Detenbeck, J.P. Bonde, and G.H. Niemi. 1988. Geographic information 
systems for cumulative impact assessment. Photogramm. Engin. and Remote Sensing 
54:1609-1615.  

Johnson, L.B. 1990. Analysing spatial and temporal phenomena using geographical information 
systems – a review of ecological applications. Landscape Ecology. 4: 31-44.  

Kareiva, P. 1987. Habitat fragmentation and the stability of predator-prey interactions.  Nature 
326: 388-390.  



ERDC/CERL TR-06-36 165 

 

Kareiva, P.M., J.G. Kingsolver, and R.B. Huey (eds.). 1993. Biotic interactions and global change. 
Sinauer, Sunderland, Massachusetts.  

Kareiva, P., and U. Wennergren. 1995. Connecting landscape patterns to ecosystem and population 
processes. Nature 373:299-302.  

Keitt, T.H., D.L. Urban, and B.T. Milne. 1997. Detecting critical scales in fragmented landscapes. 
Conservation Ecol. 1(1):4.  

Knight, D.H. 1987. Parasites, lightning, and the vegetative mosaic in wilderness landscapes. Pages 
59-83 in Turner (1987). 

Kolasa, J., and S.T.A. Pickett (eds.). 1991. Ecological heterogeneity. Springer-Verlag, New York.  

Krummel, J.R., R.H. Gardner, G. Sugihara, R.V. O'Neill, and P.R. Coleman. 1987. Landscape 
patterns in a disturbed environment. Oikos 48:321-324.  

Lavers, C.P. and Haines-Young, R.H. 1996. Using models of bird abundance to predict the impact 
of current land-use and conservation policies in the flow country of Caithness and 
Sutherland, northern Scotland. Biological Conservation. 75: 71-77.  

Legendre, P., and M.J. Fortin. 1989. Spatial pattern and ecological analysis. Vegetatio 80:107-138.  

Levin, S.A. 1992. The problem of pattern and scale in ecology. Ecology 73:1943-1967.  

Li, H., J.F. Franklin, F.J. Swanson, and T.A. Spies. 1993. Developing alternative forest cutting 
patterns: a simulation approach. Landscape Ecol. 8:63-75.  

Lima, S. L. and Zollner, P. A. 1996. Towards a behavioral ecology of ecological landscapes.  Trends 
in Ecology and Evolution 11: 131-135.  

Lord, J. N. and Norton, D. A. 1990. Scale and the spatial scale of fragmentation.  Conservation 
Biology 4: 197- 202.  

Mace, G.M., A. Balmford, and J.R. Ginsberg. 1998. Conservation in a changing world.  

Cambridge Univ. Press, Cambridge.  

Mann, C.C., and M.L. Plummer. 1993. The high cost of biodiversity. Science 260:1868-1871.  

MacArthur, R.H., and E.O. Wilson. 1967. The theory of island biogeography. Princetone University 
Press, Princeton.  

Margules, C.R. & Nicholls, A.O. (1987) Assessing the conservation value of remnant habitat 
'islands': mallee patches on the western Eyre Peninsula, South Australia. In Nature 
Conservation: the Role of Remnants of Native Vegetation. Eds. D.A. Saunders, G.W. 
Arnold, A.A. Burbidge & A.J.M. Hopkins. Surrey Beatty & Sons Pty. Ltd., Sydney. Pp. 89-
92.  



ERDC/CERL TR-06-36 166 

 

Margules, C.R. & Nicholls, A.O. (1994) Where should nature reserves be located? In Conservation 
Biology in Australia and Oceania. Eds. C. Moritz & J. Kikkawa. Surrey Beatty & Sons 
Pty. Ltd., Sydney. Pp 339-346.  

Margules, C.R., Davies, K.F., Meyers, J.A. & Milkovits, G.A. (1995) The responses of some selected 
arthropods and the frog, Crinia signifera, to habitat fragmentation. In Conserving 
Biodiversity: Threats and Solutions. Eds. R.A. Bradstock, T.D. Auld, D.A. Keith, R.T. 
Kingsford, D. Lunney & D.P. Sivertsen. Surrey Beatty & Sons Pty. Ltd., Sydney. Pp. 94-
103. 

McIntosh, R.P. 1985. The background of ecology. Cambridge University Press, Cambridge.  

Meffe, G.K., and C.R. Carroll. 1994. Principles of conservation biology. Sinauer, Sunderland, 
Massachusetts.  

Miller, C., and D. Urban. Forest heterogeneity and surface fire regimes. Can. J. For. Res. (in 
press).  

Miller, C., and D. Urban. Connectivity of forest fuels and surface fire regimes. Landscape Ecol. (in 
press).  

Mladenoff, D.J., M.A. White, J. Pastor, and T.A. Crow. 1993. Comparing spatial pattern in 
unaltered old-growth and disturbed forest landscapes. Ecol. Appl. 3:294-306.  

Monteith, J.L. 1965. Evaporation and environment. Pages 205-233 in Proceedings of the 19th 
symposium of the Society for Experimental biology. Cambridge, New York.  

Morton, S.R., Stafford Smith, D.M., Friedel, M.H., Griffin, G.R. & Pickup, G. (1995), The 
stewardship of arid Australia: ecology and landscape management, Journal of 
Environmental Management 43:195-217.  

O'Neill, R.V., J.R. Krummel, R.H. Gardner, G. Sugihara, B. Jackson, D.L. DeAngelis, B.T. Milne, 
M.G. Turner, B. Zygmunt, S.W. Christensen, V.H. Dale, and R.L. Graham. 1988. Indices 
of landscape pattern. Landscape Ecol. 1:153-162.  

Pastor, J., and M. Broschart. 1990. The spatial pattern of a northern conifer-hardwood landscape. 
Landscape Ecol. 4:55-68.  

Pickett, S.T.A., and M.L. Cadenasso. 1995. Landscape ecology: spatial heterogeneity in ecological 
systems. Science 269:331-334.  

Pickett, S.T.A., R.S. Ostfeld, M. Shachak, and G.E. Likens (eds.). 1997. The ecological basis of 
conservation. Chapman and Hall, New York.  

Pickett, S.T.A., and P.S. White. 1985. The ecology of natural disturbance and patch dynamics. 
Academic Press, Orlando.  

Pimm, S.L., H.L. Jones, and J.M. Diamond. 1988. On the risk of extinction. Am. Nat. 132:757-785.  



ERDC/CERL TR-06-36 167 

 

Pressey, R.L., Humphries, C.J., Margules, C.R., Vane-Wright, R.I. & Williams, P.H. (1993) Beyond 
opportunism: key principles for systematic reserve selection. Trends in Ecology & 
Evolution, 8, 124-128.  

Primack, R.B. 1993. Essentials of conservation biology. Sinauer, Sunderland, Massachusetts.  

Reiners, W.A., and G.E. Lang. 1979. Vegetation patterns and processes in the balsam fir zone, 
White Mountains, New Hampshire. Ecology 60:403-417.  

Riitters, K.H., R.V. O'Neill, C.T. Hunsaker, J.D. Wickham, D.H. Yankee, S.P. Timmins, K.B. 
Jones, and B.L. Jackson. 1995. A factor analysis of landscape pattern and structure 
metrics. Landscape Ecol. 10: 23-40.  

Ripple, W.J., G.A. Bradshaw, and T.A. Spies. 1991. Measuring forest landscape patterns in the 
Cascade Range of Oregon, USA. Biol. Conserv. 57:73-88.  

Risser, P.G., J.R. Karr, and R.T.T. Forman. 1984. Landscape ecology: directions and approaches. 
Special Publ. No. 2, Ill. Natural Hist. Surv., Champaign.  

Roth, R.R. 1976. Spatial heterogeneity and bird species diversity. Ecology 57:773-782.  

Saunders, D.A., R.J. Hobbs, and C.R. Margules. 1991. Biological consequences of ecosystem 
fragmentation: a review. Cons. Biol. 5:18-32.  

Saunders, S.C., J. Chen, T.R. Crow, and K.D. Brosofske. 1998. Hierarchical relationships between 
landscape structure and temperature in a managed forest landscape. Landscape Ecol. 
13:381-395.  

Scott, J.M., Davis, F., Csuti, B., Noss, R., Butterfield, B., Groves, C., Anderson, H., Caicco, S., D’er 
chia, F., Edwards, T.C.(Jr), Ulliman, J. and Wright, R. G. 1993. Gap Analysis: A 
Geographic Approach to Protection of Biological Diversity. Wildlife Monographs 123: 1-41.  

Shaver, G.R., K.J. Knadelhoffer, and A.E. Giblin. 1991. Biogeochemical diversity and element 
transport in a heterogeneous landscape, the north slope of Alaska. Pages 105-125 in  
Turner and Gardner (1991). 

Shugart, H.H. 1987. The dynamic ecosystem consequences of coupling birth and death processes in 
trees. BioScience 37:596-602.  

Sisk, T.D. & Margules, C.R. (1993) Habitat edges and restoration: methods for quantifying edge 
effects and predicting the results of restoration efforts. In Nature Conservation 3: 
Reconstructing Fragmented Ecosystems, Global and Regional Perspectives. Eds. D.A. 
Saunders, R.J. Hobbs & P.H. Erlich. Surrey Beatty & Sons, Sydney. Pp 57-69.  

Smith, T.M., and M.L. Huston. 1989. A theory of the spatial and temporal dynamics of plant 
communities. Vegetatio 83:49-69.  

Sprugel, D.G. 1991. Disturbance, equilibrium, and environmental variability: what is 'natural' 
vegetation in a changing environment? Biol. Conserv. 58:1-18.  



ERDC/CERL TR-06-36 168 

 

Stafford Smith, D.M. & Morton, S.R. (1990), A framework for the ecology of arid Australia, Journal 
of Arid Environments 18:255-278.  

Stephenson, N.L. 1998. Actual evapotranspiration and deficit: biologically meaningful correlates of 
vegetation distribution across spatial scales. J. Biogeography 25:855-870.  

Swank, W.T., and D.A. Crossley, Jr. (eds.). 1988. Forest hydrology and ecology at Coweeta. 
Springer-Verlag, New York.  

Swanson, F.J., T.K. Kratz, N. Caine, and R.G. Woodmansee. 1988. Landform effects on ecosystem 
patterns and processes. BioScience 38:92-98.  

Terborgh, J. 1976. Island biogeography and conservation: strategy and limitations. Science 
193:1029-1030.  

Thornthwaite, C.W., and J.R. Mather. 1955. The water balance. Climatological Laboratory 
Publication #8, Drexel Institute of Technology, Philadephia.  

Tilman, D. 1982. Resource competition and community structure. Princeton Univ. Press, 
Princeton, New Jersey.  

Tilman, D., R. M. May, C. L. Lehman, and M. A. Nowak. 1994. Habitat destruction and the 
extinction debt. Nature 371:65-66.  

Trimble, S.W., F.H. Weirich, and B.L. Hoag. 1987. Reforestation and the reduction of water yield 
on the southern Piedmont since circa 1940. Water Resources Res. 23:425-437.  

Turner, M.G. 1987. Landscape heterogeneity and disturbance. Springer-Verlag, New York.  

Turner, M. G. 1989. Landscape ecology: the effect of pattern on process.  Annual Review of Ecology 
and Systematics 20: 171-197.  

Turner, M.G. 1990. Spatial and temporal analysis of landscape patterns. Landscape Ecol. 4:21-30.  

Turner, M.G., R.V. O'Neill, R.H. Gardner, and B.T. Milne. 1989. Effects of changing spatial scale 
on the analysis of landscape patterns. Landscape Ecol. 3:153-162.  

Turner, M.G., W.H. Romme, R.H. Gardner, R.V. O'Neill, and T.K. Kratz. 1993. A revised concept of 
landscape equilibrium: disturbance and stability on scaled landscapes. Landscape Ecol. 
8:213-227.  

Urban, D.L., M.F. Acevedo, and S.L. Garman. 1999. Scaling fine-scale processes to large-scale 
patterns using models derived from models: meta-models. To appear in D. Mladenoff and 
W. Baker (eds.), Spatial modeling of forest landscape change: approaches and applications. 
Cambridge University Press. (in press)  

Urban, D.L., C. Miller, P.N. Halpin, and N.L. Stephenson. Forest gradient response in Sierran 
landscapes: the physical template. (in review)  

Urban, D.L., R.V. O'Neill, and H.H. Shugart. 1987. Landscape ecology. BioScience 37:119-127.  



ERDC/CERL TR-06-36 169 

 

Veblen, T.T., K.S. Hadley, M.S. Reid, and A.J. Rebertus. 1991. The response of subalpine forests to 
spruce beetle outbreak in Colorado. Ecology 72:213-231.  

Vitousek, P. 1994. Beyond global warming: ecology and global change. Ecology 75:1861-1876.  

Vogt, K.A., J.C. Gordon, J.P. Wargo, D.J. Vogt, and others. 1997. Ecosystems: balancing science 
with management. Springer-Verlag, New York.  

Wallin, D.O., F.J. Swanson, and B. Marks. 1994. Landscape pattern response to changes in 
pattern-generation rules: land-use legacies in forestry. Ecol. Appl. 4:569-580.  

Watt, A.S. 1947. Pattern and process in the plant community. J. Ecol. 35:1-22.  

Weinstein, D.A., and H.H. Shugart. 1983. Ecological modeling of landscape dynamics. Pages 29-45 
in H.A. Mooney and M. Godron (eds.), Disturbance and ecosystems. Springer-Verlag, New 
York.  

Wiens, J.A. 1989. Spatial scaling in ecology. Functional Ecol. 3:385-397.  

Wiens, J.A., C.S. Crawford, and J.R. Gosz. 1985. Boundary dynamics: a conceptual framework for 
studying landscape ecosystems. Oikos 45:421-427.  

Wiens, J. A. 1992. What is landscape ecology, really? Landscape Ecology 7:149-150.  

Wiens, J.A., N.C. Stenseth, B. Van Horne, and R.A. Ims. 1993. Ecological mechanisms and 
landscape ecology. Oikos 66:369-380.  

Whittaker, R.H. 1975. Communities and ecosystems. MacMillan, New York.  

Williams, S. E. (1998)  'Spatial patterns of vertebrate biodiversity and assemblage structure in the 
rainforest of the Australian Wet Tropics'.  Australian Journal of Ecology, 23 : 185-186.  

Yahner, R. H. 1988. Changes in wildlife communities near edges.  Conservation Biology 2: 333-339. 

Yeakley, J.A., and W.G. Cale. 1991. Organizational levels analysis: a key to understanding 
processes in natural systems. J. Theor. Biol. 149:203-216. 

Additional References for the Identification of TES Habitat Chapter 

Geographic Information Systems for Geosciences, 1995, by G. Bonham-Carter, and compared 
against other favorability functions in Geographic Information Analysis, 2003, by D. 
O’Sullivan & D. Unwin.  

Andersen, M.C., Watts, J.M., Freilich, J.E., Yool, S.R., Wakefield, G.I., McCauley, J.F. and 
Fahnestook, P.B. 2000. Regression-tree modeling of desert tortoise habitat in the central 
Mojave Desert. Ecological Applications. 10(3): 890-900.  



ERDC/CERL TR-06-36 170 

 

Arthur, S.M., Manly, B.F.J., McDonald, L.L. and Garner, G.W. 1996. Assessing habitat selection 
when availability changes. Ecology. 77(1): 215-227.  

Aspinall, R. and Veitch, N. 1993. Habitat mapping from satellite imagery and wildlife survey data 
using a Bayesian modeling procedure in a GIS. Photogrammetric Engineering & Remote 
Sensing. 59(4): 537-543.  

Austin, M. P., Juli G. Pausas, and Ian R. Noble. "Modelling Environmental and Temporal Niches of 
Eucalypts." In Eucalypt Ecology: Individuals to Ecosystems, Eds Jann E. Williams, and J. 
C. Z. Woinarski, 129-50. Cambridge: Cambridge University Press, 1997.  

Baker, B.W., Cade, B.S., Margus, W.L. and McMillen, J.L. 1995. Spatial analysis of sandhill crane 
nesting habitat. Journal of Wildlife Management. 59(4): 752-758.  

Bian, L. and West, E. 1997. GIS modeling of elk calving habitat in a prairie environment with 
statistics. Photogrammetric Engineering and Remote Sensing. 63(2): 161-167.  

Boroski, B.B., Barret, R.H., Timossi, I.C. and Kie, J.G. 1996. Modelling habitat suitability for 
black-tailed deer (Odocoileus hemionus columbianus) in heterogeneous landscapes. Forest 
Ecology and Management 88: 157-165.  

Bradford, M. G. and Harrington, G. H.  (1999)  'Aerial and ground survey of sap trees of the yellow-
bellied glider (Petaurus australis reginae) near Atherton, North Queensland'.  Wildlife 
Research, 26 : 723-729.  

Brady, N.C. 1990. The nature and properties of soils (10th edition). Macmillan, New York.  

Brooks, R.P. 1997. Improving habitat suitability index models. Wildlife Society Bulletin. 25(1): 163-
167.  

Catling, P.C., Burt, R.J. and Forrester, R.I. 1998. Models of the distribution and abundance of 
ground-dwelling mammals in the eucalypt forests of south-eastern New South Wales. 
Wildlife Research. 25: 449-466.  

Chapman, Angela, and G. N. Harrington. "Responses by Birds to Fire Regime and Vegetation at 
the Wet Sclerophyll/Tropical Rainforest Boundary." Pacific Conservation Biology 3 (1997): 
213-20.  

Chen, J., J.F. Franklin, and T.A. Spies. 1993. Constrasting microclimate among clear-cut, edge, 
and interior old-growth Douglas-fir forest. Agric. and For. meterorol. 63:219-237.  

Chen, J., J.F. Franklin, and T.A. Spies. 1995. Growing-season microclimate gradients from clear-
cut edges into old-growth Douglas-fir forests. Ecol. Applic. 5:74-86.  

Clark, J.D., Dunn, J.E. and  Smith, K.G. 1993. A multivariate model of female black bear habitat 
use for a geographic information system. The Journal of Wildlife Management. 57(3):  519-
526.  

Coker, D.R. and Capen, D.E. 1995. Landscape-level habitat use by brown-headed cowbirds in 
Vermont. Journal of Wildlife Management. 59(4):631-637.  



ERDC/CERL TR-06-36 171 

 

Corsi, F., Dupre, E. and Boitani, L. 1997. A Large-Scale Model of Wolf Distribution in Italy for 
Conservation Planning. Conservation Biology 13(1): 150-159.  

Crome, F., Isaacs, J., and Moore, L. (1994). The utility to birds and mammals of remnant riparian 
vegetation and associated windbreaks in the tropical Queensland uplands. Pacific 
Conservation Biology 1, 328-43.  

Dettmers, R. and Bart, J. 1999. A GIS modeling method applied to predicting forest songbird 
habitat. Ecological Applications. 9(1): 152-163.  

Edwards, T.C.(Jr), Deshler, E.T., Foster, D. and Moisen, G.G. 1996.  Adequacy of Wildlife Habitat 
Relation Models for Estimating Spatial Distributions of Terrestrial Vertebrates. 
Conservation Biology 10 (1): 263-270.  

Flather, C.H. and Hoekstra, T.W. 1985. Evaluating population habitat models using ecological 
theory. Wildlife Society Bulletin. 13: 121-130  

Fortin, M-J., and P. Drapeau. 1995. Delineation of ecological boundaries: comparisons of 
approaches and significance tests. Oikos 72:323-332.  

Foster, J. and Gaines, M. S. 1991. The effects of a successional habitat mosaic on a small mammal 
community.  Ecology 72: 1358-1373.  

Glennon, M.J. and Porter, W. F. 1999. Using satellite imagery to asses landscape-scale habitat for 
wild turkeys. Wildlife Society Bulletin. 27(3): 646-653.  

Gough, M.C. and Rushton, S.P. 2000. The application of GIS-modeling to mustelid landscape 
ecology. Mammal Review. 30(3-4): 197-216.  

Greig-Smith, P. 1952. The use of random and contiguous quadrats in the study of the structure of 
plant communities. Annals of Botany 16:293-316.  

Greig-Smith, P. 1983. Quantitative plant ecology. University of California Press, Berkeley.  

Guisan, A. and Zimmermann, N.E. 2000. Predictive habitat distribution models in ecology. 
Ecological Modelling. 135(2-3): 147-186.  

Hansen, A.J., and D.L. Urban. 1992. Avian response to landscape pattern: the role of species' life 
histories. Landscape Ecol. 7:163-180.  

Hansen, A.J., D.L. Urban, and B. Marks. 1992. Avian community dynamics: the interplay of 
landscape trajectories and species life histories. Pages 170-195 inEdwards et al. (1994). 

Hepinstall, J.A. and Sader, S.A. 1997. Using Bayesian statistics, thematic mapper satellite 
imagery, and breeding bird survey data to model bird species probability of occurrence in 
Maine. Photogrammetric Engineering & Remote Sensing. 63(10):1231-1237.  

Herr, A.M. and Queen, L.P. 1993. Crane habitat evaluation using GIS and remote sensing. 
Photogrammetric Engineering & Remote Sensing. 59(10): 1531-1538.  



ERDC/CERL TR-06-36 172 

 

Homer, C.G., Edwards, T.C., Ramsey, R.D. and Price, K.P. 1993. Use of Remote Sensing Methods 
in Modelling Sage Grouse Winter Habitat. Journal of Wildlife Management 57 (1): 78-84.  

Imhoff, M.L., Sisk, T.D., Milne, A., Morgan, G. and Orr, T. 1997. Remotely Sensed Indicators of 
Habitat Heterogeneity: Use of Synthetic Aperture Radar in Mapping Vegetation and Bird 
Habitat. Remote Sensing of the Environment 60: 217-227.  

Irwin, L. L. and Cook, J. G. 1985. Determining Appropriate Variables for a Habitat Suitability 
Model for Pronghorns. Wildlife Society Bulletin 13: 434-440.  

Ji, W. and Jeske, C. 2000. Spatial modeling of the geographic distribution of wildlife populations: A 
case study in the lower Mississippi River region. Ecological Modelling. 132(1-2): 95-104.  

Jorgensen, E.E., Demarais, S., Sell, S.M. and Lerich, S.P. 1998. Modeling habitat suitability for 
small mammals in Chihuahuan desert foothills of New Mexico. Journal of Wildlife 
Management. 62(3):989-996.  

Karl, J.W., Wright, N.M., Heglund, P.J. and Scott, J.M. 1999. Obtaining environmental measures 
to facilitate vertebrate habitat modeling. Wildlife Society Bulletin. 27(2):357-365.  

Knick, S.T. and Dyer, D.L. 1997. Distribution of black-tailed jackrabbit habitat determined by GIS 
in southwestern Idaho. Journal of Wildlife Management. 61(1):75-85.  

Laurance, W.F. 1997. A distributional survey and habitat model for the endangered Northern 
Bettong Bettongia tropica in tropical Queensland. Biological Conservation. 82: 47-60.  

Lavers, C.P., Haines-Young, R.H. and Avery, M.I. 1996. The habitat association of Dunlin (Calidris 
alpina) in the flow country of northern Scotland and an improved model for predicting 
habitat quality. Journal of Applied Ecology. 33: 279-290.  

Leckenby, D.A., Isaacson, D.L. and Thomas, S.R. 1985. Landsat Application to Elk Habitat 
Management in Northeast Oregon. Wildlife Society Bulletin. 13: 130-134.  

Li, W., Wang, Z., Ma, Z. and Tang, H. 1997. A regression model for the spatial distribution of red-
crown crane in Yancheng Biosphere Reserve, China. Ecological Modelling. 103: 115-121.  

Lindenmayer, D.B., Cunningham, R.B., Tanton, M.T., Nix, H.A. and Smith, A.P. 1991a. The 
Conservation of Arboreal Marsupials in the Montane Ash Forest of the Central Highlands 
of Victoria, South-east Australia: III. The Habitat Requirements of Leadbeater’s Possum 
Gymnobelideus leadbeateri and Models of the Diversity and Abundance of Arboreal 
Marsupials. Biological Conservation 56: 295-315.  

Lindenmayer, D.B., Nix, H.A., McMahon, J.P., Hutchinson, M.F. and Tanton, M.T. 1991b. The 
conservation of Leadbeater’s possum, Gymnobelideus leadbeateri (McCoy): a case study of 
the use of bioclimatic modelling. Journal of Biogeography. 18: 371-383.  

Livingston, S.A., Todd, C.S., Krohn, W.B. and Owen, R.B.(Jr), 1990. Habitat Models for Nesting 
Bald Eagles in Maine. Journal of Wildlife Management 54 (4): 644-653. 

Mace, R.D., Waller, J.S., Manley, T.L., Ake, K. and Wittinger, W.T. 1998. Landscape Evaluation of 
Grizzly Bear Habitat in Western Montana. Conservation Biology 13(2): 367-377.  



ERDC/CERL TR-06-36 173 

 

Margules, C.R., Higgs, A.J. & Rafe, R.W. (1982) Modern biogeographic theory: are there any 
lessons for nature reserve design? Biological Conservation, 24, 115-128.  

Margules, C.R., Nicholls, A.O. & Austin, M.P. (1987) Diversity of Eucalyptus species predicted by a 
multi-variable environmental gradient. Oecologia, 71, 229-232.  

Martin, M.E., J.D. Aber and R. Congalton. Determining forest species composition using high 
spectral resolution remote sensing data. International Journal of Remote Sensing (in 
press).  

McKelvey, K., B.R. Noon, and R.H. Lamberson. 1993. Conservation planning for species occupying 
fragmented landscapes: the case of the Northern Spotted Owl. Pages 424-450 in P. 
Kareiva, J.G. Kingsolver, and R.B. Huey (eds.), Biotic interactions and global change. 
Sinauer, Sunderland, Mass.  

McLeod, M.A., Belleman, B.A., Anderson, D.E. and Oehlert, G.W. 2000. Red-shouldered Hawk nest 
site selection in north-central Minnesota. Wilson Bulletin. 112(2): 203-213.  

Miller, D.A., Leopold, B.D., Hurst, G.A. and Gerard, P.D. 2000. Habitat selection models for 
eastern wild turkeys in central Mississippi. Journal of Wildlife Management. 64(3): 765-
776.  

Miller, C., and D. Urban. 1999a. A model of surface fire, climate, and forest pattern in Sierra 
Nevada, California. Ecol. Modelling 114:113-135.  

Miller, C., and D. Urban. 1999b. Forest pattern, fire, and climatic change in the Sierra Nevada. 
Ecosystems 2:76-87.  

Miller, C., and D. Urban. Modeling the effects of fire management alternatives on Sierra Nevada 
mixed-conifer forests. Ecol. Applic. (in press).  

Mladenoff, D.J. and Sickley, T.A. 1998. Assessing Potential Gray Wolf Restoration in the 
Northeastern United States: A Spatial Prediction of Favorable Habitat and Potential 
Population Levels. Journal of Wildlife Management 62 (1): 1-10.  

Mladenoff, D.J., Sickley, T.A., Haight, R.G. and Wydeven, A.P. 1995. A Regional Landscape 
Analysis and Prediction of Favourable Gray Wolf Habitat in the Northern Great Lakes 
Region. Conservation Biology 9 (2): 279-294.  

Morrison, M.L., Marcot, B.G. and Mannan, R.W. 1992. Wildlife-habitat relationships. Concepts and 
applications. The University of Wisconsin Press, Madison.  

Murphy, D.D., and B.R. Noon. 1992. Integrating scientific methods with habitat conservation 
planning: reserve design for the Northern Spotted Owl. Ecol. Applic. 2:3-17.  

Newell, G. R. 1999. Australia's tree-kangaroos: current issues in their conservation. Biological 
Conservation 87: 1-12.  

Newell, G. R.  (1999)  'Responses of Lumholtz's tree-kangaroo (Dendrolagus lumholtzi) to loss of 
habitat within a tropical rainforest fragment'.  Biological Conservation, 91 (1999): 181-
189.  



ERDC/CERL TR-06-36 174 

 

Nicholls, A.O. & Margules, C.R. (1993) An upgraded reserve selection algorithm. Biological 
Conservation, 64, 165-169.  

Nicholls, A.O. 1989. How to make biological surveys go further with generalised linear models. 
Biological Conservation. 50: 51-75.  

O'Neill, R.V., B.T. Milne, M.G. Turner, and R.H. Gardner. 1988. Resource utilization scale and 
landscape pattern. Landscape Ecol. 2:63-69.  

Osborne, P.E. and Tigar, B.J. 1992. Interpreting bird atlas data using logistic models: an example 
from Lesotho, Southern Africa. Journal of Applied Ecology. 29: 55-62.  

Ozesmi, S.L. and Ozesmi, U. 1999. An artificial neural network approach to spatial habitat 
modelling with interspecific interaction. Ecological Modelling. 116(1): 15-31. 

Ozesmi, U. and Mitsch, W.J. 1997. A spatial habitat model for the marsh-breeding red-winged 
blackbird (Agelaius phoeniceus L.) in coastal Lake Erie wetlands. Ecological Modelling. 
101(2-3): 139-152.  

Palmeirim, J.M. 1987. Automatic mapping of avian species using habitat satellite imagery. Oikos. 
52(1): 59-68.  

Pausas, J.G., Austin, M.P. and Noble, I.R. 1997. A Forest Simulation Model for Predicting 
Eucalypt Dynamics and Habitat Quality for Arboreal Marsupials. Ecological Applications. 
7(3): 921-933. 

Pearce, J.L., Burgman, M.A. and Franklin, D.C. 1994. Habitat selection by Helmeted Honeyeaters. 
Wildlife Research. 21: 53-63.  

Pereira, J.M.C. and Itami, R.M. 1991. GIS-based habitat modeling using logistic multiple 
regression: a study of the Mt Graham red squirrel. Photogrammetric Engineering & 
Remote Sensing. 57(11): 1475-1486.  

Porwal, M.C., Roy, P.S. and Chellamuthu, V. 1996. Wildlife habitat analysis for ‘sambar’ (Cervus 
unicolor) in Kanha National Park using remote sensing. International Journal of Remote 
Sensing 17 (14): 2683-2697.  

Prendergast, J. R. et al. 1993. Rare species, the coincidence of hotspots and conservation strategies. 
Nature 365:335-337.  

Pulliam, H.R., J.B. Dunning, and J. Liu. 1992. Population dynamics in complex landscapes: a case 
study. Ecol. Applic. 2:165-177.  

Quattrochi, D.A., and R.E. Pelletier. 1991. Remote sensing for analysis of landscapes: an 
introduction. Pages 17-76 in Turner and Gardner (1991). 

Radeloff, V.C., Pidgeon, A.M. and Hostert, P. 1999. Habitat and population modelling of roe deer 
using an interactive geographic information system. Ecological Modelling. 114(2-3): 287-
304.  



ERDC/CERL TR-06-36 175 

 

Rettie, W.J., Sheard, J.W. and Messier, F. 1997. Identification and description of forested 
vegetation communities available to woodland caribou: relating wildlife habitat to forest 
cover data. Forest Ecology and Management. 93: 245-260.  

Roseberry, J.L. and Sudkamp, S.D. 1998. Assesing the Suitability of Landscapes for Northern 
Bobwhite.  Journal of Wildlife Management 62 (3): 895-902. 

Smith, A.P., Horning, N. and Moore, D. 1997. Regional biodiversity planning and lemur 
conservation with GIS in western Madagascar. Conservation Biology. 11(2):498-512.  

Tucker, K., Rushton, S.P., Sanderson, R.A., Martin, E.B. and Blaiklock, J. 1997. Modelling bird 
distributions - a combined GIS and Bayesian rule-based approach. Landscape Ecology. 
12(2): 77-93.  

Van Deelen, T.R., Mckinney, L.B., Joselyn, M.G. and Buhnerkempe, J.E. 1997 Can we restore elk 
to southern Illinois - the use of existing digital land-cover data to evaluate potential 
habitat. Wildlife Society Bulletin. 25(4):886-894.  

Wahlberg, N., A. Moilanen, I. Hanski. 1996. Predicting the occurrence of endangered species in 
fragmented landscapes. Science 273:1536-1538.  

Williams, S. E., Pearson, R. G., and Walsh, P. J. (1996). Distributions and biodiversity of the 
terrestrial vertebrates of Australia’s wet tropics: a review of current knowledge. Pacific 
Conservation Biology 2, 327-62.  

Woinarski, J.C.Z. 1992. Habitat relationships for two poorly known mammal species Pseudomys 
calabyi and Sminthopsis sp. From the wet-dry tropics of the Northern Territory. 
Australian Mammalogy 15: 47-54.  

Woinarski, J.C.Z. and Braithwaite, R. W. 1993. The Distribution of Terrestrial Vertebrates and 
Plants in Relation to Vegetation and Habitat Mapping Schemes in Stage III of Kakadu 
National Park. Wildlife Research 20: 355-370.  

Yonzon, P., Jones, R. and Fox J. 1991. Geographic information systems for assessing habitat and 
estimating population of red pandas in Langtang National Park, Nepal. Ambio. 20(7): 285-
288. 

Additional References for the TES Corridors Chapter 

Ahern, J. 1991. Planning for an extensive open space system: linking landscape structure and 
function. Landscape and Urban Planning 21:131-145.  

Andren, H. and Angelstam, P. 1988. Elevated predation rates as an edge effect in habitat islands: 
experimental evidence. Ecology 69: 544-547.  

Beier, P. 1993. Determining minimum habitat areas and habitat corridors for cougars. 
Conservation Biology 7: 94-108.  



ERDC/CERL TR-06-36 176 

 

Bennett, A.F. 1991. Roads, roadsides, and wildlife conservation: A review. In Nature Conservation 
2: The Role of Corridors, D.A. Saunders and R.J. Hobbs (eds.). Sydney, Surrey Beatty & 
Sons.  

Buckland, S.T. and Elston, D.A. 1993. Empirical models for the spatial distribution of wildlife. 
Journal of Applied Ecology. 30: 478-495.  

Burgess, R.L., and D.M. Sharpe. 1981. Forest island dynamics in man-dominated landscapes. 
Springer-Verlag, New York.  

Davis, F.W., and S. Goetz. 1990. Modeling vegetation pattern using digital terrain data. Landscape 
Ecol. 4:69-80.  

Diamond, J. 1976. Island biogeography and conservation: strategy and limitations. Science 
193:1027-1029.  

Diamond, J. 1993. Cougars and corridors. Nature 365: 16-17.  

Diamond, J.M. 1975. The island dilemma: lessons of modern biogeographic studies for the design of 
natural reserves. Biol. Conserv. 7:129-146.  

Diffendorfer, J. E., Gaines, M. S. and Holt, R. D. 1995. Habitat fragmentation and movement of 
three small mammals (Sigmodon, Microtus, and Peromyscus).  Ecology 76: 827-839.  

Fahrig, L. and Merriam, G. 1985. Habitat patch connectivity and population survival. Ecology 66: 
1762-1768.  

Fahrig, L. and Merriam, G. 1994. Conservation of fragmented populations.  Conservation Biology 
8: 50-59.  

Fahrig, L., and J. Paloheimo. 1988. Effect of spatial arrangement of habitat patches on local 
population size. Ecology 69:468-475.  

Fahrig, L. and Paloheimo, J. 1988. Effect of spatial arrangement of habitat patches on local 
population size.  Ecology 69: 468-475.  

Fauth, P.T., Gustafson, E.J. and Rabenold, K.N. 2000. Using landscape metrics to model source 
habitat for Neotropical migrants in the midwestern U.S. Landscape Ecology. 15(7): 621-
631.  

Forman, R.T.T. 1992. Landscape corridors: From theoretical foundations to public policy. In 
Nature Conservation 2: The Role of Corridors, D.A. Saunders and R.J. Hobbs (eds.). 
Chipping Norton, Australia: Surrey Beatty. 71-84.  

Forman, R.T.T., and M. Godron. 1981. Patches and structural components for a landscape ecology. 
BioScience 31:733-740.  

Fortin, M-J. 1994. Edge-detection algorithms for two-dimensional ecological data. Ecology 75:956-
965.  



ERDC/CERL TR-06-36 177 

 

Gardner, R.H., B.T. Milne, M.G. Turner, and R.V. O'Neill. 1987. Neutral models for the analysis of 
broad-scale landscape pattern. Landscape Ecol. 1:19-28.  

Gardner, R.H., M.G. Turner, V.H. Dale, and R.V. O'Neill. 1992. A percolation model of ecological 
flows. Pages 259-269 in A. Hansen and F. di Castri (eds.), Landscape boundaries: 
consequences for biotic diversity and ecological flows. Springer-Verlag, New York.  

Getis, A. and J. Franklin. 1987. Second-order neighborhood analysis of mapped point patterns. 
Ecology 68: 473-477.  

Gross, J. E., Zank, C., Hobbs, N. T. and Saplinger, D. E. 1995. Movement rules for herbivores in 
spatially heterogenous environments: responses to small scale pattern.  Landscape 
Ecology 10: 209-217.  

Gustafson, E. J. and Gardner, R. H. 1996. The effect of landscape heterogeneity on the probability 
of patch colonization. Ecology 77: 94-107.  

Hansen, A.J. and F. DiCastri (eds.). 1992. Landscape boundaries: consequences for biotic diversity 
and ecological flows. Springer-Verlag, New York.  

Harrison, R.L. 1992. Toward a theory of inter-refuge corridor design. Conservation Biology 6: 293-
295.  

Hanski, I. and Gilpin, M.E. (eds.): Metapopulation Biology: Ecology, Genetics & Evolution. 
Academic Press, London. 512 pp. 

Hogeweg, P. 1988. Cellular automata as a paradigm for ecological modeling. Applied Math. and 
Comp. 27:81-100.  

James, C. D., Landsberg J., and Morton S. R. 1999. Provision of watering points in the Australian 
arid zone : a review of effects on biota. Journal of Arid Environments 41: 87-121.  

James, Craig D., Jill Landsberg, and Stephen R. Morton. "Ecological Functioning in Arid Australia 
and Research to Assist in Conservation of Biodiversity." Pacific Conservation Biology 2 
(1995): 126-42.  

Johnson, A.R., J.A. Wiens, B.T. Milne, and T.O. Crist. 1992. Animal movements and population 
dynamics in heterogeneous landscapes. Landscape Ecol. 7:63-75.  

Li, H., and J.F. Reynolds. 1993. A new contagion index to quantify spatial patterns of landscapes. 
Landscape Ecol. 8:155-162.  

Lindenmayer, D.B. and H.A. Nix. 1993. Ecological principles for the design of wildlife corridors. 
Conservation Biology 7: 627-630.  

MacClintock, P., R.F. Whitcomb, and B.L. Whitcomb. 1977. Island biogeography and "habitat 
islands" of eastern forest. II. Evidence for the value of corridors and minimization of 
isolation in preservation of biotic diversity. Am. Birds 31:6-16.  



ERDC/CERL TR-06-36 178 

 

Machtans, C.S., M.A. Villard, and S.J. Hannon. 1996. Use of riparian buffer strips as movement 
corridors by forest birds. Conservation Biology 10(5): 1366-1379.  

Margules, C.R. & Kitching, R.J. (1995). Assessing priority areas for biodiversity and protected area 
networks. In Measuring and Monitoring Biodiversity in Tropical and Temperate Forests. 
Eds. T.J.B. Boyle & B. Boontawee. Proceedings of a IUFRO symposium held at Chiang 
Mai, Thailand, August 27th - September 2nd 1994. Center for International Forestry 
Research (CIFOR), Bogor, Indonesia. Pp. 355-364. xii + 395pp.  

Margules, C.R. & Stein, J.L. (1989) Patterns in the distributions of species and the selection of 
nature reserves: an example from Eucalyptus forests in south-eastern New South Wales, 
Australia. Biological Conservation, 50, 219-238.  

Margules, C.R., Nicholls, A.O. & Pressey, R.L. (1988) Selecting networks of reserves to maximise 
biological diversity. Biological Conservation, 43, 63-76.  

McGarigal, K., and B.J. Marks. 1994. FRAGSTATS: spatial pattern analysis program for 
quantifying landscape structure. Gen. Tech. Report PNW-GTR-351, USDA Forest Service, 
Pacific Northwest Research Station, Portland, OR.  

Milne, B.T., K.M. Johnson, and R.T.T. Forman. 1989. Scale-dependent proximity of wildlife habitat 
in a spatially-neutral Bayesian model. Landscape Ecol. 2:101-110.  

Nicholls, A.O. & Margules, C.R. (1991) The design of studies to demonstrate the biological 
importance of corridors. In Nature Conservation 2: the Role of Corridors. Eds. D.A. 
Saunders, & R.J. Hobbs. Surrey Beatty & Sons Pty. Ltd., Sydney. Pp 49-61.  

Noss, R.F. 1983. A regional landscape approach to maintain diversity. BioScience 33:700-706.  

Noss, R.F. 1987. Corridors in real landscapes: a reply to Simberloff and Cox. Conserv. Biol. 1:159-
164.  

Okubo, A. 1980. Diffusion and ecological problems: mathematical models. Springer-Verlag, New 
York.  

O'Neill, R.V., R.H. Gardner, M.G. Turner, and W.H. Romme. 1992. Epidemiology theory and 
disturbance spread on landscapes. Landscape Ecol. 7:19-26.  

Pickett, S.T.A., and J.N. Thompson. 1978. Patch dynamics and the design of nature reserves. Biol. 
Conserv. 13:27-37.  

Plotnick, R.E., R.H. Gardner, and R.V. O'Neill. 1993. Lacunarity indices as measures of landscape 
texture. Landscape Ecol. 8:201-211.  

Pulliam, H. R. 1988. Sources, sinks, and population regulation.  American Naturalist 132: 652-661.  

Pulliam, H. R. and Danielson, B. J. 1991. Sources, sinks, and habitat selection: a landscape 
perspective on population dynamics. American Naturalist 137: S50-S65.  



ERDC/CERL TR-06-36 179 

 

Ritchie, M.E. 1997. Populations in a landscape context: sources, sinks, and metapopulations. Pages 
160-184 in Bissonette (1997). 

Saunders, D.A. and R.J. Hobbs (eds.). 1991. Nature Conservation 2: The Role of Corridors. 
Chipping Norton, Australia: Surrey Beatty & Sons.  

Schumaker, N. H. 1996. Using landscape indices to predict habitat connectivity. Ecology 77:1210-
1225.  

Simberloff, D.S., and L.G. Abele. 1976. Island biogeographic theory and conservation practice. 
Science 191:285-286.  

Simberloff, D.S., and L.G. Abele. 1982. Refuge design and island biogeographic theory: effects of 
fragmentation. Am. Natur. 120:41-50.  

Simberloff, D. and J. Cox. 1987. Consequences and costs of conservation corridors. Conservation 
Biology 1:63-71.  

Simberloff, D. S., and E. O. Wilson. 1969. Experimental Zoogeography of islands: the colonization 
of empty islands. Ecology 50:278-296.  

Simberloff, D., J.A. Farr, J. Cox, and D.W. Mehlman. 1992. Movement corridors: Conservation 
bargains or poor investments? Conservation Biology 6: 493-505.  

Smith, A.T., and M.E. Gilpin. 1997. Spatially correlated dynamics in a pika metapopulation. Pages 
407-428 in Hanski and Gilpin (1997).  

Stauffer, D. 1985. Introduction to percolation theory. Taylor and Francis, London.  

Terborgh, J. 1976. Island biogeography and conservation: strategy and limitations. Science 
193:1029-1030.  

The Nature Conservancy. 1996. Conservation by design: a framework for mission success. The 
Nature Conservancy, Washington, DC.  

Turner, M.G., R.H. Gardner, V.H. Dale, and R.V. O'Neill. 1989. Predicting the spread of 
disturbance across heterogeneous landscapes. Oikos 55:121-129.  

Walker, P.A. and Moore, D.M. 1988. SIMPLE: An inductive modelling and mapping tool for 
spatially-oriented data. International Journal of Geographical Information Systems. 2(4): 
347-363.  

Whitcomb, R.F., J.F. Lynch, P.A. Opler, and C.S. Robbins. 1976. Island biogeography and 
conservation: strategy and limitations. Science 193:1027-1029.  

White, P.S., and S.T.A. Pickett. 1985. Natural disturbance and patch dynamics: an introduction. 
Chapter 1 in Pickett and White (1985). 

Wilson, G. 1988. The life and times of cellular automata. New Scientist 120:44-49.  

http://www.env.duke.edu/lel/env214/#hanski&gilpin_97�


ERDC/CERL TR-06-36 180 

 

Wolfram, S. 1984. Cellular automata as models of complexity. Nature 311:419-424.  

Additional References for the Error and Uncertainty Chapter 

Bender, L.C., Roloff, G.J. and Haufler, J.B. 1996. Evaluating confidence intervals for habitat 
suitability models. Wildlife Society Bulletin. 24(2): 347-352.  

Boone, R.B. and Krohn, W.B. 1999. Modeling the occurrence of bird species: are the errors 
predictable? Ecological Applications. 9(3): 835-848.  

Breiman, L., J.H. Friedman, R.A. Olshen, and C.J. Stone. 1984. Classification and regression trees. 
Wadsworth and Brooks/Cole, Monterey, CA.  

Burgman, M.A., Breininger, D.R., Duncan, B.W. and Ferson, S. 2001. Setting reliability bounds on 
habitat suitability indices. Ecological Applications. 11(1): 70-78.  

Cook, J.G. and Irwin, L.L. 1985. Validation and Modification of a Habitat Suitability Model for 
Pronghorns. Wildlife Society Bulletin 13: 440-448.  

Costanza, R. 1989. Model Goodness of fit: a multiple resolution procedure. Ecol. Modelling 47:199-
215.  

Csuti, B., S. Polasky, P.H. Williams, R.L. Pressey, J.D. Camm, M. kershaw, A.R. Keister, B. 
Downs, R. Hamilton, M. Huso, and K. Sahr. 1997. A comparison of reserve selection 
algorithms using data on terrestrial vertebrates in Oregon. Biol. Conserv. 80:83-97.  

Cullinan, V.I., and J.M. Thomas. 1992. A comparison of quantitative methods for examining 
landscape pattern and scale. Landscape Ecol. 7:211-227.  

Fielding, A.H. and Bell, J.F. 1997. A review of methods for the assessment of prediction errors in 
conservation Presence/absence models. Environmental Conservation. 24(1): 38-49.  

Fielding, A.H. and Haworth, P.F. 1995. Testing the generality of bird-habitat models. Conservation 
Biology. 9(6): 1466-1481.  

Flamm, R. O. and Turner, M. G. 1994. Alternative model formulations for a stochastic simulation 
of landscape change.  Landscape Ecology 9: 37-46.  

Garrison, B.A., Erickson, R.A., Patten, M.A. and Timossi, I.C. 2000. Accuracy of wildlife model 
predictions for bird species occurrences in California counties. Wildlife Society Bulletin. 
28(3): 667-674.  

Hall, F., D. Strebel, J. Nickeson, and S. Goetz. 1991. Radiometric rectification: toward a common 
radiometric response among multidate, multisensor images. Remote Sensing of Env. 
35:11-27.  

King, A.W. 1991. Translating models across scales in the landscape. Pages 479-517 in Turner and 
Gardner (1991). 



ERDC/CERL TR-06-36 181 

 

Manel, S., Dias, J. and Ormerod, S.J. 1999. Comparing discriminant analysis, neural networks and 
logistic regression for predicting species distribution: a case study with a Himalayan river 
bird. Ecological Modelling. 120: 337-347.  

Mankin, J.B., R.V. O'Neill, H.H. Shugart, and B.W. Rust. 1975. The importance of validation in 
ecosystems analysis. In G.S. Innis (ed.), New directions in the analysis of ecological 
systems, part 1. Simulation Councils Proceedings Series, vol. 5. Simulation Councils, La 
Jolla, California.  

Margules, C.R. & Austin, M.P. (eds.) (1991) Nature Conservation: Cost Effective Biological Surveys 
and Data Analysis. CSIRO, Melbourne, vii and 207 pages.  

Meetenmeyer, V., and E.O. Box. 1987. Scale effects in landscape studies. Pages 15-34 in Turner 
(1987). 

Milne, B.T. 1991. Lessons from applying fractal models to landscape patterns. Pages 199-235 in  
Turner and Gardner (1991). 

Milne, B.T. 1992. Spatial aggregation and neutral models in fractal landscapes. Am. Nat. 139:32-
57.  

Mladenoff, D.J., Sickley, T.A. and Wydeven, A.P. 1999. Predicting Gray Wolf landscape 
recolonization: Logistic regression models vs. new field data. Ecological Applications 9(1): 
37-44.  

Moloney, K.A., A. Morin, and S.A. Levin. 1991. Interpreting ecological patterns generated through 
simple stochastic processes. Landscape Ecol. 5:163-174.  

Morrison, M.L., Timoss, I.C. and With, K.A. 1987. Development and testing linear regression 
models predicting bird-habitat relationships. Journal of Wildlife Management. 51: 247-
253.  

O'Neill, R.V., R.H. Gardner, and M.G. Turner. 1992. A hierarchical neutral model for landscape 
analysis. Landscape Ecol. 7:55-61.  

O'Neill, R.V., S.J. Turner, C.I. Cullinan, D.P. Coffin, T. Cook, W. Conley, J. Brunt, J.M. Thomas, 
M.R. Conley, and J. Gosz. 1991. Multiple landscape scales: an intersite comparison. 
Landscape Ecol. 5:137-144.  

Pielou, E.C. 1984. The interpretation of ecological data. Wiley, New York.  

Power, M. 1993. The predictive validation of ecological and environmental models. Ecol. Modelling 
68:33-50.  

Pressey, R. L., H. P. Possingham, and Christopher R. Margules. "Optimality in Reserve Selection 
Algorithms : When Does It Matter and How Much?" Biological Conservation 76 (1996): 
259-67.  

Rastetter, E.B., A.W. King, B.J. Cosby, G.M. Hornberger, R.V. O'Neill, and J.E. Hobbie. 1992. 
Aggregating fine-scale ecological knowledge to model coarser-resolution attributes of 
ecosystems. Ecol. Applic. 2:55-70.  



ERDC/CERL TR-06-36 182 

 

Robel, R.J., Fox, L.B. and Kemp, K.E. 1993. Relationship between habitat suitability index values 
and ground counts of beaver colonies in Kansas. Wildlife Society Bulletin. 21: 415-421.  

Robertson, G.P. 1987. Geostatistics in ecology: interpolating with known variance. Ecology 68:744-
748.  

Roloff GJ. Kernohan BJ. 1999 Evaluating reliability of habitat suitability index models. Wildlife 
Society Bulletin. 27(4):973-985.  

Rossi, R.E., D.J. Mulla, A.G. Journel, and E.H. Franz. 1992. Geostatistical tools for modeling and 
interpreting ecological spatial dependence. Ecol. Monogr. 62:277-314.  

Smith, A.P. 1994. Autocorrelation in logistic regression modelling of species’ distributions. Global 
Ecology and Biogeography Letters. 4: 47-61.  

Smith, T.M., and D.L. Urban. 1988. Scale and resolution of forest structural pattern. Vegetatio 
74:143-150.  

Turner, M.G. 1987b. Spatial simulation of landscape changes in Georgia: a comparison of 3 
transition models. Landscape Ecol. 1:29-36.  

Turner, M.G., and R.H. Gardner (eds.). 1991. Quantitative methods in landscape ecology. Springer-
Verlag, New York.  

Turner, M. G., Dale, V. H. and Gardner, R. H. 1989. Predicting across scales: theory development 
and testing.  Landscape Ecology 3: 245-252.  

Turner, S.J., R.V. O'Neill, and W. Conley. 1991. Pattern and scale: statistics for landscape ecology. 
Pages 17-49 in turner and Gardner (1991). 

Venables, W.N., and B.D. Ripley. 1997. Modern applied statistics with S-plus (2nd edition). 
Springer-Verlag, New York.  

Verbyla, D.L. and Litaitis, J.A. (1989) Resampling methods for evaluating classification accuracy of 
wildlife habitat models. Environmental Management. 13: 783-787.  

Additional References for the Population Viability Analysis Chapter 

Bender, D.J., T.A. Contreras and L. Fahrig. 1998. Habitat loss and population decline: A meta-
analysis of the patch size effect. Ecology 79:517-533.  

Boyce, M. S. 1992. Population Viability Analysis.  Annual Review of Ecology and Systematics 23: 
481-506.  

Cale, W.G., R.V. O'Neill, and H.H. Shugart. 1983. Development and application of desirable 
ecological models. Ecol. Modelling 18:171-186.  



ERDC/CERL TR-06-36 183 

 

Davies, K. F. and C. R. Margules. 1998. Effects of habitat fragmentation on carabid beetles: 
experimental evidence. Journal of Animal Ecology 67:460-471.  

Davies, K. F., and Christopher R. Margules. "Effects of Habitat Fragmentation on Carabid Beetles: 
Experimental Evidence." Journal of Animal Ecology 67 (1998): 460-471.  

Davies, K.F., Margules, C.R. & Lawrence, J. (in press). Which traits of species predict population 
declines in experimental forest fragments? Ecology.  

Dunning, J.B., B.J. Danielson, and H.R. Pulliam. 1992. Ecological processes that affect populations 
in complex landscapes. Oikos 65:169-175.  

Dunning, J.B.(Jr), Stewart, D.J., Danielson, B.J., Noon, B.J., Root, T.L., Lamberson, R.H. and 
Stevens, E.E. 1995. Spatially Explicit Population Models: Current Forms and Future 
Uses. Ecological Applications 5 (1): 3-11.  

Fahrig, L. 1991. Simulation methods for developing general landscape-level hypotheses of single-
species dynamics. Pages 417-442 in M. G. , and R. H. Gardner, editors. Quantitative 
Methods in Landscape Ecology. Springer-Verlag, New York, NY.  

Gardner, R.H., M.G. Turner, R.V O'Neill, and S. Lavorel. 1992. Simulation of the scale-dependent 
effects of landscape boundaries on species persistence and dispersal. Pages 76-89 in M.M. 
Holland, P.G. Risser, and R.J. Naiman (eds.), The role of landscape boundaries in the 
management and restoration of changing environments. Chapman and Hall, New York.  

Gates, J.E., and L.W. Gysel. 1978. Avian nest dispersion and fledging success in field-forest 
ecotones. Ecology 59:871-883.  

Giles, B.E., and J. Goudet. 1997. A case study of genetic structure in a plant metapopulation. 
Pages 429-454 in Hanski and Gilpin (1997).  

Goldingay, R. and Possingham, H. 1995. Area requirements for viable populations of the 
Australian gliding marsupial.  Biological Conservation 73: 161-167.  

Grime, J.P. 1977. Evidence for the existence of three primary strategies in plants and its relevance 
to ecological and evolutionary theory. Am. Nat. 111:1169-1194.  

Grime, J.P. 1979. Plant strategies and vegetation processes. Wiley, New York.  

Groom, M., and M.A. Pascual. 1998. The analysis of population persistence: an outlook on the 
practice of viability analysis. Pages 4-27 in Fiedler and Kareiva (1998). 

Halley, J. M., Oldham, R. S. and Arntzen, J. W. 1996. Predicting the persistence of Amphibia 
populations with the help of a spatial model.  Journal of Applied Ecology 33: 455-470.  

Hansen, A.J., Rotella, J.J., Kraska, M.P.V. and Brown, D. 1999. Dynamic habitat and population 
analysis: an approach to resolve the biodiversity manager's dilemma. Ecological 
Applications.  9(4): 1459-1476.  

http://www.env.duke.edu/lel/env214/#hanksi&gilpin_97�


ERDC/CERL TR-06-36 184 

 

Hanski, I. & Gilpin, M.E. (eds.): Metapopulation Biology: Ecology, Genetics & Evolution. - 
Academic Press, London. 512 pp. 

Harrison, S., and A.D. Taylor. 1997. Empirical evidence for metapopulation dynamics. Pages 27-42 
in Hanksi and Gilpin (1997).  

Hassell, M. P., Comins, H. N. and May, R. M. 1991. Spatial structure and chaos in insect 
population dynamics.  Nature 353: 255-258.  

Kareiva, P. 1990. Population dynamics in spatially complex environments: theory and data. Phil. 
Trans. R. Soc. Lond. B 330:175-190.  

Kareiva, P., and U. Wennergren. 1995. Connecting landscape patterns to ecosystem and population 
processes. Nature 373:299-302.  

Karr, J.R. 1982. Population variability and extinction in the avifauna of a tropical landbridge 
island. Ecology 63:1975-8.  

Lamberson, R.H., R. McKelvey, B.R. Noon, and C. Voss. 1992. A dynamic analysis of Northern 
Spotted Owl viability in a fragmented forest landscape. Cons. Biol. 6:505-512.  

Lande, R. 1988. Genetics and demography in biological conservation. Science 241:1455-1460.  

Lindenmayer, D. B., Burgman, M. A., Akçakaya, H. R. and Possingham, H. P. 1995. A review of 
generic computer programs ALEX, RAMAS/space and VORTEX for modelling the viability 
of wildlife metapopulations.  Ecological Modelling 82: 161-174.  

Lynch, J.F., and D.F. Whigham. 1984. Effects of forest fragmentation on breeding bird 
communities in Maryland, USA. Biol. Conserv. 28:287-324.  

McCullough, D.R. (ed.). 1996. Metapopulations and wildlife conservation. Island Press, 
Washington, DC.  

McGarigal, K., and W.C. McComb. 1995. Relationships between landscape structure and breeding 
birds in the Oregon Coast Range. Ecol. Monogr. 65:235-260.  

Middleton, D.A.J., and R.M. Nisbet. 1997. Population persistence time: estimates, models and 
mechanisms. Ecol. Applic. 2:107-117.  

Opdam, P., R. van Apeldoorn, A. Schotman, and J. Kalkhoven. 1993. Population responses to 
landscape fragmentation. Pages 147-171 in C.C. Vos and P. Opdam (eds.), Landscape 
ecology of a stressed environment. Chapman and Hall, London.  

Roseberry, J.L. and Woolf, A. 1998. Habitat-population density relationships for white-tailed deer 
in Illinois.  Wildlife Society Bulletin. 26(2):252-258.  

Roseberry, J.L., Richards, B.J. and Hollenhorst, T.P. 1994. Assessing the Potential Impact of 
Conservation Reserve Program Lands on Bobwhite Habitat Using Remote Sensing, GIS, 
and Habitat Modelling. Photogrammetric Engineering & Remote Sensing 60 (9): 1139-
1143.  

http://www.env.duke.edu/lel/env214/#hanski&gilpin_97�


ERDC/CERL TR-06-36 185 

 

Shaffer, M.L. 1981. Minimum populations sizes for species conservation. BioScience 31:131-134.  

Southgate, R. and Possingham, H. 1995. Modelling the reintroduction of the greater bilby 
Macrotus lagotis using the metapopulation model analysis of the likelihood of extinction 
(ALEX).  Biological Conservation 73: 151-160.  

Stacey, P.B. and M. Taper. 1992. Environmental variation and the persistence of small 
populations. Ecol. Applic. 2:18-29.  

Temple, S. A. and Cary, J. R. 1988. Modeling dynamics of habitat-interior bird populations in 
fragmented landscapes.  Conservation Biology 2: 340-347.  

Urban, D.L., and H.H. Shugart. 1986. Avian demography in mosaic landscapes: modeling 
paradigm and preliminary results. Pages 273-279 in J. Verner, M.L. Morrison, and C.J. 
Ralph (eds.), Modeling habitat relationships of terrestrial vertebrates. Univ. Wisconsin 
Press, Madison.  

Urban, D.L., and T.M. Smith. 1989. Microhabitat pattern and the structure of forest bird 
communities. Am. Natur. 133:811-829.  

Westcott, D. A. 1999. Counting cassowaries: what does cassowary sign reveal about their 
abundance? Wildlife Research 26: 61-67.  

Whitcomb, R.F., J.F. Lynch, M.K. Klimkiewwicz, C.S. Robbins, B.L. Whitcomb, and D. Bystrak. 
1981. Effects of forest fragmentation on avifauna of the eastern deciduous forest. Pages 
125-205 in Burgess and Sharpe (1981). 

Wiens, J. 1976. Population responses to patchy environments. Annual Review of Ecological 
Systems. 7:81-120.  

Wiens, J.A. 1997. Metapopulation dynamics and landscape ecology. Pages 43-62 in Hanksi and 
Gilpin (1997).  

Wilcove, D.S. 1985. Nest predation in forest tracts and the decline of migratory songbirds. Ecology 
66:1211-1214.  

Additional References for the Long-Term Monitoring for Change 
Chapter 

Acevedo, M.F., D.L. Urban, and H.H. Shugart. 1996. Models of forest dynamics based on roles of 
tree species. Ecol. Modelling 87:267-284.  

Andow, D.A., P.M. Kareiva, S.A. Levin, and A. Okubo. 1990. Spread of invading organisms. 
Landscape Ecol. 4:177-188.  

Baker, W.L. 1989. A review of models of landscape change. Landscape Ecol. 2:111-133.  

http://www.env.duke.edu/lel/env214/#hanski&gilpin_97�
http://www.env.duke.edu/lel/env214/#hanski&gilpin_97�


ERDC/CERL TR-06-36 186 

 

Betancourt J.L. 1990. Late quaternary biogeography of the Colorado Plateau. Pages 259-292 in 
J.L. Betancourt, T.R. VanDevender, and P.S. Martin. Packrat middens: the last 40,000 
years of biotic change. Univ. Arizona Press, Tucson.  

Boyce, M.S., and A. Haney (eds.). 1997. Ecosystem management: applications for sustainable forest 
and wildlife resources. Yale Univ. Press, New Haven.  

Cale, W.G., G.M. Henebry, and J.A. Yeakley. 1989. Inferring process from pattern in natural 
communities. BioScience 39:600-605.  

Clark, J.S. 1988. Effect of climate change on fire frequency in northwestern Minnesota. Nature 
334:233-235.  

Clark, J.S. 1990. Fire and climate change during the last 750 years in northwestern Minnesota. 
Ecol. Monogr. 60:135-159.  

Delcourt, H.R., and P.A. Delcourt, and T. Webb. 1983. Dynamic plant ecology: the spectrum of 
vegetation change in space and time. Quat. Sci. Rev. 1:153-175.  

Fahrig, L., and K. Freemark. 1994. Landscape-scale effects of toxic events for ecological risk 
assessment. In J. Cairns and B.R. Niederlehner (eds.), Ecological toxicity testing: scale, 
complexity, and relevance. Lewis Publishers, Boca Raton, FL.  

Foster, D.R. 1992. Land-use history (1730-1990) and vegetation dynamics in central New England, 
USA. J. Ecol. 80:753-772.  

Haefner, J.W. 1996. Modeling biological systems: principles and applications. Chapman and Hall, 
New York.  

Hall, F.G., D.B. Botkin, D.E. Strebel, K.D. Woods, and S.J. Goetz. 1991. Large-scale patterns of 
forest succession as determined by remote sensing. Ecology 72:628-640.  

Johnson, W.C., and D.M. Sharpe. 1976. An analysis of forest dynamics in the north Georgia 
piedmont. For. Sci. 22:307-322.  

Lep, J. 1990. Can underlying mechanisms be deduced from observed patterns? Pages 1-11 in F.A. 
Krahulec, D.Q. Agnew, S. Agnew, and H.J. Willems (eds.), Spatial processed in plant 
communities. Academia, Prague.  

Merriam, G., K. Henein, and K. Stuart-Smith. 1991. Landscape dynamics models. Pages 399-416 
in Turner and Gardner (1991). 

Moore, D.M., B.G. Lee, and S.M. Davey. 1991. A new method for predicting vegetation 
distributions using decision tree analysis in a geographic information system. Environ. 
Manage. 15:59-71.  

Moore, I.D., R.B Gryson, and A.R. Ladson. 1990. Digital terrain modelling: a review of 
hydrological, geomorphological, and biological applications. Hydrol. Processes 5:3-30.  



ERDC/CERL TR-06-36 187 

 

Nikolov, N.T., and K.F. Zeller. 1992. A solar radiation algorithm for ecosystem dynamic models. 
Ecol. Model. 61:149-168.  

Prentice, I.C. 1992. Climate change and long-term vegetation dynamics. Pages 293-339 in D.C. 
Glenn-Lewin, R.K. Peet, and T.T. Veblen (eds.), Plant succession: theory and prediction. 
Chapman and Hall, London.  

Running, S.W., R.R. Nemani, and R.D. Hungerford. 1987. Extrapolation of synoptic meteorological 
data in mountainous terrain and its use for simulating forest evapotranspiration and 
photosynthesis. Can. J. For. Res. 17:472-483.  

Russell, E.W.B. 1997. People and the land through time: linking ecology and history. Yale Univ. 
Press, New Haven.  

Rykiel, E.J., R.N. Coulson, P.J.H. Sharpe, T.F.H. Allen, and R.O. Flamm. 1988. Disturbance 
propagation by bark beetles as an episodic landscape phenomenon. Landscape Ecol. 1:129-
139.  

Sharpe, D.M., F.W. Stearns, R.L. Burgess, and W.C. Johnson. 1981. Spatio-temporal patterns of 
forest ecosystems in man-dominated landscapes. Pages 109-116 in S.P.  

Tjallingii and A.A. de Veer (eds.), Perspectives in landsape ecology. PUDOC, Wageningen, The 
Netherlands.  

Shugart, H.H. 1984. A theory of forest dynamics. Springer-Verlag, New York.  

Skinner, C.N., and C. Chang. 1996. Fire regimes, past and present. Pages 1041-1069 in Sierra 
Nevada Ecosystem Project: Final report to Congress. Vol. II. Univ.of California, Davis.  

Sprugel, D. G. 1976. Dynamic structure of wave-generated Abies balsamea forests in the 
northeastern United States. J. Ecol. 64:889-911.  

Stephenson, N.L. 1990. Climatic controls on vegetation distribution: the role of the water balance. 
Am. Nat. 135:649-670.  

Swetnam, T.W. 1993. Fire history and climate change in giant sequoia groves. Science 262:885-
889.  

Tilman, D. The resource ratio hypothesis of succession. Am. Nat. 125:827-852.  

Urban, D.L. Using model analysis to design monitoring programs for landscape management and 
impact assessment. (in press)  

Usher, M.B. 1992. Statistical models of succession. Pages 215-248 in D.C. Glenn-Lewin, R.K. Peet, 
and T.T. Veblen (eds.), Plant succession: theory and prediction. Chapman and Hall, 
London.  

Whittaker, R.H. 1953. A consideration of climax theory: the climax as a population and pattern. 
Ecol. Monogr. 23:41-78.  



 

 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 

12-2006 
2. REPORT TYPE 

Final
3. DATES COVERED (From - To) 

5a. CONTRACT NUMBER 
  
5b. GRANT NUMBER 
  

4. TITLE AND SUBTITLE 
Habitat Fragmentation Handbook for Installation Planners: 
Status and Options 

5c. PROGRAM ELEMENT NUMBER 
  
5d. PROJECT NUMBER 
622720A896 
5e. TASK NUMBER 
  

6. AUTHOR(S) 
Charles Ehlschlaeger, James Westervelt, Harold Balbach, H. Resit Akcakaya, Tom Hoctor, 
Crystal Goodison, William W. Hargrove, Forrest M. Hoffman, Winifred Rose,and Robert 
Lozar 
 5f. WORK UNIT NUMBER 

CNN-T602FF 
8. PERFORMING ORGANIZATION REPORT 

NUMBER 
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
U.S. Army Engineer Research and Development Center (ERDC) 
Construction Engineering Research Laboratory (CERL) 
PO Box 9005 
Champaign, IL  61826-9005 
 

ERDC/CERL TR-06-36 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 
 U.S. Army Corps of Engineers 

441 "G" Street NW 
Washington,  DC 20314-1000 
 

  
 
   
 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

  

12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for public release; distribution is unlimited.  

13. SUPPLEMENTARY NOTES 
Copies are available from the National Technical Information Service, 5285 Port Royal Road, Springfield, VA  22161. 
14. ABSTRACT 

The primary objective of this work is to provide military installation planners with a sourcebook on the state of the art in how to ana-
lyze the probability and risks of habitat fragmentation for animal Threatened and Endangered Species (TES).  The document provides a 
review of habitat fragmentation issues, focusing on those of highest concern to Army Military Installation Land Managers.  It has been 
designed to capture information developed in during the 4-year ERDC research project called: Quantify Effects of Fragmentation and 
Approaches to Mitigate.  Major components include: 
• TES habitat background survey 
• Army TES Life histories and potential supporting data types 
• Description of major Fragmentation initiatives 
• Survey of the major Fragmentation modeling techniques 
• Evaluation of Data Quality 
• Potential inputs for a long term TES monitoring capability 
• Recommendations for future directions. 

15. SUBJECT TERMS 
environmental management habitat threatened and endangered species 
encroachment urban growth land management 
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 

OF ABSTRACT 
18. NUMBER 

OF PAGES 
19a. NAME OF RESPONSIBLE PERSON 

James Westervelt 
a. REPORT 

Unclassified 
b. ABSTRACT 

Unclassified 
c. THIS PAGE 

Unclassified 
 

SAR 
 

 200 
19b. TELEPHONE NUMBER (in-

clude area code) 
(217) 373-4530 

NSN 7540-01-280-5500 Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. 239.18 


	ABSTRACT
	Contents
	List of Figures and Tables

	Conversion Factors
	Preface
	1 Introduction
	Background
	Objective
	Approach
	Scope
	Mode of Technology Transfer

	2 Fragmentation Overview
	Delineating the Issue of TES Habitat Fragmentation
	Fragmentation Issues for the Army

	Environmental Science
	Biodiversity Status
	Ecosystems
	Ecosystems Status
	Ecosystem Loss
	Landscape Fragmentation
	Endangered Species Act
	Theoretical Basis for Fragmentation Studies

	Defining the Landscape
	Origins
	Fragmentation Studies
	Dealing With Small Patches
	Ecosystem Conservation
	Community-level Conservation
	GAP Analysis

	The Military
	The Military and Fragmentation Issues
	Regulations
	Army TES
	DoD’s Share Must Be Fair
	Looking Beyond Installation Fencelines
	Advantages to DoD
	Benefits to DoD

	Examples of Common Fragmentation Tools
	Fort Bragg Example
	Fort Benning Example
	Relating Biology to Fragmentation Tools

	Legislation
	The Development of Ecoregional Legislation
	Army-specific Legislation

	Summary
	Chapter 2 Attachment:  Section 2684a USC, Agreements to limit encroachments and other constraints on military training, testing, and operations

	3 Data for Identifying TES Habitat
	Overview
	The Military Perspective
	Training on Military Lands
	Exit Criteria
	Why TES Habitat Must Be Identified
	Army TES

	Discussion of the Qualities of Data Needed To Accomplish Landscape-Scale Fragmentation Monitoring and Analysis
	Relation to Spatial Modeling
	Data Products Factors for TES Habitat Identification and/or Monitoring
	Potential Existing Data Products

	Species Profiles for Each High-Priority Army TES
	Procedure
	Species profile – Red-cockaded Woodpecker (Picoides borealis)
	Species Profile – Gopher Tortoise (Gopherus polyphemus)
	Species Profile for Golden-cheeked Warbler (Dendroica chrysoparia)
	Species Profile for Black-capped Vireo (Vireo atricapillus)
	Species Profile for Indiana Bat (Myotis sodalis)
	Species Profile – Gray Bat (Myotis grisescens)
	Species Profile for Lesser Long-nosed (Sanborn’s) Bat (Leptonycteris curasoae yerbabuenae)

	Summary

	4 Identifying TES Migration Corridors
	Introduction
	The Southeast Ecological Framework
	Description
	The SEF and Military Installations
	Fort Bragg Example

	The Corridor Tool
	Description
	Step-By-Step Procedure to Derive Corridor Tool Inputs
	Results of the Corridor Tool Approach
	Rules of the tool
	Evaluation of initial results

	Discussion
	Summary of Results

	Comparison of SEF and the Corridor Tool
	Conclusion
	Chapter 4 Attachment:  Corridor Tool Matrix Input Table

	5 Population Viability Analysis
	Review of Habitat Fragmentation (Software) Models
	FragStats
	Overview
	Strengths
	Shortcomings

	Patch Analyst
	Overview
	Strengths
	Shortcomings

	Habitat Analysis and Modeling System (HAMS)
	Overview
	Strengths
	Shortcomings

	Habitat Suitability Index (HSI)
	Overview
	Strengths
	Shortcomings

	RAMAS GIS
	Overview
	Strengths
	Shortcomings

	Effective Area Model
	Overview
	Strengths
	Shortcomings


	General Evaluation of the Models in Relation to Military Lands Management
	Index Methods
	Habitat Suitability Models
	Landscape Prediction Models
	Species Viability Models

	Applying a Viability Fragmentation Model to the Evaluation of Golden-cheeked Warbler Habitat
	Objective
	Fragmentation Scenarios
	Analysis and Viability Measures Used
	Results
	Patch structure
	Carrying Capacity (K)
	Dispersal
	Correlation
	Habitat fragmentation
	(c)

	Discussion
	Implications for Military Land Managers

	Conclusions and Recommendations

	6 Data Quality for Themes Monitoring Threatened and Endangered Species Habitat
	Overview
	Potentially Useful Data Products
	Products Available Now
	Products Available Soon

	Data Quality by Theme
	30-m resolution National Land Cover Data
	MODIS
	Notes for all MODIS Products
	Notes for each particular MODIS product useful in TES monitoring
	MODIS Quarterly Land Cover Map (MOD44A, Level 3 96-day land cover/dynamics)
	MODIS Leaf Area Index (MOD15A2)
	MODIS Vegetation Continuous Field Maps (MOD44B, 500-m current, 250m resolution with collection 5 data)
	MODIS MOD14 8-day L3 Fire Product 
	MODIS MOD14 500-m 32-day burned area product
	MODIS LST (MOD11) Product 

	FSCPP County Level Population Growth Estimates
	National Elevation Data (NED)
	NED First-Order Data Quality Properties
	NED Second-Order Data Quality Properties

	U.S. Census Block Population Counts
	Soil Survey Geographic DB (SSURGO)
	TIGER Files
	EPA STORET or NWISWeb Water Quality Information

	Summary

	7 Data Themes for Monitoring Threatened and Endangered Species Habitat
	Overview
	 Long-Term Monitoring Methodology
	Summary of Monitoring Data Themes
	Global
	U.S. National
	Non-Governmental Organizations
	State and Local Governments

	Detailed Description of Monitoring Data
	MODIS
	Federal State Cooperative Program for Population Projections (FSCPP)
	State and Local Governments
	New Road Construction or Expanding Road Construction
	Traffic Load Maps
	Zoning Parcels
	Non-Governmental Organizations

	Monitoring Data Themes by Species
	Golden Cheeked Warbler (Dendroica chrysoparia)
	Gopher Tortoise (Gopherus polyphemus)
	Gray Bat (Myotis grisescens)
	Indiana Bat (Myotis sodalis)
	Red-Cockaded Woodpecker (Picoides borealis)
	Black-Capped Vireo (Vireo atricapillus)

	Proposing a Long-Term Monitoring Approach

	8 The Way Forward
	Conclusions and Recommendations

	Appendix:  Additional References
	Prologue
	Additional References for the Fragmentation Overview Chapter
	Additional References for the Identification of TES Habitat Chapter
	Additional References for the TES Corridors Chapter
	Additional References for the Error and Uncertainty Chapter
	Additional References for the Population Viability Analysis Chapter
	Additional References for the Long-Term Monitoring for Change Chapter

	REPORT DOCUMENTATION PAGE



