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March 2005

1. Background

Some of the finest surviving natural habitat in the United States is on military
reservations where land has been protected from development. However, military training
activities often necessitate ecological disturbance to that habitat. Fort Benning, Georgia,
contains active infantry training grounds and more than 65,000 ha of soils capable of
supporting longleaf pine (Pinus palustris) forest, a greatly reduced forest type in the
North America. As longleaf pine forests are the primary habitat for the federally-
endangered red-cockaded woodpecker (Picoides borealis), land managers at this
installation have a dual charge both to maintain conditions for mechanized training
activities and to conserve the integrity of this landscape.

Characterizing how resource use and management activities affect ecological
conditions is necessary to document and understand ecological changes. Resource
managers on military installations have the delicate task of balancing the need to train
soldiers effectively with the need to maintain ecological integrity. Ecological indicators
can play an important role in the management process by providing feedback on the
impacts that training has on environmental characteristics,

The challenge in using ecological indicators is determining which of the
numerous measures of ecological systems best characterize the entire system but are
simple enough to be effectively monitored and modeled. Ecological indicators quantify
the magnitude of stress, degree of exposure to stress, or degree of ecological response to
the exposure and are intended to offer a simple and efficient method to examine
ecological composition, structure, and function of whole systems. The use of ecological
indicators as a monitoring device relies on the assumption that the presence or absence
of, and fluctuations in, these indicators reflect changes taking place at various levels in
the ecological hierarchy.

Although few scientists deny the benefits that indicators provide to research and
management efforts, three concerns jeopardize the use of ecological indicators as a
management tool.

» Management and monitoring programs often depend on a small number of
indicators and, as a consequence, fail to consider the full complexity of the
ecological system. By selecting only one or a few indicators, the focus of the
ecological management program becomes narrow, and an oversimplified
understanding of the spatial and temporal interactions is created. This
simplification often leads to poorly informed management decisions. Indicators
should be selected from multiple levels in the ecological hierarchy in order to
effectively monitor the multiple levels of complexity within an ecological system.

* Choice of ecological indicators is often confounded by management programs
that have vague management goals and objectives. Unclear or ambivalent
goals and objectives can lead to “the wrong variables being measured in the
wrong place at the wrong time with poor precision or reliability” (Noss and
Cooperrider 1994). Primary goals and objectives should be determined early in
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the process in order to focus management. Ecological indicators can then be

selected from system characteristics that most closely relate to those management

concerns.
* Management and monitoring programs often lack scientific rigor because of
their failure to use a defined protocol for identifying ecological indicators.

Lack of a procedure for selecting ecological indicators makes it difficult to

validate the information provided by those indicators. Until a standard method is

established for selecting and using indicators, interpretation of their change
remains speculative. The creation and use of a standard procedure for the
selection of ecological indicators allow repeatability, avoid bias, and impose
discipline upon the selection process, ensuring that the selection of ecological
indicators encompasses management concerns.

Development of a procedure for ecological indicator selection that is based on a
hierarchical framework and grounded in clear management goals will address concerns
associated with the subjective and disorganized methods often used. We present such an
approach for identifying ecological indicators. The ultimate goal is to establish the use of
ecological indicators as a means for including ecological objectives and concerns in
management decisions.

The approach is applied to Department of Defense (DoD) lands in the United
States (US) where military land contributes significantly to habitat conservation. The
DoD manages more than 10 million ha representing more than 450 installations
nationally. Although this area is much less land than the area managed by the Department
of the Interior (180 million ha) or the United States Forest Service (USFS) (77 million
ha), greater species diversity per unit area exists within DoD lands than within lands of
any other federal ownership (except Department of Energy lands). In addition, DoD lands
contain more endangered species per unit area than any other federal land management
agency, and individual installations often contain more land than most national parks or
wildlife refuges. While a portion of all military installations is highly disturbed, most
land within military bases is designated as training areas or buffer zones and, therefore,
remains in a relatively natural state, providing numerous habitats and a haven for
associated species. These facts coupled with the DoD’s commitment to ecosystem
management and conservation provide an outstanding opportunity for establishing
sustainable management practices that ensure the future of these habitat and species
resources. Although its mission is military training and testing, the DoD recognizes the
relationship between its military mission and the natural resources upon which that
mission depends, and, therefore, the benefits of creating and implementing long-term
ecosystem-management plans (1994 Memorandum from the Office of Deputy Secretary
of Defense).

This research explored the use of ecological indicators as a land management tool,
focusing on the development of a procedure for selecting and monitoring ecological
indicators. In response to the limitations that currently hamper the effectiveness of
ecological indicators as a management device, we considered a hierarchical approach to
land management and the role indicators can play in providing the monitoring
information required by ecosystem management. This summary discusses criteria and
presents the suite of indicators that we considered for military land use at the landscape,
watershed and plot level. The development and implementation of land-management
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strategies for military land not only provide valuable tools for the continued mission of
the DoD but also suggest how ecological indicators can be used for ecosystem
management of other multiple-use lands.

2. Criteria for selecting ecological indicators

Selection of effective indicators is key to the overall success of any monitoring

program. In general, ecological indicators need to capture the complexities of the
ecosystem yet remain simple enough to be easily and routinely monitored. In order to
define ecological indicators, however, it is first necessary to set forth criteria used to
select potential ecological indicators. Building upon discussions in the scientific literature
and discussions with the other SERDP Environmental Management Project (SEMP)
research teams and the resource managers at Fort Benning, we suggest that ecological
indicators should meet the following criteria:

Be easily measured. The indicator should be straightforward and relatively
inexpensive to measure. The metric needs to be easy to understand, simple to
apply, and provide information to managers and policymakers that is relevant,
scientifically sound, easily documented, and cost-effective.

Be sensitive to stresses on the system. The ideal ecological indicator is
responsive to stresses placed on the system by human actions while also having
limited and documented sensitivity to natural variation. While some indicators
may respond to all dramatic changes in the system, the most useful indicator is
one that displays high sensitivity to a particular and, perhaps, subtle stress,
thereby serving as an early indicator of reduced system integrity.

Respond to stress in a predictable manner. The indicator response should be
unambiguous and predictable even if the indicator responds to the stress by a
gradual change. Ideally, there is some threshold response level at which the
observable response occurs before the level of concern.

Be anticipatory, that is, signify an impending change in key characteristics of
the ecological system. Change in the indicator should be measurable before
substantial change in ecological system integrity occurs.

Predict changes that can be averted by management actions. The value of the
indicator depends on its relationship to possible changes in management actions.
* Are integrative: the full suite of indicators provides a measure of coverage
of the key gradients across the ecological systems (e.g., gradients across soils,
vegetation types, temperature, space, time, etc.). The full suite of indicators for
a site should integrate across key environmental gradients. For example, no single
indicator is applicable across all spatial scales of concern. The ability of the suite
of indicators to embody the diversity in soils, topography, disturbance regimes,
and other environmental gradients at a site should be considered.

Have a known response to disturbances, anthropogenic stresses, and changes
over time. The indicator should have a well documented reaction to both natural
disturbance and to anthropogenic stresses in the system.

Have low variability in response. Indicators that have a small range in response
to particular stresses allow for changes in the response value to be better
distinguished from background variability.
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3. Landscape Indicators

This research examined landscape indicators that signal ecological change in both
intensely used and lightly used lands at Fort Benning, Georgia. Changes in patterns of
land cover through time affect the ecological system by altering the proportion and
distribution of habitats for species that these cover types support. Landscape patterns,
therefore, are important indicators of land-use impacts, past and present, upon the
landscape. This analysis of landscape pattern began with a landscape characterization
based on witness tree data from 1827 and the 1830s and remotely sensed data from 1974,
1983, 1991, and 1999. The data from the early 1800s, although coarse, were useful in
characterizing the historical range of variability in ecological conditions for the area. The
steps for the analysis involved the creation of a land-cover database and a time series of
land cover maps, computation of landscape metrics, and evaluation of changes in those
metrics over time as evidenced in the land-cover maps. We focused on five cover types
(bare/developed land, deciduous forest, mixed forest, pine forest, and nonforest vegetated
land), for they reveal information important to resources management at Fort Benning.
An examination of land-cover class and landscape metrics, computed from the maps,
indicated that a suite of metrics adequately describes the changing landscape at Fort
Benning, Georgia. The most appropriate metrics were percent cover, total edge (km),
number of patches, descriptors of patch area, nearest neighbor distance, the mean
perimeter-to-area ratio, shape range, and clumpiness. Identification of such ecological
indicators is an important component of building an effective environmental monitoring
system.

4. Watershed Indicators

To evaluate watershed scale indicators of disturbance we studied twelve 2"- and
3"-order streams in the eastern part of the Fort Benning Military Installation (FBMI) that
drained watersheds with a wide range of disturbance levels. We quantified watershed
disturbance as the sum of the proportion of bare ground on slopes >3% and unpaved road
cover within each watershed. Study streams drained watersheds ranging in disturbance
from about ~2 to 14%. We then compared a variety of stream physical, chemical, and
biological characteristics across this disturbance gradient to evaluate their usefulness as
disturbance indicators.

We found that a number of stream characteristics were good indicators of
watershed-scale disturbance at FBMI. Stream channel organic variables (i.e., amount of
benthic particulate organic matter [BPOM] and coarse woody debris [CWD]) were highly
related to watershed disturbance as was the degree of hydrologic flashiness (quantified by
4-hour storm flow recession constants) and bed stability. Among the stream chemistry
variables, the concentrations of total and inorganic suspended sediments during baseflow
and storm periods were excellent indicators of disturbance, typically increasing with
increasing disturbance levels. In addition, baseflow concentrations of dissolved organic
carbon and soluble reactive phosphorus were good disturbance indicators, declining with
increasing disturbance levels. Among biological variables, stream benthic
macroinvertebrates also were good indicators of watershed-scale disturbance. Traditional
measures such as community richness (e.g., number of Ephemeroptera, Plecoptera, and
Trichoptera [EPT] taxa and richness of Chironomidae) negatively corresponded with
watershed disturbance; however, except for chironomid richness, all measures showed
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high variation among seasons and annually. A multimetric index previously designed for
Georgia streams (Georgia Stream Condition Index [GASCI]) consistently indicated
watershed disturbance and also showed low seasonal and inter-annual variation. Low
diversity of fish precluded use of traditional measures (i.e., richness, diversity), however
the proportional abundance of the two dominant populations (P. euryzonus and S.
thoreauianus) were strongly but oppositely associated with disturbance, with P.
euryzonus and S. thoreauianus being negatively and positively related to disturbance,
respectively. Finally, historical land use explained more variation in contemporary bed
stability and longer-lived, low turnover taxa than contemporary land use, suggesting a
“legacy” effect on these stream measures. Prior to identification and use of potential
indicators, managers at FBMI should acknowledge historical land use and the possible
presence of legacy effects on aquatic physicochemical and biotic contitions.

5. Plot-level indicators

A. Vegetation indicators

Environmental indicators for longleaf pine (Pinus palustris) ecosystems need to
include some measure of understory vegetation because of its responsiveness to
disturbance and management practices. To examine the characteristics of understory
species that distinguish between disturbances induced by military traffic, we randomly
established transects in four training intensity categories (reference = no military use,
light = foot traffic only, moderate= marginal tracked vehicle use, and heavy = regular
tracked vehicle use) and in an area that had been remediated following intense
disturbance at Fort Benning, Georgia. A total of 137 plant species occurred in these
transects with the highest diversity (95 species) in light training areas and the lowest (16
species) in heavily disturbed plots. Forty-seven species were observed in only one of the
five disturbance categories. The variability in understory vegetation cover among
disturbance types was trimodal ranging from less than 5% cover for heavily disturbed
areas to 67% cover for reference, light, and remediated areas. High variability in species
diversity and lack of distinctiveness of understory cover led us to consider Raunkiaer life
form and plant families as indicators of military disturbance. Life form successfully
distinguished between plots based on military disturbances. Species that are
phanerophytes (trees and shrubs) were the most frequent life form encountered in sites
that experienced light infantry training. Therophytes (annuals) were the least common life
form in reference and light training areas. Chamaephytes (plants with their buds slightly
above ground) were the least frequent life form in or moderate and remediation sites.
Heavy training sites supported no chamaephytes or hemicryptophtes (plants with dormant
buds at ground level). The heavy, moderate, remediated, and reference sites were all
dominated by cryptophytes (plants with underground buds) possibly because of their
ability to withstand both military disturbance and ground fires (the natural disturbance of
longleaf pine forests). Analysis of soils collected from each transect revealed that depth
of the A layer of soil was significantly higher in reference and light training areas which
may explain the life form distributions. In addition, the diversity of plant families and, in
particular, the presence of grasses and composites were indicative of training and
remediation history. These results are supported by prior analysis of life form
distribution subsequent to other disturbances and demonstrate the ability of life form and
plant families to distinguish between military disturbances in longleaf pine forests.
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We further investigated the hypothesis that effects of military activity on these forests
may be quantified by grouping understory species into life-forms by experimentally
manipulating a longleaf pine forest using a mechanized vehicle. In May 2003, a D7
bulldozer removed extant vegetation and surface soil organic matter along three treatment
transects. Braun-Blanguet vegetation surveys were recorded in June and September 2003
and 2004. Repeated measures analysis of variance was utilized to compare the response
of 30 plots within the treatment transects to 30 plots in adjacent control transects. Total
understory cover in the treatment transects decreased substantially in June, but rebounded
by September 2003. Phanerophytes (trees and shrubs) in the treatment plots maintained
reduced cover throughout the growing season. These findings support the use of
Raunkiaer functional types in indicating the response of longleaf pine forests to
mechanized disturbance. This approach should lead to a readily accessible measure of
disturbance that can be assessed throughout the installation by land managers.

B .Microbial indicators

This research demonstrated that the soil microbial community of a longleaf pine
ecosystem at Fort Benning, Georgia also responds to military traffic disturbances. Using
the soil microbial biomass and community composition as ecological indicators,
reproducible changes showed increasing traffic disturbance decreases soil viable biomass,
biomarkers for microeukaryotes and Gram-negative bacteria, while increasing the
proportions of aerobic Gram-positive bacterial and actinomycete biomarkers. Soil
samples were obtained from four levels of military traffic (reference, light, moderate, and
heavy) with an additional set of samples taken from previously damaged areas that were
remediated via planting of trees and ground cover. Utilizing 17 phospholipid fatty acid
(PLFA) variables that differed significantly with land usage, a linear discriminant
analysis with cross-validation classified the four groups. Wilks” Lambda for the model
was 0.032 (P<0.001). Overall, the correct classifications of profiles was 66% (compared
to the chance that 25% would be correctly classified). Using this model, ten observations
taken from the remediated transects were classified. One observation was classified as a
reference, three as light trafficked, and six as moderately trafficked. Non-linear Artificial
Neural Network (ANN) discriminant analysis was performed using the biomass estimates
and all of the 61 PLFA variables. The resulting optimal ANN included five hidden nodes
and resulted in an r? of 0.97. The prediction rate of profiles for this model was again
66%, and the ten observations taken from the remediated transects were classified with
four as reference (not impacted), two as moderate, and four as heavily trafficked.
Although the ANN included more comprehensive data, it classified eight of the ten
remediated transects at the usage extremes (reference or heavy traffic). Inspection of the
novelty indexes from the prediction outputs showed that the input vectors from the
remediated transects were very different from the data used to train the ANN. This
difference suggests as a soil is remediated it does not escalate through states of
succession in the same way as it descends following disturbance.

C. Considering soil, vegetation and microbial indicators together
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Our results and those of Chuck Garten® (under another SEMP project) show that
soil chemistry, soil microbes, and vegetation are all important indicators of ecological
change. Accordingly, we questioned whether all of these indicators would be important if
we combined these data into one analysis. Our hypothesis was that a suite of indicator
types is necessary to explain ecological change. A discriminant function analysis was
conducted to determine whether these ecological indicators could differentiate between
different levels of military use. A combination of ten indicators explained 90% of the
variation among plots from five different military-use levels. Results indicated that an
appropriate suite of ecological indicators for military resource managers includes
vegetation, microbial, and soil characteristics. This result is important for resource
managers since many of the indicators are correlated, it implies that managers will have
freedom to choose indicators that are relatively easy to measure, without sacrificing
information.

6. Road and vehicle impacts at different scales at Fort Benning

Roads and vehicles change the environmental conditions in which they occur.
One way to categorize these effects is by the spatial scale of the cause and the impacts.
Roads may be viewed from the perspective of road segments, the road network, or roads
within land ownership or political boundaries such as counties. Our research examined
the hypothesis that the observable impacts of roads on the environment depend on spatial
resolution. To examine this hypothesis, the environmental impacts of vehicles and roads
were considered at four scales in west central Georgia in and around Fort Benning: a
second-order catchment, a third-order watershed, the entire military installation, and the
five-county region including Fort Benning. Impacts from an experimental path made by a
tracked vehicle were examined in the catchment. Land-cover changes discerned through
remote sensing data over the past three decades were considered at the watershed and
installation scales. A regional simulation model was used to project changes in land cover
for the five-county region. Together these analyses provide a picture of the how
environmental impacts of roads and vehicles can occur at different spatial scales.
Following tracked vehicle impact with a D7 bulldozer, total vegetation cover responded
quickly, but the plant species recovered differently. Soils were compacted in the top 10
cm and are likely to remain so for some time. Examining the watershed from 1974 to
1999 revealed that conversion from forest to nonforest was highest near unpaved roads
and trails. At the installation scale, major roads as well as unpaved roads and trails were
associated with most of the conversion from forest to nonforest. For the five-county
region, most of the conversion from forest to nonforest is projected to be due to urban
spread rather than direct road impacts [using a model developed for another SERDP
project]. The study illustrates the value of examining the effects of roads at several scales
of resolution and shows that road impacts in west central Georgia are most important at
local to subregional scales.

7. Technology transfer

! Garten, C.T., T.L. Ashwood, and V.H. Dale. 2003. Effect of military training on
indicators of soil quality at Fort Benning, Georgia. Ecological Indicators 3(3) 171-180.
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The objective of this study was to identify indicators that signal ecological change in
intensely and lightly used ecological systems (all Fort Benning has had some
anthropogenic changes) that could be used by the resource managers. Because the intent
was that these indicators become a part of the ongoing monitoring system at the
installation, the indicators were selected for their feasibility for the installation staff to
measure and interpret. While the focus was on Fort Benning, the goal was to develop an
approach to identify indicators that would be useful to a diversity of military installations
and other land ownerships (in some cases the actual indicators may be adopted). The
intent of this identification of indicators was to improve managers’ ability to manage
activities that are likely to be damaging and to prevent long-term, negative effects.
Therefore, we examined a suite of variables needed to measure changes in ecological
conditions. The results of our research were presented to the Fort Benning Resource
managers in a half day workshop in February 2005.
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Section 2: Objectives of the SEMP Project: Indicators of Ecological Change

The technical objective of this effort was to identify indicators that signal
ecological change in intensely and lightly used ecological systems (all Fort Benning has
had some anthropogenic changes). Because the intent was that these indicators become a
part of the ongoing monitoring system at the installation, the indicators were selected that
are feasible for the installation staff to measure and interpret. The focus was on Fort
Benning, but the goal was to develop an approach to identify indicators that would be
useful to a diversity of military installations (in some cases the actual indicators may be
applied across many installations). Because some of these effects may be long-term or
may occur after a lag time, early indications of both current and future change were
identified. The intent of this identification of indicators was to improve managers’ ability
to manage activities that are likely to be damaging and to prevent long-term, negative
effects. Therefore, a suite of variables is needed to measure changes in ecological
conditions. The suite that we examined includes measures of terrestrial biological
integrity, stream chemistry and aquatic biological integrity, and soil microorganisms as a
measure of below-ground integrity of the ecosystem.

It is critical to be able to define the significant ecological changes within a system
that naturally has disturbances, such as droughts or fires, or has other natural changes,
such as succession, occurring. We also considered how human activities may or may not
mimic the frequency and intensity of natural disturbances and how to predict responses
outside the range of natural variation. Another issue considered was how these human
impacts have implications on the ecological system both inside and outside the
installation.

Fort Benning provides an excellent opportunity to examine potential indicators
and may serve as a model of how such ecosystem studies can be done on military
installations. Much data had already being collected there (as described in material
available from Fort Benning) and a more comprehensive monitoring program was
implemented during the research period. Fort Benning initiated the land condition trend
analysis (LCTA), vegetation, and land-use monitoring survey in 1990. A great deal of
information was available on geographic information systems (GIS). However, there was
a strong need to further develop the monitoring program so that it meets the needs for
ecosystem management at Fort Benning and so that monitoring is integrated into the
decision-making process. Identification of indicators of ecological change is a critical
part of this integration. Furthermore, with these indicators identified, it is hoped that the
importance of the Fort Benning installation can be interpreted in view of the natural
resources of the larger region by using the Natural Heritage databases of The Nature
Conservancy. Our intent was to examine what additional system-level indicators should
be added to current monitoring efforts, so that changes in ecosystem can be predicted.
We also explored ways the land managers can use monitoring information to make
decisions as part of the technology transfer part of the proposal.

The metrics examined represent the six principles of ecology that are needed to
assure that fundamental processes of the Earth’s ecosystems are sustained (as identified
by the Land Use Committee of the Ecological Society of America). These ecological
principles deal with time, species, place, productivity, disturbances, and the landscape.
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Further aspects of our objectives are explained in the book chapter: Dale, V H.,
Mulholland, P., Olsen, L. M., Feminella, J., Maloney, K., White, D. C., Peacock, A., and
Foster, T. 2004. “Selecting a Suite of Ecological Indicators for Resource Management,”
Pages 3-17 in Landscape Ecologyand Wildlife Habitat Evaluation: Critical Information
for Ecological Risk Assessment, Land-Use Management Activities and Biodiversity
Enhancement Practices, ASTM STP 11813, L. A. Kapustka, H. Gilbraith, M. Luxon,
and G. R. Biddinger, Eds., ASTM International, West Conshohocken, PA, 2004.
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ABSTRACT: We discuss the use of ecological indicators as a natural
resource management tool, focusing on the development and
implementation of a procedure for selecting and monitoring indicators.
Criteria and steps for the selection of ecological indicators are presented.
The development and implementation of indicators useful for management
are applied to Fort Benning, Georgia, where military training, controlled
fires (to improve habitat for the endangered red cockaded woodpecker),
and timber thinning are common management practices. A suite of
indicators is examined that provides information about understory
vegetation, soil microorganisnis, landscape patterns, and stream chemistry
and benthic macroinvertebrate populations and communities. For example,
plants that are geophytes are the predominant life form in disturbed areas,
and some understory species are more common in disturbed sites than in
reference areas. The set of landscape metrics selected (based upon ability
to measure changes through time or to differentiate between land cover
classes) included percent cover, total edge (with border), number of
patches, mean patch area, patch area range, coefficient of variation of
patch area, perimeter/area ratio, Euclidean nearest neighbor distance, and
clumpiness. Landscape metrics indicate that the forest area (particularly
that of pine) has declined greatly since 1827, the date of our first estimates
of land cover (based on witness tree data). Altered management practices
in the 1990s may have resulted in further changes to the Fort Benning
landscape. Storm sediment concentration profiles indicate that the more
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4 LANDSCAPE ECOLOGY AND WILDLIFE HABITAT EVALUATION

highly disturbed catchments had much greater rates of erosion and
sediment transport to streams than less disturbed catchments. Disturbance
also resulted in lower richness of EPT (i.e., number of taxa within the
aquatic insect orders Ephemeroptera, Plecoptera, and Trichoptera) than in
reference streams but similar total richness of invertebrate species. Each
indicator provides information about the ecological system at different
temporal and spatial scales.

KEYWORDS: disturbance, forests, indicators, resource management

Introduction

The questions that our work addresses are on a local resource management level.
What are the best indicators to be measuring? How can those metrics be properly
interpreted? Because of its proactive mode of management, this effort focuses on lands
owned and managed by the Department of Defense of the United States. We first
examine criteria that are suitable for indicators and then consider steps of selection of
indicators. A suite of indicators is proposed, and a case study dealing with potential
indicators at Fort Benning, Georgia is presented. Overall, the paper provides insights into
the value of indicators, how they are selected, and how they can be used.

Criteria for Selecting Ecological Indicators

Criteria for selecting ecological indicators were developed based on the goal of
capturing the complexities of the ecological system but remaining simple enough to be
effectively and routinely monitored (Dale and Beyeler 2001):

* Be euasily measured. The indicator should be easy to understand, simple to apply, and
provide information that is relevant, scientifically sound, easily documented, and cost-
effective (Lorenz et al. 1999).
* Be sensitive to stresses of the system. Ecological indicators should react to
anthropogenic stresses placed on the ecological system, while also having limited and
documented sensitivity to natural variation (Karr 1991).
* Respond 1o stress in a predictable manner. The response of the indicator should be
decisive and predictable even if the indicator responds to the stress by a gradual change.
Ideally, there is some threshold level at which the observed response is lower than the
level of concem of the impact.
* Be anticipatory: signify an impending change in key characteristics of the ecological
system. Change in the indicator should be measurable even before substantial change in-
the ecological system occurs.

* Predict changes that can be averted by management actions. The value of the mdlcaior
for management depends on its relationship to changes in human actions.
* Be integrative: together with the full suite of indicators, provide a measure of coverage
of the key gradients across the ecological systems (e.g., soils, vegetation types,
temperature, etc.). The full suite of indicators for a site should provide a synchronized
perspective of the key attributes of major environmental gradients. These gradients may
relate to time, space, soil properties, elevation, or any other factor that is important to the
ecological system (e.g, see Figure 1).



DALE ET AL. ON ECOLOGICAL INDICATORS 5

» Have a known response to natural disturbances, anthropogenic stresses, and ecological
changes over time. The indicator should have a definitive reaction to both natural
disturbance and to anthropogenic stresses in the system. As ecological conditions change
in a system {e.g., via succession), the response of the indicator should be predictable.
This criterion most often pertains to metrics that have been extensively studied and have
a clearly established pattern of response.

= Have low variability in response. Indicators that have a small range in response to
particular stresses allow for change in the response value to be distinguished from
background variability.

Selecting Ecological Indicators
Identification of the key criteria for ecological indicators sets the stage for a seven-
step procedure for selecting indicators. These steps are discussed in view of land use

decisions on military lands but are applicable to resource issues on other public and
private lands.

Hierarchical Overlap of Suite of Ecological Indicators Over Time
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Figure 1 — A suite of indicators can be depicted across time
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Step 1: Identify Goals for the System.

The first step in problem solving is to define the issue and develop clear goals and
objectives. Often, goals are a compromise among the concerns of interested parties.
Sometimes objectives change as adherence to one target compromises another. The more
complex the nature of the problem, the more important it becomes to establish clear goals
and objectives within the spatial and temporal parameters of the system. The selection of
ecological indicators is complex in the sense that many factors are involved, feedbacks
are common, and diverse groups of stakeholders have different perspectives, value
systems, and intentions.

For spatial analysis, it is useful to consider both the immediate area of interest and a
broader perspective. The area contained inside the socio-politically delineated boundary
can be referred to as the focal area, for it is the area of immediate concern to the resource
manager. In dealing with ecological management issues, situations often arise when it is
useful to look outside of the focal area to a context area. Both the focal and context areas
can be defined by ecological, social, or political concerns influencing system
characteristics. '

For the same reason that it is important to consider spatial context when assessing
management options, it is also important to consider temporal context. Management areas
are defined by past, present, and future social, political, and ecological influences. Focal
time can be used to refer to the temporal context being considered in the focal area, and
context time can be used to refer to the temporal context of the entire situation.

As an example, the focal area of conservation planning at Fort Benning is defined by
the boundaries of the installation (a political unit), but the context area extends
throughout much of the Southeast along the fall line that bisects Fort Benning and
differentiates between the Coastal Plain and the Piedmont. One focal time for Fort
Benning is the current time back to 1974 when the red cockaded woodpecker (Picoides
borealis, RCW) was listed as an endangered species. Another focal time might be the last
century, for Fort Benning has been the “home of the infantry” since 1918 and is now the
site of major infantry and tank training exercises. The context time must consider the
intensive agriculture practiced by European settlers since the1800s and by Native
Americans for centuries before that time (Kane and Keeton 1998; Foster et al. 2003). To
better quantify the effects of agriculture before military activity began at Fort Benning, a
vegetation map has been created based on witness tree surveys conducted in 1827 as part
of land surveys performed in order to distribute the land (Olsen et al. 2001; Black et al.
2002; Foster et al. 2003). By viewing land use and land cover in the broad spatial and
temporal context, meeting the management goals can be considered in light of these
broader perspectives.

Step 2: Identify Key Characteristics of the Ecological System
Characteristics are the specific functional, compositional, and structural elements

that, when combined, define the ecological system. All ecological systems have elements
of composition and structure that arise though ecological processes. The characteristic
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conditions of an area depend on sustaining key ecological functions that, in turn, produce
additional compositional and structural elements. If the linkages between underlying
processes, composition, and structural elements are broken, then sustainability is
jeopardized and restoration may be difficult and complex.

Key characteristics include the physical features that allow species, ecosystems, or
landscapes to occur. For example, at Fort Knox, Kentucky, locations of threatened
calcareous habitats of rare species can be predicted based on a combination of soils,
geology, and slope (Mann et al. 1999). This edaphic-based approach has also been used
to identify locations of Henslow’s sparrow (Ammodranmus henslowii) habitat at Fort
Knox and sites at Fort McCoy, Wisconsin, that can support wild lupine (Lupinus
perennis), the sole host plant for the larvae of the endangered Karner blue butterfly
{Lycaecides melissa samuelis) (Dale et al. 2000).

Identification of the key ecological characteristics of a system also involves attention
to social, economic, and political features of a site. Combinations of social, economic,
political, and ecological concerns, such as laws and regulations, peoples’ values, regional
economics, and ecological conditions, determine the importance of a characteristic. The
Southern Appalachian Assessment (SAA) provides an example of multiple agencies
working together to identify key characteristics of a large area (USDA 1996). The first
step in this identification process was to determine the major concemns about the system
emanating from social, economic, and ecological perspectives of the eight-state region.
The assessment focused on terrestrial, aquatic, atmospheric, and social/cultural/economic
conditions. Thus, the assessment was concermned with the condition of the natural
resources as well as how people use the resources and their expectations. Because the
SAA covers such a large area and such broad topics, a list of key terrestrial characteristics
was developed for categories of forest health, wildlife and plant species, and important
habitats. Aquatic characteristics include water quality, aquatic species, and habitats. The
influences on ecological conditions of historical disturbances, land uses, and social and
political forces were also considered, and both local environments and landscape
perspectives were evaluated.

Once the important characteristics of a system are identified, the typical range of
variation in those characteristics can be established within the focal and context areas and
times. This information on the range of terrestrial, aquatic, attnospheric, and
social/cultural/economic conditions provided the bulk of the five-volume Southern
Appalachian Assessment (USDA 1996). The variability in these characteristics can be
presented with regard to changes over time, environmental gradients in the area, or
different levels of anthropogenic influences.

In their consideration of key characteristics, military natural resource managers have
focused on endangered species and systematic inventories of vascular plant and wildlife.
For example, the Army has instituted the Land Condition-Trend Analysis (LCTA)
program as a standardized way to measure, analyze, and report data from inventory plots
on plant communities, habitat, disturbances, impacts of military training, soil erosion
potential, allowable uses, and restoration needs (Diersing et al. 1992). The purpose of that
program was both to characterize the vegetation and to monitor change and detect trends
in natural resources (Bern 1995). Sample plots were established in a stratified random
manner using satellite imagery. Because the military testing and training typically result
in intense, local, and broadly spaced impacts, the LCTA plots often do not capture the
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spatial distribution of the effects. For example, at Yuma Proving Ground, Arizona, about
60 to 70% of the plots had no land use over the period 1991 to 1993 even though the
actually land use was more extensive (Bern 1995). Therefore, the LCTA approach needs
to be supplemented by a scheme designed to focus on discerning impacts and to integrate
over broad spatial scales. Yet to relate the characteristics to the impacts, the stress also
needs to be identified.

Step 3: Identify Key Stresses

Stress to an ecological system is typically defined as any anthropogenic action that
results in degradation (e.g., less biodiversity, reduced primary productivity, or lowered
resilience to disturbances) (Odum et al. 1979; Barret and Rosenberg 1981; Odum 1985;
Mageau et al. 1995). Stress can be classified into four categories: physical manipulations,
changes in disturbance regimes, introduction of invasive species, and chemical changes
[a slight revision of Rapport and Whitford’s (1999) categories that use “stress” for
anthropogenic activities]. Physical manipulations include human activities that can
change soil conditions or construction of structures. Human activities may also cause
fragmentation or eliminate critical habitats for some species.

Changes in disturbance intensity, frequency, duration, and extent can have major
impacts on ecological systems (Dale et al. 1998). Disturbances are considered to be those
events that are not typical of a system. For example, fires within a fire-moderated system,
such as the lodgepole pine (Pinus contorta) forest of the western United States, would not
be a disturbance to the system (even though individual organisms are impacted) (Fahey
and Knight 1986). It is the absence of such fires that may cause a disturbance, for fires
are an integral part of establishment and development of community structure of these
forests. Thus, disturbances must be considered with regard to the life history of the major
organisms in the community.

The introduction of invasive species is a major problem in many ecological systems.
Often these introductions are nonnative species that do not have predators or competitors
within the new system and thus become out of control. These introduced species can
physically override the presence of other organisms and replace them quickly. There are
numerous examples of such replacements (Westbrooks 1998). Occasionally invasive
species may take over because of the elimination of some physical or biological
constraints that may have been in the system in the past. Lonicera maackii (Rupr.) Herder
(Amur honeysuckle}, a large invasive shrub introduced into the United States in the late
19” century, has naturalized in at least 24 castern states. It is abundant in habitats ranging
from disturbed open sites to forest edges and interiors. Lonicera maackii negatively
impacts native species, especially tree seedlings and forest herbs. Open, disturbed forests
(e.g., Fort Campbell, Kentucky, where training can open forest canopies) are especially
susceptible to colonization (e.g., Deering and VanKat 1998).

Chemical changes in the environment typically occur as a direct result of human
activities. Point sources of toxins that result from spills or groundwater movements are a
common cause of such a chemical change. Air pollution can also cause widespread and
non-point source solution changes in systems.

Stress can be depicted as a gradient or a threshold such as intensity of impact,
duration of event, or frequency of impact. Stresses are ultimately what most management
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plans are for, both preventively and retrospectively. Often, changes in characteristics of a
system result directly from one or more stresses. Typically, stresses interact and may
exacerbate conditions for biotic survival or maintenance (Paine et al. 1998). Multiple
stresses may be simultaneously analyzed or considered one at a time, depending on the
goal of the analysis.

The stresses on military installations fit into the four categories of physical
manipulations, changes in disturbance regimes, introduction of invasive species, and
chemical changes. The training and testing typical of most installations creates a diversity
of physical stresses ranging from soil erosion to vegetation removal. Alterations to fire
frequency and intensity are the most common form of changing disturbance regimes. In
some cases (such as Eglin Air Force Base on the Florida Panhandle), a prior landowner
controlled fires, and the Department of Defense is now reinstituting a regular fire regime.
The introduction of invasive species is a common problem on most installations. At Fort
McCoy, Wisconsin, the leafy spurge (Euphorbia esula) threatens to encroach into oak
savannas and outcompete the wild lupine. Kudzu (Pueraria thunbergiana) is present on
most military installations in the Southeast where it literally overgrows anything in its
path. Chemical changes on most installations occur as point sources in areas devoted to
intense military activities (e.g., painting of aircraft). Usually, these sites are considered
sacrifice areas in terms of conservation goals. However, chemical control of introduced
species or along roadsides can also affect ecosystem management.

Step 4: Determine How Stresses May Affect Key Characteristics of the Ecological System

Once the process of selecting potential issues and identifying ecological
characteristics and stresses within the context and focal systems is completed, the
indicator selection process moves into the more specific stage of indicator selection. The
process of developing and evaluating landscape-based ecological indicators is large and
complicated, varies by region, and requires conceptual and causal links between stresses
and the resulting ecological change (Brooks et al. 1998). Each concern that has been
determined through the issue identification process needs to be analyzed in order to
identify associated stresses, the cause of those stresses, the scope of those stresses on the
management area, and the resulting changes in the characteristics of the management
area.

Stresses are important to an ecological system in that they can disrupt composition,
structure, or function. To the extent that these changes alter key characteristics of a
system, the effect is significant. For example, insects or pathogens can increase tree
mortality, reduce growth, and eventually change species composition and habitat
pattemns. Yet stresses that disrupt rare communities may be of the greatest concern fo
composition. For example, in the Southern Appalachians, 84% of the federally listed
species occur in 31 rare communities and streamside habitats (USDA 1996), which
means that management for endangered species can concentrate on select sites. However,
there are considerable challenges to managing large tracts of land on the basis of a few
endangered species.

Matrices that relate stresses o key ecological characteristics may be the best way to
depict the effect that buman activity may have on a system. For example, matrices
containing the ways that military use can affect different types of vegetation at Fort
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MeCoy, Wisconsin have been developed (Dale et al. 2002b). The focus is on vegetation
structure of the ground layer and the shrubs and trees because the wild lupine on which
the larvae of the endangered Kamer blue butterfly exclusively feeds occurs in the ground
layer, and the shrub and tree layers provide the oak savanna system in which the lupine
thrives. Such a matrix brings attention to those characteristics that are likely to change
under current stresses and, thus, provides a way to identify indicators.

In much the same way that the spatial and temporal scales of the focal and context
areas need to be defined, so too do the spatial and temporal scales of the individual
stresses. As a result, stress effects may be limited to certain places or times. For example,
ozone damage to sensitive trees may be greater at higher elevations where sufficient
moisture is avatlable from cloud cover to prevent stomata closure and allow more ozone
to be absorbed. As a temporal example, some organisms are only susceptible to stress
during their dispersal phase, while stresses at other times have little effect. For example,
tank activity at Fort McCoy, Wisconsin actually enhances the presence of wild lupine
upon which the endangered Karner blue butterfly ovipost (Smith et al. 2001). Yet, tank
activity during the larvae stages can kill the insect.

Step 5: Select Indicators

The selected indicators should reflect the criteria (discussed earlier) and identify
stress effects on key characteristics of the system. In general, these criteria call for
indicators that are sensitive to the identified stressors in the system, sophisticated enough
to capture the ecological system complexities, and responsive to identified stressors in
such a way that they can be easily measured and monitored. Knowing how the stresses
affect the key characteristics of the ecological system assists in the selection of indicators.

The selection of indicators is best made in a hierarchical manner. The selection
process is initiated by considering the entire area of interest. For most military
applications, this perspective would entail the installation as the focal site and the present
as the focal time. However, the larger spatial and temporal context should also be
considered. Thus, examination of the major physical gradients across the landscape or
region should consider topography, soils, geology, land-use history, disturbance history,
patterns of water (streams, lakes, and wetlands), and human use (roads, trails, buildings,
and training and testing sites). Often the vegetation type, size, or density reflects the
combination of these physical forces and serves as a useful indicator of their strength. For
example, at Fort Stewart, Georgia, the amount of hardwood ingrowth into longleaf pine
(Pinus palustris) stands indicates the time since the last growing-season fire. Thus, the
pattern of vegetation types, such as hardwood ingrowth, or other land covers should be
evaluated to see if it portrays features of the landscape that are indicative of stresses at the
site and that may affect the ecological properties of the site. At Amold Air Force Base in
Tennessee, the high degree of forest fragmentation is indicative of past timber-harvesting
practices and may portend effects on neotropical migranis (Robinson et al.1995).

Ideally the suite of indicators should represent key information about structure,
function, and composition. Yet the complexity of the relationship between structure
function, and composition only hints at the intricacy of the ecological system on which it
is based. Often it is easier to measure structural features that can convey information
about the composition or functioning of the system than to measure composition or
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function. Sometimes measures from one scale can provide information relevant to
another scale. For example, the size of the largest patch of a habitat often restricts the
species or trophic levels of animals that are able to be supported based solely on their
minimal territory size (Dale et al. 1994). Analysis of paich size for Henslow’s sparrow at
Fort Riley, Kansas indicates that the largest patch on the installation supports a declining
population (the population’s finite rate of increase is less than one) (Dale et al. 2000).

After the landscape is analyzed, the ecosystem and the species levels should be
investigated. This process of considering characteristics of the system and potential
indicators in a spatially hierarchical fashion needs to apply to each gradient of importance
at the site. Placing the information on a spatial or temporal axis provides a means to
check that information at all spatial scales. Altemnatively, it is important to include
indicators that encapsulate the diversity of responses over time (so that one is not just
measuring immediate responses of the system). All major gradients are included in the
analysis. We have focused on spatial and temporal scales, but it is also useful to consider
the representativeness of indices across major physxcal gradxents (solls geology, land use,
etc.).

Step 6: Test Potential Indicators Against Criteria

A crucial aspect for legitimizing the selection procedures for ecological indicators is
the establishment of a scientifically sound method of monitoring system change. Each of
the potential indicators needs to be tested to determine if it effectively measures the
system characteristics of interest and meets the other criteria for indicators. This test
should follow scientific procedures (e.g., theory and hypothesis development, hypothesis
testing with control comparison, statistically significant results, etc.). The working
hypotheses should reflect how specific indicators measure changes in key characteristics
under stress. Experiments should be designed to compare measures of the indicators and
key characteristics with and without stress events. For example, the condition of these
indicators both before, during, and aﬁ:er documented stresses can then be compared with
similar data collected in control sites. Based on the results of the tests for each potential
indicator, the final set of ecological indicators can then be selected that is believed to be
the most effective combination of indicators for monitoring the characteristics of interest
to the management planners. The statistical analysis of such indicators is a basic aspect of
most statistical text books.

Step 7: Select Final Indicators and Apply Them to the Decision-Making Process

The final ecological indicators are selected based on the test in Step 6. Then,
management can implement monitoring of the suite of selected indicators. Long-term
monitoring is an essential part of all environmental management programs, with
adjustment of management activities based on indicator information and its relationship
to overall management goals. The process of linking management to monitoring is part of
adaptive management that views management actions as experiments and accumulates
knowledge to achieve continual leaming (Holling 1978; Walters 1986).

Often the application of measuring indicators or of adding refinements to measures
can occur very quickly. This implementation aspect is especially rapid on Department of
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Defense installations where the mentality is to act. For example, after we had used soil,
geology, and slope to identify the sites at Fort McCoy, Wisconsin, that the wild lupine
could occupy (Dale et al. 2000), the environmental site manager modified his monitoring
program for wild lupine to focus only on areas that the analysis indicated could support
the plant. This modification allowed the monitoring program to focus on those sites of

greatest importance.
Case Study

The objective of this case study is to identify indicators that signal ecological change
in intensely and lightly used ecological systems at Fort Benning. Currently, military
training, controlled fires (to improve habitat for the endangered red cockaded
woodpecker), and timber thinning are common management practices on the installation.
All of Fort Benning has experienced some anthropogenic changes either from past
farming, logging, absence of burning, or military testing. Because the intent is that these
indicators become a part of the ongoing monitoring system at the installation, the
indicators should be feasible for the installation staff to measure and interpret. The focus
is on Fort Benning, but the goal is to develop an approach to identify indicators that
would be useful at several military installations. Because some of these effects may be
long-term or may occur after a lag time, early indications of both current and future
change need to be identified. The intent of this identification of indicators is to improve
managers’ ability to manage activities that are likely to be damaging and to prevent long-
term, negative effects. Therefore, a suite of variables is needed to measure changes in
ecological conditions. The suite that we are examining includes measures of terrestrial
understory and overstory vegetation, soil microbial biomass and community composition,
landscape patterns, and instream physiochemical and biotic water quality conditions,
Because of the limited space in this publication, for further details we direct the reader to
the project web site:

(http://www .esd.oml.gov/programs/SERDP/research_projects. html#conservation).

The analyses of vegetation data collected from sites at Fort Benning with five discrete
land-use histories showed high variability in species diversity and lack of distinctiveness
of understory cover and led us to consider life form and plant families as indicators of
military use (Dale et al. 2002a). Life form successfully distinguished between plots based
on military use. For example, phanerophyte species (trees and shrubs) were the most
frequent life form encountered in sites that experienced infantry foot traffic training.
Analysis of soils collected from each transect revealed that depth of the A layer of soil
was significantly higher in reference and infantry foot traffic training areas which may
explain the life form distributions. In addition, the diversity of plant families and, in
particular, the presence of grasses and composites were indicative of training and
remediation history. These results are supported by prior analysis of life form distribution
subsequent to other disturbances (Adams et al. 1987; Mclntyre et al. 1995; Stohlgren et
al. 1999) and demonstrate the ability of life form and plant families to distinguish
between military uses in longleaf pine forests.

The soil microbial community of a longleaf pine ecosystem at Fort Benning also
responds to military traffic (Peacock et al. 2001). Using the soil microbial biomass and
community composition as ecological indicators, reproducible changes showed
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increasing traffic decreases soil viable biomass, biomarkers for microeukaryotes and
Gram-negative bacteria, while increasing the proportions of aerobic Gram-positive
bacterial and actinomycete biomarkers. Our results.indicate that as a soil is remediated it
does not escalate through states of succession in the same way as it descends following
military use. We propose to explore this hysteresis between disturbance and recovery
process as a predictor of the resilience of the microbial community to repeated
disturbance/recovery cycles.

The landscape metrics for Fort Benning were calculated and analyzed, and an
assessment was made of the accuracy of the land cover estimates obtained from remote
sensing as compared to in situ observations of land cover (Olsen et al. 2001). Metrics at
the class and landscape level were compiled and analyzed to determine which were the
best indicators of ecological change at Fort Benning. A set of metrics was selected, based
upon change through time or ability to differentiate between land cover classes. We
found the most useful metrics for depicting changes in land cover and distinguishing
between land cover classes at Fort Benning were percent cover, total edge (with border),
number of patches, mean patch area, patch area range, coefficient of variation of patch
area, perimeter/area ratio, Euclidean nearest neighbor distance, and clumpiness. An
accuracy assessment was performed of the 1999 land cover classification that was created
using a July 1999 Landsat ETM image as compared to a 0.5-m digital color orthophoto of
Fort Benning taken in 1999. The overall accuracy was found to be 85.6 for the 30-m
resolution data (meaning that 85.6% of the test sites were correctly classified).

Landscape metrics indicate that the forest pattern (particularly that of pine) has
declined greatly since 1827 (e.g., the area of pine forest declined from 78% to 34% of the
current installation). Altered management practices in the 1990s may have resulted in
changes to the landscape at Fort Benning. Several trends, such as an increase in non-
forested and barren lands in riparian buffers were slowed or reversed in the last decade.
Pine forest, on the other hand, appears to have been increasing in the last ten years.
Improved monitoring techniques coupled with an aggressive management strategy for
perpetuating pine forest at Fort Benning may have resulted in an increase in pine
populations and a decrease in hardwood invasion. This management strategy includes
harvesting timber and burning to establish and maintain viable pine communities. While
it appears that the percentage of non-forest land has been slowly increasing, the number
of non-forest patches has increased tremendously in the last decade. In other words, the
non-forest land has become more fragmented over time. Consequently, the size of these
patches has decreased significantly.

We are evaluating the efficacy of several stream chemistry and biology
parameters as indicators of disturbance associated with military training and natural
resource management activities at Fort Benning. This work is based on the idea that
stream ecosystems are sensitive to disturbances within their catchments because many
disturbances alter the patterns of runoff, drainage water chemistry, and inputs of
biologically important materials to receiving streams. In addition, stream ecosystems are
important components of the landscape and indicators of disturbance to stream biological
communities and biogeochemical processes are an important part of any assessment of
ecosystem health. Our research uses a disturbance gradient approach in which 1™ to 3"-
order streams draining catchments with strongly contrasting disturbance levels have been
selected for study. These catchments are distinguished by percent bare ground for some
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have little disturbance and others have widespread erosion caused by regular tank traffic.
The inclusion of several reference streams in our study design provides data on the range
of values for physicochemical and biological parameters expected for catchments
showing minimal level of disturbance. Data from streams along the disturbance gradient
are being compared to evaluate the suitability and sensitivity of specific disturbance
indicators. The potential aquatic indicators at Fort Benning have been narrowed to:

s Suspended sediment concentrations (both baseflow and storms) and baseflow
POy, DOC) and stormflow (NH,, NOs, and PO,) nutrient concentrations
(indicator of erosion and biogeochemical status)

s Diurnal dissolved oxygen profiles (indicator of in-stream metabolism)

o Streambed organic matter content (indicator of food or habitat), and sediment
movement dynamics (indicator of in-stream habitat stability or quality)

s Macroinvertebrate populations and communities, including EPT richness,
Shannon diversity, biotic tolerance indices, and Bray-Curtis similarity of
disturbed and reference streams (indicator of biological response)

For example, storm sediment concentration profiles show that streams in highly disturbed
catchments had much higher rates of erosion and sediment transport than streams in less
disturbed catchments. '

The effects of historical land use / disturbance on stream macroinvertebrates are also
being examined. Using remotely sensed imagery from 1974 and 1999, we used the GIS
extension ATHLA to estimate areal percentage of 1) bare ground on slopes >3%, 2)
successional stage of vegetation (early-regeneration forested land) on slopes >3%, and 3)
road density (km road/km’ catchment) for each catchment. These three land use variables
were then combined to derive a disturbance index (DI}, which was used to rank and
compare each catchment’s historic and contemporary disturbance level. With these data
we are examining the degree to which current measures of biotic water quality relate to
historical vs. contemporary disturbance conditions. Preliminary analysis indicated that
percent siit in the streambed was positively correlated with levels of historical (1974)
land use among the catchments. Moreover, relative abundance of macroinvertebrate
functional feeding groups also was related to historical land use. Disturbance also
resulted in lower richness of EPT (i.e., number of taxa within the aquatic insect orders
Ephemeroptera, Plecoptera, and Trichoptera) than in reference streams but similar total
richness of invertebrate species. These data indicate 1) a legacy of environmental
disturbance in Fort Benning catchments that spans at least 25 years, and 2) knowledge of
historical land use conditions may be critical in interpreting contemporary water quality
conditions. -

Conclusions

Ecological indicators offer a means to measure the effects of resource management.
A key challenge is dealing with the complexity of ecological systems. Criteria and
procedures for selecting indicators offer a way to deal with this complexity. The
Department of Defense is developing ways to implement the use of ecological indicators
for ecosystem monitoring and management. The next step is implementing indicators into
resource-management practices.
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Section 3 Background for SEMP Project: Indicators of Ecological Change

1. Background

The U.S. military has funded many programs that measure various components of
an ecosystem (e.g., Land Condition Trend Analsysi (LCTA)). In addition, models have
been developed to simulate ecosystem components related to physical terrain and erosion,
wildlife habitat and populations, biodiversity, and vegetation dynamics (e.g., the Army
Training and Testing Area Carrying Capacity (ATTACC) model and installation-specific
population models of red cockaded woodpecker). However, recently a SERDP-
sponsored workshop on management-scale ecosystem research identified the need for
indices of the status, “health,” or sustainability of an ecosystem (Botkin et al. 1997). This
research was designed to meet that need.

Ecosystem management can be defined as “a collaborative process that strives to
reconcile the promotion of economic opportunities and livable communities with the
conservation of ecological integrity and biodiversity” (The Keystone Center 1996). As
Jack Ward Thomas, former Chief of the U.S. Forest Service, said, “The 25 million acres
of military lands are a critical part of an ecosystem approach, and we look to all branches
of the military to provide leadership and guidance in a cooperative spirit as we together
face the many challenges of this new and exciting approach in these historically critical
times” (page 29 of Leslie et al. 1996). Jack Ward Thomas also points out, however, that
the implementation of ecosystem management is still being explored and will continue to
be developed and defined over time. Applying ecosystem management approaches to
military lands is critically important because of the unique resources on these lands and
fact that conservation issues may jeopardize military missions if not appropriately
managed. Many definitions of ecosystem management have been proposed (Christensen
et al. 1996, Agee and Johnson 1998, American Forest and Paper Association 1994,
Bureau of Land Management 1994, Fitzsimmons 1996, Goldstein 1992, Grumbine 1994,
Haeuber 1996, Lackey 1996, Slocombe 1993, Wood 1994), but the challenge for DoD is
to develop an operational definition that is useful to military land managers. The
development of indicators of ecological change is a necessary first feature to the
application of these concepts of ecosystem management. Relating these indicators to
ecosystem health is also a challenge (Costanza et al. 1992, Interagency Ecosystem
Management Task Force 1996). Military installations provide appropriate locations
where a working theory of ecosystem management can be devised. Therefore, our task
was to develop the indicators of ecological change at Fort Benning with the intent that
these indicators be applicable, particularly, across the Southeastern United States’
military installations and potentially throughout the nation's DoD installations.

2. Historical influences on candidate indicators are discussed in the following report.
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Introduction

This report considers how historical activities may be affecting the suite of candidate indicators of
ecological change that are being explored at Fort Benning, Georgia by researchers at Oak Ridge
National Laboratory under the SERDP Ecosystem Management Project (SEMP). Because the land
in southwestern Georgia is largely forested, we concentrate on forestry practices. Also, land
management includes effects on both terrestrial and aquatic resources. We recognize that land
management practices are influenced not only by changes in ecological understanding but also by
legislation and technology developments. Therefore, ecological, legislative, and technological
changes relevant to land management and forestry are considered.

The practice of land management has been greatly altered in recent years by the combined
effects of changes in legislation, increasing environmental sensibility of politically active citizens,
and improved scientific understanding of ecosystems. These changes have occurred throughout
the world but are most dramatically reflected in renewed forestry schemes in the temperate forests
of the U.S. and Europe.

Attributes of Land that People Value

Managing land as ecosystems requires an awareness of the diverse attributes of the land and how
they relate to human values. The benefits from land are many. Land serves as watersheds that
provide purified water for rivers, streams, and municipal use. Ecosystems provide important
habitats for wildlife. Dry forests have widely spaced trees interspersed with grass and shrubs that
serve as grazing lands. Land offers many recreational opportunities, including hiking, camping,
hunting, and fishing. Some people value land areas for their beauty and the spiritual experience
they provide. Trees also supply the raw materials for paper, building supplies, furniture, and



pharmaceutical supplies. Forests are a critical part of the global carbon cycle, for trees store large
amounts of carbon in their tissue and, in mass, provide the largest storage site for terrestrial carbon
(Post et al. 1990). When the carbon cycle is out of balance, it can instigate global changes in
temperature and precipitation. Finally, the land on Department of Defense installations provides
places for military testing and training.

Although an economic benefit relates to some of these attributes, considering only the
monetary aspects of the land is unsatisfactory. Even in the 1940s, Leopold (1949) discussed the
difficulty of putting a value on land other than in an economic sense. He argued that many of the
benefits arising from the natural interconnectedness of the environment are not appreciated until
they are lost or at risk. Indeed, a gradual and largely unnoticed loss of ecosystem components
frequently occurs until a threshold is reached at which point these losses impact human values.
Once a threshold is reached, people cry out for a return to a system that provides some of the
benefits that are now in jeopardy.

Too often, however, no short-term impact of these gradual losses of ecosystem attributes is
obvious. People can substitute one organism for another, or may synthesize a pharmaceutical
product that formerly came from a forest plant or animal. But lost ecosystem properties, aesthetic
qualities, or spiritual attributes may be more difficult to mimic. Moreover, ecosystems provide and
protect water quality, water yield, and habitats that support other flora and fauna. For example, the
fungus-induced demise of the chestnut trees in the early twentieth century resulted in the loss of
not only timber but also seeds, which are an important food for squirrels and other forest fauna. In
addition, it changed nutrient turnover from a system dominated by chestnut trees (which have high
nutrient turnover rate of the leaves and slow nutrient turnover of woody tissue) to one just the
opposite (the chestnut oaks that largely replaced the chestnut trees have slow nutrient turnover in
leaves, and the wood decays rapidly). Because this replacement caused such a complex alteration
in ecosystem properties, the full extent of the changes may never be known.

Management policies reflect the changing values that people have for ecosystems. Thus it is
important to determine how the ways that humans value land have changed over time. Throughout
history, land has provided a source of agricultural products, building materials and fuel and as
habitat for game. As undisturbed land became scarce in Europe, commercial forestry arose as a
means to assure a sufficient supply of wood and wildlife. One goal of forest management is to
maintain sufficient quality, quantity, and diversity of wood products for commercial uses. Tree
diversity is an important aspect of management because the qualities of individual tree species
affect their use. For example, Port Orford cedar grown in southwestern Oregon and northwestern
California was preferred for venetian blinds and ship masts because of its strength when cut in long
sections. Oak is preferred for floors because of its hardness. Douglas fir and pine make excellent
structural material for buildings because they grow rapidly yet are strong. At any one time, the



forest industry seeks to have sufficient wood of appropriate size, species, and quality available for
each of its mills distributed across the country. About 130 years ago, wood became a source of
pulp for paper. Since that time, many tree plantations have been established to meet the need for
pulp. Recently, the value of maintaining species habitats and forest health (e.g., resistance from
fire and insect outbreaks) has been reemphasized. Great strides have been made in recognizing the
ecological values of forests and in communicating to public and private owners how to preserve
these values (Swanson and Franklin 1992, National Research Council 1992, Salwasser 1990,
Kessler et al. 1992, Franklin 1989). Yet there are still gaps. For example, the public does not do a
good job of integrating the many attributes of forests, nor have ecosystem scientists adequately
demonstrated the integration process (Naiman 1996). Also, because no single stand maintains all
these values simultaneously, a coordinated effort between federal and state land holders, private
forest companies, citizens, and citizen groups is necessary to maintain an appropriate balance of
forest resources within a region.

Adaptive management recently arose as a way to preserve diverse values amid complex land
ownerships. This approach monitors how environmental decisions affect forests by tracking such
ecosystem attributes as trophic dynamics, succession, and nutrient cycling (Christensen et al.
1996). The management is adaptive in the sense that the lessons learned from past actions and their
effects are used to guide future actions.

Monitoring land attributes provides a challenge in itself. The USDA Forest Service in
coordination with the Environmental Protection Agency (EPA) has monitored attributes meant to
reflect the diverse values of forests, including the ecological perspective [as measured by EPA’s
Environmental Monitoring and Assessment Program (EMAP)] (Table 1) (Lewis and Conkling
1994). Despite the fact that these efforts were meant to cover a comprehensive range of ecological
attributes, animal conditions in forests were largely ignored. Even so, the attributes included are
too numerous and technical for easy measurement or for the general public to grasp a basic
understanding of them.

Candidate Ecological Indicators for Fort Benning, Georgia

Our selection of ecological indicators of change focused on the longleaf pine habitat which is the
dominant forest type at Fort Benning today. We selected candidate indicators of change in
ecological integrity caused by anthropogenic disturbance, specifically military training activities
within the Fort Benning military installation. The broad objective was to establish a suite of
ecological indicators to represent and monitor the ecological integrity of the longleaf pine habitat
within the military installation. Our perspective is that a suite of indicators is necessary to capture
the full spatial, temporal, and ecological complexity that should be measured (Dale and Beyeler, in
press). We, therefore, have proposed a candidate suite of indicators for longleaf pine forests at Fort



Benning, Georgia, that together characterize the spatial and temporal scales of interest as well as
the diversity in soils and other environmental gradients (Figures 1 and 2). The suite to be examined
includes measures of terrestrial biological integrity, stream chemistry and aquatic biological
integrity, and soil microorganisms as a measure of below-ground integrity of the ecosystem.
Understory vegetation is the element of this suite thought to represent ecological changes that may
occur over a few years to decades within a forest stand and should reflect the differences in
military training regime.

The key stresses at Fort Benning today are primarily due to human activities. Infantry and tank
training are the major military actions on the base. Timber extraction for fiber occurs in some
locations. Historic fire suppression was replaced in the 1970s with an active fire initiation program
largely targeted at enhancing sites for longleaf pine. Natural pine bark beetle outbreaks occur
sporadically (and are often triggered by drought and occur in stand with a high density of
susceptible trees). The stresses at Fort Benning primarily affect the key characteristics of the
ecological systems by either direct removal or reducing the quality of the ecological systems.

Historically, the land on which Fort Benning is located was intensely farmed by native
Americans and settlers of European origin (Kane and Keeton 1998). The Native Americans
depended on crops for much of their food. They hunted, gathered fruits and buts, and cultivated
large agricultural fields dominated by corn.

A map of the vegetation in 1827 has been developed from historical land survey maps (Figure
3). Prior to lands being made available for public distribution in the United States, they were
surveyed by the General Land Office (now the Bureau of Land Management) and the location and

type of corner trees and witness trees were mapped. We are using the survey maps and field notes

to create a digital GIS model of the forests from the early 19th century for the Fort Benning area.

This 1827 map provides the baseline conditions for the installation.

After the lots were freely distributed via lottery, some people consolidated several contiguous
lots and were able to develop prosperous plantations (Kane and Keeton 1998). Slaves often
worked on the largest acerages and landowners accumulated large profits by selling cotton.
However, cotton also severely depleted soil nutrients. Extensive erosion also resulted from tree
clearing and was aggravated by plowing. Farmers seldom used crop rotation, contour plowing,
fertilization or other beneficial techniques.

Some of the land was acquired by the government in 1919 to establish Fort Benning. At least
one home was moved to adjacent property. But soon afterward (in 1921) the family planted kudzu
to help alleviate problems with erosion and to provide shade for the house. Thus some of the
current problems with exotic species are founded in activities of the early settlers.



The Influence of Changes in Ecological Understanding, Legislation and Technology on Land
Management

The ecological, legislative, and technological context in which lands are managed is illustrated in
Figure 4. By considering changes in these arenas, one can gain a better understanding of the forces
that influence forest use and the effects of those forces on forest ecosystems.

Ecological Advances

Great advances have been made this century in the ecological understanding of how ecosystems
change and interact with their environment. The roots of this understanding go back to the
introduction of plant geography between 1765 and 1812, which explored the relationship between
the spatial location of a forest and environmental gradients. In 1840, Liebig presented what is now
know as the Law of the Minimum, which states that the growth and distribution of a species is
dependent on the factor most limiting in the environment. [This theory was later modified by
Shelford (1913) and Good (1931, 1953) to acknowledge that limitations act in concert with one
another]. The first ecological textbook was authored by Warming in 1895. Merriam’s concept of
life zones (1894,1898) set the stage for considering environmental factors responsible for the
elevational and latitudinal distribution of species. Shortly thereafter, work by Cowles (1911) and
Clements (1916) led to an interpretation of succession as the gradual changes in species
composition and site conditions that occur in the aftermath of a disturbance. Gleason’s (1926)
perceptions on succession were contrary to the individualistic notions of Clements and led Gleason
to introduce the idea of plant associations, which formed the basis for the concept of the ecosystem,
a term coined by Tansley (1939). The concept of environmental gradients and their effect on plant
distribution was demonstrated by Whittaker (1956).

The International Biosphere Program (IBP) marked an intense focus on biome properties that
stretched from 1960 to 1974 (e.g., Van Dobben and Lowe-Connell 1975, Levin 1976, Waring
1980, O'Neill et al. 1975). Experimental forests were established and monitored that demonstrated
the intricate ecological relationships within an entire watershed (Bormann and Likens 1981). The
large amount of data collected and analyzed during this period was complemented by a set of
ecosystem models that were developed and exercised to assess the major components and
interactions of ecological systems. The area of systems ecology arose from the understanding that
resulted from these efforts. Forest-simulation models were developed that considered various
factors affecting forest growth and development (Botkin et al. 1972). The IBP also stimulated
research in evolutionary ecology and plant demography.

During the past two decades several new directions in ecological analysis have arisen.
Landscape ecology, for example, focuses on the spatial relations of sites and considers the size,
shape, and location of ecosystems (Foreman and Godron 1986, Turner 1989, Turner and Gardner



1991). This perspective forces ecologists to consider more than just natural systems. The large
spatial context of landscape ecology requires an acknowledgment of the role that anthropogenic
influences have had on shaping the landscape.

More recently, the concept of a sustainable biosphere (Lubchenco et al. 1991) has led
ecologists to consider ways in which human actions can result in the long-term viability of an
ecosystem and the planet. The more general need to protect the habitats of species that may
become at risk led to the development of ecosystem management as a tool to consider the diversity
of resources within a forest (FEMAT 1993, Christensen et al. 1996, Slocombe 1993). The basic
concept of this approach is to maintain the critical functional aspects of the terrestrial and riparian
systems. These practices are now being adopted by the land managers and lead to a holistic view of
land values and management practices. Today’s resource managers are challenged to implement
successful ecosystem management (Carpenter 1996).

Legislative Changes

At the same time that ecological understanding was advancing, changes in legislation pertinent to
ecosystems was occurring. Federally owned land in the United States is primarily managed by the
Department of Defense (DoD), Forest Service (FS), National Park Service (NPS), Department of
Energy (DOE), Fish and Wildlife Service (FWS), and Bureau of Land Management (BLM).
Because the FS contains the largest forested land area and the DoD is the focus of this research, we
focus on those land managers.

The US armed forces have had a formal mandate for managing natural resources since 1823
when timber and forest products were essential for shipbuilding (Siehl 1991). During the World
Wars, millions of hectares were acquired by the military to house and train troops and to test
technology. After the war, timber production, fire control, agricultural leasing, and hunting
programs were initiated at many installations. A 1989 DoD directive called for balance among
competing interests, and a 1994 memorandum required the maintenance and improvement of
sustainability and native biological diversity of ecosystems while supporting the DoD mission.
Today, while most military lands serve primarily for training and testing, DoD is proactively
seeking to conserve biological diversity (Leslie et al. 1996).

Steps to preserve and manage federally owned forests arose from the growing conservation
movement. Although forest reserves were set aside in the United States as early as 1891, the
establishment of the USDA Forest Service in 1905 marks the formal start of forest management
and the establishment of national forests.

Gifford Pinchot brought the German traditions of forestry to the United States, where he was
instrumental in establishing the USDA Forest Service and became the first chief. The multiple
forest uses that Pinchot instilled into the Forest Service are still maintained and provide the



underlying justification for having wilderness, recreation, and timber-management areas in the
Forest Service lands of today. Yet, in many cases, noncommercial tree species are not recognized
as valuable ecological members of the forest community; nor has there been long-term promotion
of the nonmonetary value of forests (e.g., building soils).

During the twentieth century, a steady stream of legislation provided the means to establish
and manage federally owned forests. The Weeks Law of 1911 authorized purchase of forests that
serve as watersheds for important rivers. In 1924, the Clarke-McNary Act expanded forest
management to include fire protection and permitted the purchase of land for timber production.
The Forest Pest Control Act of 1947 provided federal cooperation for states and private
landowners to manage insect pests and diseases. The Multiple Use-Sustained Yield Act was
passed in 1960 to require national forests to produce a sustained yield of timber while protecting
other forest resources (reflecting some of Gifford Pinchot’s goals for forest management). In 1964,
the Wilderness Act was passed, which preserves wilderness areas within national forests where no
road or buildings may be built and timber harvest is prohibited. Because of numerous
controversies that arose over the use of clear-cutting, the Forest and Rangeland Renewable
Resources Planning Act of 1974 established procedures for the review and management of forests.
In 1976, the National Forest Management Act and the Federal Land Policy and Management Act
focused attention on the need to manage riparian areas (Gregory 1997).

Two laws that are generally applicable have greatly influenced forest-management practices
on federal lands. The National Environmental Protection Act (NEPA), passed in 1970, requires
formal review before changes can be made on federal lands. The Endangered Species Act, passed
in 1973, requires protection of threatened and endangered species. Legal actions to protect the
red-cockaded woodpecker and the spotted owl have dictated forest-management practices in
forests containing those species. Basically, in some locations the forest managers must retain the
forest structure necessary for these rare and endangered birds. Although these legal actions only
pertain to sites where rare species occur, they have implications for forest management in general.
In the case of the forests in the U.S. Pacific Northwest, a process has emerged that bases the
management plan on socioeconomic values as well as ecosystem attributes of the forest (FEMAT
1993). This process involves deliberation between the interested parties and consideration of the
spatial locations of forests of particular interest for specific values (Shannon 1997). For example,
some locations are critical for timber harvest because of their location relative to sawmills. Other
forests may have the old trees and large enough area to be important habitat for spotted owl.

The same conservation movement that spawned protection and management of federally
owned forest also promoted responsible management of state and private forest lands. Between
1890 and 1917, state forest agencies were established, forest research and educational institutions
were put in place, and pest-management programs were organized (Irland 1982). Beginning in the



late 1940s, increased housing and business development have threatened some suburban forests.
But the new conservation movement of the 1960s sparked an emphasis on open space. The Land
and Water Conservation Fund and the beautification programs established under Johnson’s
administration brought a new interest in forest acquisition for recreation and conservation.
Beginning with the Oregon Forest Practices Act of 1972, some states have implemented laws
regulating forest practices on state and private lands that provide some riparian protection and a
diversity of criteria for forest management that varies from state to state (Gregory 1997). The
adoption of a state forest-protection law is currently under debate in other states (e.g., Tennessee).

Today there is a conflict between the rights of private landowners and federal and state laws,
epitomized by the Wise Use movement. Some private landowners feel that their management
should be entirely open-ended, yet federal and state regulations may restrict some actions (e.g., in
the case of wetlands). This conflict is an arena in which ecological knowledge can contribute to
development of a land-use ethic that would guide the standards used by landowners in protecting
the diverse values of forests

International trade practices and regulations also affect forest practices within countries. For
example, the concern for using wood that has been harvested from sustainable plantations rather
than from old growth has lead for a need to define and certify sustainable-forestry practices. Also,
forests and biodiversity issues received much attention as a part of the 1992 U.N. Conference on
the Environment and Development (UNCED), which resulted in a number of instruments,
including the Conventions on Climate Change and Biological Diversity and the Statement of
Forest Principles. These agreements all reflect concern for the sustainable use and management of
biodiversity in forests and put international pressure on developing a means of determining the
diversity of forests and estimating potential effects of specific management policies (Stork et al.
1997).

Technological changes

Technological advances pertaining to use of natural resources have influenced what laws could be
put in place and which aspects of ecological systems could be analyzed. In the early 1900s trees
were cut by hand; horses or mules removed the logs from the forest, and rivers often provided
long-distance transport (Karamanski 1989). Today’s logging operations rely on machines. Paper
mills established by the 1920s greatly increased the demand for wood, particularly from small
trees. Motorized trucks became common in the forests in the 1920s. The railway expansion of the
1920s also had direct and indirect effects on forests. Trains could be used to transport trees from
the forest to the mill. Also, trains allowed food products to be shipped from the Midwest, allowing
the less-profitable agricultural lands in the eastern United States to be turned back into forests.
However, in the process of establishing the railway system many trees were harvested and used for



railway ties. All of these technological advances expanded the area cleared and increased the
number of trees harvested from a site.

The chain saw may be the invention that most influenced the amount of wood taken from a site.
The chain saw was invented in 1926 but did not become prevalent in the United States until the
1940s (Hall 1977). The chain saw not only allowed more wood to be cut in a set time interval but
also permitted more trees to be cut within a stand. Thus, not only was timber more easily harvested,
but more branches and cull trees were cut for firewood or other purposes. Thus chain saws result in
a “cleaner” forest but one with less dead wood, which serves as animal habitat and is part of the
nutrient-cycling and water-purification processes. Although there was great concern that the chain
saw would replace jobs, more people are now employed in the timber industry than were at the turn
of the century. Also, chain saws have made the work of logging much more efficient and safe.

The economic value of chain saws was made clear in a recent survey of farmers in Rondonia,
Brazil (Dale and Pedlowski 1992). In 1991, none of the 89 farmers we surveyed owned a chain
saw. Yet shortly thereafter, the eventually successful candidate for governor of the state gave away
chain saws as part of his campaign. The effect on forests of the rapid introduction of chain saws
into the region is just beginning to be observed. The major tool for observing these changes is
satellite imagery.

Satellite imagery in now commonly used in the planning process and to monitor changes in
forest resources over time. The development of the normalized-difference vegetation index
(NDVI) that relates reflectance, as measured in the image, to forest conditions was the
breakthrough that made remote imagery a useful tool (Tucker 1979). The use of global positioning
systems (GPS) now allows accurate recording of a location on the ground and thus augments the
value of remote imagery. Satellite imagery is particularly important for international forestry. As
late as 1990 (Dale 1990), we still did not know how much of the Earth’s surface was covered by
forests. Also, the extent of large-scale natural disturbances and anthropogenic clearing was not
known. For example, a large fire burned millions of hectares of land in southeast Asia, but the area
was not even known to be burning until it was identified in a satellite image.

Land-cover products based on data from the MODIS (Moderate-resolution Imaging
Spectrometer) will be available in April 2001. The MODIS Land Discipline Group (MODLAND)
is currently producing data products such as spectral vegetation indices, net primary productivity,
and land cover (Cohen and Justice 1999). MODIS has finer spectral and temporal resolution as
compared to Landsat data, but the higher spatial resolution of Landsat is still needed for close
examination of land-cover changes (Zhan et al. 2000).

The use of helicopters and small planes in forests became a part of some forest operations
in the 1970s. Aircraft are used to distribute seeds, control fires, perform controlled burns, spray
herbicides, spread fertilizers, and occasionally to harvest trees from otherwise inaccessible sites.



Because of their high cost, helicopters and planes are not routinely used except for cost-effective
applications of herbicides and fertilizers.

The development of computers also changed the logging industry. The control room in
modern paper mills contains sophisticated computers to monitor and alert the operators of all
aspects of the papermaking process. Computers are also used to decide how to cut a tree to
maximize the value of the wood and minimize waste. Computers allow for the development and
use of detailed simulation models of forest development. These models project situations in which
sets of species grow and compete for resources. Geographic information systems (GIS) are the
hardware and software combination that allows spatially explicit information to be integrated into
a map of site conditions. The combination of simulation models with GIS technology allows the
spatial arrangement of trees to be analyzed. The models have been used both for improving
understanding of forest interactions and for planning harvest and selection regimes. As mentioned
previously, this spatial integration of information is critical to the adaptive management policy
now being espoused for forest management (FEMAT 1993).

Machines for whole-tree harvesting are routinely used in Finland and Sweden to harvest
trees in such a fashion that the soil and roots are not disturbed, minimizing impacts on soil runoff
and nutrient cycling. The trees can be cut and lifted with these machines so that damage to adjacent
trees is negligible, retaining the economic value of those trees, while preserving the forest as
habitat for animals. Sometimes whole-tree harvesters are used at Fort Benning as well.

Overall some technologies (e.g., chain saws) have resulted in cleaner forests which are less
likely to support ecosystem characteristics such as habitat and water purification. Whole tree
harvesters may be the best example of a technology that retains many of the ecosystem features of
forests.

Integrating the Landmarks in Land Management

Together, these ecological, legislative, and technological advances during the past century allow
land owners to implement a diversity of management practices. But just because the means are
available does not always imply that the practice will be used. For example, helicopter logging
now allows trees to be removed from slopes more steep and inaccessible than was previously
possible, but helicopters are generally not cost effective and are rarely used for harvesting. In
addition to technological advances, awareness of some basic ecological concepts as well as
legislative restrictions and social mores frame today’s management practices. A review of the
ecological concepts taught to foresters and their management implications clarifies how ecological
knowledge has helped forest managers understand the diversity of forces that determine which
species grow where, how forests develop, and how disturbances affect forests. These concepts
were derived by examining forestry text books (e.g., the text by Oliver and Larsen 1996).
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Gradient Concept: Environmental gradients are partially responsible for the distribution of
species, ecosystems, and biomes. Use: Sometimes silvicultural practices take advantage of the
ecological understanding of gradients and encourage planting or maintenance of species mixes and
densities appropriate for a site and a region. Often however, these natural gradients are ignored,
and monocultures of trees are planted over large areas.

Limitation Concept: Leibig (1840) introduced the concept that the growth and distribution of
species depend on the most limiting environmental factor. This Law of the Minimum is now
understood to imply that most factors provide both upper and lower limits and frequently factors
act in concert. Use: Forest management for sustained yield depends upon this concept. For
example, thinning regimes are put in place to minimize competition for scarce resources and thus
to maximum tree volume for a given stand age.

Disturbance: Disturbances, such as fire, windthrows, and insect outbreaks, are a natural part of
many forests and affect forest structure, composition, and function. Use: Forestry, more than any
other area of resource extraction, manages for the long term (with rotation times ranging from 10
to 110 years). Thus, foresters must recognize the potential for a disturbance to occur within a
management cycle. Practices are in place to either manage the disturbance (e.g., by fire breaks) or
manage the system so that it is less susceptible to a disturbance (e.g., by reducing the amount of
flammable litter or thinning trees so they are less likely to be attacked by beetles). To maintain
disturbance-prone ecosystems, it is recognized that eiht4r natural or anthropogenic disturbances
are necessary. Thus, at Fort Benning, fires are regularly set to burn the understory of long leaf pine
forests in order to retain their essential features necessary for the threatened and endangered red
cockaded woodpecker.

Succession: Succession is the gradual replacement over time of one species by another that results
in an increase in biomass in forests, a change in species-life-history characteristics, a change in
light levels, a switch from high to low net primary production, and an alteration of the storage of
nutrients from the soil to the standing biomass. Use: Knowledge of successional processes
pervades forest management. Some practices create initial stages of succession by spreading seeds,
planting seedlings, or leaving seed trees in place. The overall goal of silviculture is to artificially
move stands through seral stages by such activities as thinning. Harvesting is scheduled to
maximize profitability of timber yield by cutting trees prior to their peak in net primary production.
Harvesting trees at a time when much of the nutrients are still being cycled within the soil and
leaving branches onsite reduce the loss of nutrients from the site.
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Watershed Concept: Forests cleanse water and reduce runoff. Changes in the upland forests affect
the riparian system. Use: Some management practices are designed to enhance water quality and
quantity, reduce soil erosion, and maintain the riparian system. Trees are not cut on steep slopes or
adjacent to rivers. Downed branches are left onsite, and the litter layer is disturbed as little as
possible. Stream-bank corridors of trees are left in place, and logging roads are maintained by
providing proper drainage that reduces the chances of landslides into streams. Military activities
are restricted within streams as much as possible. For example, rip rap is put in place for most tank
crossings, and turning within stream beds is prohibited.

Structure Concept: Many ecological attributes can be linked to structural elements of the forest
(e.g., size of live and dead trees and canopy configuration). Thus, many functional and
compositional features of the forest can be preserved by maintaining structural features. Use:
Ecosystem management is largely built upon maintaining or establishing structural features. This
approach suggests ways that forest products can be harvested or military activities retained while
allowing some structural features, such as large trees or downed trees, to be left in place.

Recent Trends in Ecosystem Science

The major advances in ecosystem science in recent decades have been built upon these concepts.
In the 1960s, forest management operated under the belief that actions to promote timber
production are not necessarily good for other forest-related values. However, ecosystem science
demonstrated that structural complexity is an important feature of natural forest ecosystems and
that complexity is created naturally through disturbances. Because these disturbances occur on a
scale larger than a stand, a landscape view was adopted. Traditional practices of clear-cutting
even-aged stands do not recognize the importance of structure or disturbance in shaping the forest.
Major questions for ecologists that accept these concepts are, therefore, how much structural
complexity is needed and how can management activities (e.g., logging) be arranged in time and
space to promote these features. Finally, it is important to know the relationships between forest
stands and nonforest sites and the relative importance of those relationships.

This review shows that many forest practices are built upon ecological concepts and vice
versa. Much of what ecologists know about forests has been learned by working with foresters.
Even so, a gap remains between current ecological understanding and forest practices. This gap is
evident in practice where, for example, forest management is frequently targeted at timber harvest
in small parcels, instead of considering multiple uses of the entire landscape. Unfortunately, some
recent textbooks also focus on management for timber at a stand level rather than promoting
ecosystem-management practices (e.g., Oliver and Larsen 1996).
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However, new forestry approaches are being developed to promote practices that will
enhance ecosystem properties (Kohm and Franklin 1997). For example, long rotations and
variable-retention harvesting will both maintain ecologically important structural features of
forests while allowing harvest to continue (Franklin et al. 1997). Alternatively, previously
unproductive agricultural lands can now grow fiber for energy with intensive short rotations (e.g.,
10 years). Proposals for these management practices take many forms, but one basic ecological
impact is a return to the size structure more typical of natural forests, consideration of long-term
and broad-scale implications of forest management, and the perspective of the forest as an
interacting system.

The public understanding of ecosystem processes is also deficient. The public typically
associates ecology with the environmental movement and does not understand critical aspects of
ecosystems, such as feedbacks, changes over time and space, or the concept of a system itself. For
example, Naiman (1996) points out that the public does not understand how water affects land
processes and vice versa.

Challenges Ahead for Managing Lands as Sustainable Ecosystems
Many current land management practices have developed from ecological studies, but it is also
clear that the land management practices are not based on the most recent ecosystem science.
Rather, forestry is a success story for ecosystem science in the sense that there is an established
process for moving ecological theory into practice on DoD installations and national forest as well
as in the private forest industry. However, this process takes some time and is largely based on
personal interchange and experiences. An example of this transfer is given by looking at the
authors of the recent book on Creating a Forestry for the 21% Century (Komb and Franklin 1997).
Many of those authors are from the research branch of the Forest Service. A gap exists between the
practicing foresters and the research foresters, but because some members of these two groups are
in the same organization and professional societies, it is not as wide as it is in other fields.
Finally, a wide difference exists in application of forest-protection laws. For example, in
the United States, some state laws protect streams, whereas other states have no such protection.
The challenge for ecosystems scientists is not just to publish their papers, but also to present their
new ideas and understanding in a way that is useful and applicable for resource managers.
Products from research efforts need to be evaluated in the context of reaching the relevant
audience. Social scientists can help ecologists identify the characteristics of the interested parties
and what forest values are important to them. Scientific papers may elegantly lay out results, but
these results may not be attainable by land managers. Too many times our products are immersed
in jargon, complicated analysis, or theory, with the management implication being unclear. A
recent analysis of tools used by environmental decision makers shows that the results of research
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efforts need to be available to managers and not just described in papers (Dale and English, 1999).
Thus the challenges ahead for scientists are to find ways to deliver research results to the land
manager. Therefore, the SEMP project is designed not only to develop and test ecological
indicators, but also to see that they are implemented by the DoD managers at Fort Benning.
Furthermore, this development and application is meant to serve as a demonstration for other DoD
installations.

Irland (1992) has summarized future trends in land use: Suburban sprawl will continue.
The values that the public attributes to ecosystems will change, with many people recognizing
multiple uses of forests and others appreciating only wood products. Demand for wood and forest
products will increase with a corresponding rise in prices that will add to existing pressures to
harvest forests. Speculative booms in rural land will diminish the size and increase the turnover of
privately owned forest parcels. Less private land will be available for hunting, fishing, and hiking.
Mechanization of the forest industry will reduce the number of jobs. At the same time the military
needs for land on which to test and train will continue.

Up to now, for some small landowners forest management for timber in the United States
has reflected the lack of wood shortage. Future trends will exert pressures to manage forest lands
more efficiently. Currently, ineffective thinning, sloppy harvesting, and inappropriate
clear-cutting led to loss of productivity. Of the 21% of U.S. land that is managed as commercial
forest (195 million hectares, 480 million acres), only 8% was seeded or planted between 1950 and
1978 (Oliver and Larsen 1996, p.7). The rest was allowed to regenerate naturally. Rapid turnover
in land ownership, land fragmentation, and land-use conversion result in loss of forests or erode
the value of forests for wildlife habitat or as watersheds. Large landowners such as DoD and
USDA, on the other hand, have been increasing productivity significantly through improved
genetics, fertilization, planting, and more efficient harvesting.

Ecological science offers a long-term and broad-spatial perspective that is essential to
sustainable management of forest resources. The long view instills a sense of responsibility for the
forest resources. Forestry companies and federal agencies that own their lands, rather than lease
them, tend to cut and replant the forest in such a way that promotes long-term benefits. When land
management is performed for the long term, the ecological interactions are an integral aspect of the
changes in the forest. Yet even in the short term, terrestrial and aquatic resources can be
appropriately managed based on a knowledge of succession, effects of gradients, environmental
limits, and the roles of disturbance and watershed properties. It is the responsibility of science to
educate land managers about how these principles come into play in forest management, and it is
the responsibility of the public to challenge land managers to develop an ethic that can preserve the
ecosystem features of the forests. Ethical resource management built upon sound ecological
principles is the key to appropriate forest stewardship. Having ecological indicators to monitor key
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changes in ecological system is basic for such a resource management system.
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Table 1. Example indicators, dimensions, and values for forest systems developed by EPA and the

USDA Forest Service.
Indicators Dimensions Values
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Soil acidity

Foliar chemistry
Soil class

Crown measures
Leaf area

Branch evaluations
Plant diversity
Ozone bioindicators
Lichen diversity
Visible damage
Vegetation structure

Forest type

Tree size

Visible plant damage
Fragmentation
Visibility

Recreation use
Extractive use

Aesthetics
Recreation

Cultural importance
Religious importance
Consumptive use
Services of nature

List of Figures

Figure 4. Key events in land management. Acronyms are as follows: NEPA (National

Environmental Protection Act ), NFMA (National Forest Management Act), FLPMA (Federal

Land Policy and Management Act), NDVI (normalized-difference vegetation index), GIS
(geographic information system), GPS (global positioning system), and MODIS
(Moderate-resolution Imaging Spectrometer) (based upon Dale et al. 1998).

Figure 1. Spatial hierarchical overlap of a suite of ecological indicators for Fort Benning, Georgia.

Figure 2. Temporal hierarchical overlap of a suite of ecological indicators for Fort Benning,

Georgia.

Figure 3. Land cover map for Fort Benning in 1827
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Figure 2

Hierarchical Overlap of Suite of Ecological Indicators Over Time

Centuries Decades Years Days

Spatial Distribution of Cover Types

Age distribution of trees

Composition and distribution
of understory vegetation

B Macroinvertebrate

diversity

Streams: storm chemistry,
dissolved oxygen profiles,
macroinvertebrate

populations
*—0
i Soil
microorganisms
*—o

Temporal Scale

21



Figure 3.

Il Pine Forest
~ | Mixed Forest

| Deciduous Forest
| Cleared/Non-forest

I Other
I Water

22



Figure 4

Key Events in Land Management

Year ECOLOGICAL LEGISLATIVE TECHNOLOGICAL
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Section 4. Methods for SEMP Project: Indicators of Ecological Change
I. This research effort had five steps. These steps were to

(a) Analyze historical trends in environmental changes to identify potential indicators;

(b) Collect supplemental data relating to proposed indicators (building upon existing data

already available at Fort Benning);

(c) Perform experiments to examine how tank manipulations, troop movement, and other

training or testing activities as well as restoration efforts at Fort Benning might affect

these indicators;

(d) Analyze the resulting set of indicators for the appropriateness, usefulness, and ease of
taking the measure; and

(e) Develop and implement a technology transfer plan.

Each of these steps is described in more detail below.

(a) Analyze historical trends and environmental changes focusing on indicators
and questions that deal with the role of these changes. The goal of this analysis of
historical data was to identify and map trends that have occurred over recent human
history at Fort Benning and also to develop ways to measure these changes. The
historical data on land use at Fort Benning was investigated for trends in metrics that
relate to changes in ecological conditions over time, such as vegetation type and pattern.
A second goal of this work was to characterize the disturbance history of different sites in
order to evaluate relationships between the different indicators and level of disturbance
which will be the focus of steps b and c. We used the information to establish sampling
regimes and experiments in sites with relatively little disturbance and those that have
been more intensively disturbed.

Long-term environmental changes at Fort Benning and other military institutions
can be characterized with historical land survey maps. These maps were compiled as part
of the federal and state public land distribution. As lands were opened up for public
distribution in the United States, they were surveyed by the General Land Office (now
the Bureau of Land Management). Among the states that formed from the thirteen
colonies, lands were distributed at a state level. The states' process of distribution was
similar to the federal system. Fort Benning is mostly bounded by land that was surveyed
in the early nineteenth century by the state of Georgia.

The land distribution and survey system changed over time in Georgia. When the
land bordered by Fort Benning was surveyed in 1827, land was divided into roughly
equal lots within districts. Districts were to be roughly nine miles square and lots were
to be 202 ¥ acres square. Lots varied in size but were, on average, one half mile on one
side. The lots were then issued at a lottery.

As part of the land distribution, the Surveyor General surveyed the land, noting
the location of trees at each corner that marked the boundary of each lot. These trees
were indicated on a map. The surveyor indicated the corner tree and four witness trees.
The district maps are a sample of the forests during the early nineteenth century. In
some instances, the surveyor measured the distance to each corner tree and circumference
of tree. Using the "point quarter” method, a highly detailed estimation of the forest can
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be reconstructed using this data. These maps and survey data provide an extremely
valuable and unique method of characterizing long-term changes in the forests for a given
region (see following report by Black et al. — Appendix A of this section).

A small section of Fort Benning is in Alabama which the federal General Land
Office also surveyed. These surveys are slightly different than the Georgia survey but
provide similar information. Surveyors in the Fort Benning area of Alabama only
recorded corner trees so only species frequency can be determined.

We used the survey maps and field notes to create a digital GIS model of the
forests from the early nineteenth century for the Fort Benning area. Although Native
Americans had been living in the area for thousands of years, the model will be the best
known representation of the forests in a pre-western agricultural environment. Thus, the
1827 map provided the baseline conditions for the installation.

An analysis of changes over space and time using GIS and statistical analysis of
the changes in land cover over time was applied at Fort Benning. This approach provided
a means to derive measures that are consistent across time and space. We focused on
relationships between mapped features and the ecological systems that change
significantly over time and space. These significant changes allowed us to examine
conditions under which threshold of indicator values may be related to changes in
ecosystem conditions. The metrics were examined more closely by focusing on the
overall condition of terrestrial systems, aquatic systems that drain highly disturbed
terrestrial areas, and on soil microorganisms (as described below).

(b) Collection of data to supplement existing data and information already being
obtained. This analysis had three parts: examining terrestrial vegetation conditions, the
biochemistry of land/water relationships and aquatic biological integrity, and shifts in soil
organisms.

(1) Changes in the terrestrial systems

The components of ecological condition that were the focus of the terrestrial study
were vegetation and soil microorganisms and landscape metrics. Using data already
being collected by Fort Benning resource managers and information obtained as a part of
this study, we examined the usefulness of the suggested indicators in providing
information on sustainable ways to mange and use the DoD lands.

Indictors of fragmentation were examined to understand changes at the landscape
level. Landscape metrics were selected that describe a diversity of land use types and
how they may affect land management activities. These metrics cover a diversity of
features about landscape patterns that can relate to how changes in fragmentation affect
biological integrity of terrestrial systems. The estimate of landscape metrics used the
1827 land use map to provide baseline conditions. Because the landscape characteristics
often change over time, their effects on the species or systems of concern may alter.

(2) Changes in biological integrity of aquatic systems: land/water interactions and
stream biological communities and processes
This portion of the proposed work addressed several fundamental questions
concerning aquatic indicators of disturbance to the biological integrity of streams: What
are the chemical pulses in the streams that might indicate changes in the terrestrial
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portions of the landscape? What are the indicators of changes in biological integrity of
stream ecosystems resulting from disturbances in terrestrial ecosystems and changes in
the amount and timing of materials transported from the land to water?

Many disturbances in terrestrial ecosystems result in changes in chemical outputs
to streams draining these systems. The use of stream chemistry to identify changes in
terrestrial ecosystems is central to the well-established watershed approach to ecosystem
analysis. Disturbances in terrestrial ecosystems often produce increases in nutrient fluxes
in streams. One of the most sensitive stream-chemistry indicators of disturbance appears
to be the temporal pattern of nutrient concentrations during storms. Disturbances often
result in sharp increases in nitrate and phosphate concentrations during storms, whereas
nutrient concentrations in relatively undisturbed catchments tend to change very little or
decline during storms. Concentrations of inorganic sediments also tend to increase
sharply during storms in disturbed landscapes, in contrast to much smaller increases in
minimally disturbed systems. As seen in some of our recent studies in streams in eastern
Tennessee, changes in storm nutrient and sediment concentration profiles can occur at
disturbance levels that are too small to result in appreciable changes in concentrations
during non-storm periods (baseflow). Thus, storm nutrient and sediment profiles
potentially are more sensitive disturbance indicators than baseflow nutrient
concentrations. Further, because concentrations during high flows have a
disproportionately large effect on total chemical output (which are the inputs to aquatic
systems downstream), large increases in storm nutrient and sediment concentrations are
of considerable concern even if baseflow concentrations are unchanged.

Disturbances to terrestrial ecosystems also often involve changes in hydrologic
properties that result in a change in drainage-water flowpaths. Surface runoff is often
increased as a result of reduction in the water infiltration rates of surface soils.
Geochemical water-flowpath tracers are an important tool for identifying changes in
water flowpath, particularly during stormflow. Changes in the concentrations of
elements, such as calcium and silicon (which are often associated with deeper flowpaths)
and sulfate and chloride (often higher in surface flowpaths), can be used to identify
changes in catchment-water flowpath during storms (Mulholland 1993).

We evaluated storm chemistry profiles in streams as indicators of landscape
disturbance. We selected small catchments with contrasting disturbance histories (highly
disturbed, minimally disturbed) and compared storm chemistry patterns in each. This
approach provided important information on the variability in storm chemistry responses
to disturbance across a range of disturbance types and histories. The concentrations of
nutrients (ammonium, nitrate, phosphate), potential flowpath tracers (calcium, silicon,
chloride, sulfate), and other important water-quality constituents (suspended inorganic
sediments, pH, dissolved organic carbon) in stream water were measured across the
hydrograph for selected storms in different seasons.

Changes in terrestrial ecosystems can also have profound effects on the structure
and function of stream ecosystems draining them. These effects may result from physical
changes in riparian systems (e.g., vegetation removal, increased erosion) or from changes
in material transport from land to water (e.g., nutrients, sediments, toxic substances). To
assess changes to stream ecosystems resulting from terrestrial disturbances, we evaluated
two types of indicators: stream ecosystem metabolism (i.e., rates of gross primary
productivity, respiration at the whole-system level) and community-based indices of
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biological integrity. Together, these metrics provide functional (metabolism) and
organism-based (community) indicators of stream response to disturbance. As with our
proposed evaluation of chemical indicators of disturbance, we compared streams with
contrasting disturbance histories. Measurements were made seasonally to separate natural
variation caused by seasonal biological cycles from disturbance effects.

Community-based indices of biological integrity integrate the composition,
diversity, and functional organization of the community of organisms in the context of
the regional climatic and physical/chemical template. These indices of biological
integrity are potentially powerful indicators of disturbance effects because they quantify
the integrated response of entire communities of organisms to changes in food resources
as well as physical and chemical habitat characteristics. Several community-based
indices of the biological integrity of stream ecosystems have been proposed. We
evaluated several macroinvertebrate-based indices, for these indices have been shown to
be sensitive indicators of disturbance to stream ecosystems.

The final aspect of the proposed work on land/water interactions and aquatic
ecosystems involved technology transfer to DoD/Fort Benning personnel. Our intention
was that by the end of year 5 of the research we would have identified those system level
indicators that are most easily related to specific land uses and ecological implications.
During the technological transfer phase of the project, we educated DoD personnel about
the measurement and interpretation of the selected indicators.

(3) Soil microorganisms as a measure of the below-ground aspect of ecological
integrity

The soil biota is a useful measure of the functional integrity of terrestrial
ecosystems. That is, soil microorganisms serve as indicators of the nutrient status and of
the ongoing ecological processes that can potentially predict the future status of an
ecological system. The objective of this task was to develop a methodology that
measures shifts in microbial biomass, community composition, and physiological status
(measured as signature lipid/DNA biomarkers) as a quick and easy indicator of changes
in soil quality as a result of military activities and land management.

Soil quality ["the fitness of a specific kind of soil to function within its
surroundings, support plant and animal productivity, maintain or enhance water and air
quality, and support human health and habitation”(USDA NRES 1996)] has the potential
to be an effective index. Sustaining soil quality on military installations has many
important benefits. Enhanced soil quality can help to reduce the on-site and off-site costs
of soil erosion, improve nutrient use efficiencies, and ensure that the resource is sustained
for future military use. It is also essential to maintain other resources that depend on the
soil, such as water quality, air quality, vegetative productivity, and wildlife habitat. A
technology that allows for the easy and cost-effective measurement and monitoring of
soil quality could provide a valuable part of an overall adaptive land management tool
with a goal of sustaining ecosystem health.

No single property is a sole indicator of soil quality, but the collection and
analysis of many accepted soil quality indicators can be time-consuming and costly.
Biological indicators of the changes in in situ microbial ecology, such as viable biomass,
community composition, and physiological status, have been shown to correlate well to
changes in other soil quality indicators (i.e., soil porosity, texture, organic matter,
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phosphorus concentrations, nutrient cycling, and concentrations of elements). Because
changes in these microbial indicators reflect changes in other geophysical properties of
the environment, they may serve as a good overall indicators of soil quality. Therefore, a
methodology that uses these biological indicators is a useful tool for land managers to
cost-effectively determine changes in soil quality that may result from human use of the
site.

We investigated the potential use of signature biomarker analysis for early
detection of changes in soil quality as a result of military land use and land management
activities. This project also employed spatial analysis and artificial intelligence
technologies to simultaneously analyze multiple variables and develop a soil quality
spatial model that can be used to predict soil quality and ecosystem status trends.

(c) A field experiment was performed at Fort Benning to determine the
appropriateness and usefulness of these proposed indicators as measures of
ecological change. The experiment was designed to examine how both impacts and
restoration activities affect proposed indicators and the processes associated with them.
The field experiment consisted of two major treatment types that will be applied at
different levels. In both cases, data were collected prior to the application of the
treatments, as well as subsequently. The indicator information collected relative to
concerns dealing with vegetation, aquatic chemistry and biology, and soil
microorganisms. The main treatment was tracked vehicle use. Although all of Fort
Benning has some land use impacts, we selected an area that has had fairly light use
historically and subject part of it to two intensities of tank use. Several lessons have been
learned through this process about how to better implement such a field experiment (see
Appendix B of this section).

(d) Analysis of the resulting set of indicators considered their appropriateness,
usefulness and ease of taking the measure. Appropriateness includes an evaluation of
whether the combination of metrics supplies information about unique aspects of
biological integrity and threshold conditions. In the case of duplication of information,
that measure can be selected which best meet the other criteria of usefulness and ease of
measurement. The term "usefulness™ can be interpreted from both an ecological and a
land management perspective. Does the metric tell us something that a manager can
respond to? Is it likely to change over the time that the site is being managed (e.g., a few
seasons or years)? Is it ecologically meaningful? The ease of measurement criterion
boils down to whether the DoD staff can obtain a statistically valid measure with
relatively little cost and with confidence in the repeatability of the measure. It was
important to field test this ease of measurement because the Fort Benning staff have the
responsibility of continuing the monitoring once the research is completed.

(e) It was critical to develop and implement a technology transfer plan of the
indicators that result from this project or the effort will have been wasted. The Fort
Benning staff and The Nature Conservancy were key contributors to this part of the
proposed work plan. Once the indicators were selected by the research team, a
technology transfer plan was developed The technology transfer information was
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presented to the Fort Benning resource managers and The Nature Conservancy staff who
are on site at Fort Benning. The report was then revised based on their comments.

1. Selection of Research Sites for “Indicators of Ecological Change”

(a) Understory and soil microbes as indicators of military use

This study was limited to maneuver training areas and, thus, does not include
firing ranges, ordinance impact areas, or cantonment areas. Our goal was to develop valid
and repeatable measures of impacts of training on understory vegetation and soil
microbes in siyes suitable for longleaf pine forests.

Study site locations were on land suitable for longleaf pine growth. Determination
of potential site locations was achieved through a combination of existing forest stand
information (Personal Communication, Bob Lairmore 1999, Fort Benning, GA) and
county soil surveys of the United States Department of Agriculture Natural Resource
Conservation Service. We overlaid an image of the United States Forest Service forest
stand classification onto USDA NRCS soil maps for the area of land within the Fort
Benning boundary. A final map was then created depicting locations of soils associated
with longleaf pine within the installation boundary, and study sites were selected from
those areas. Longleaf pine stands currently comprise approximately 5800 ha of the total
area of Fort Benning. Soils favorable to the establishment and growth of longleaf pine
make up approximately 65,900 ha (about 90% of the total area).

The study was designed based on a stratified sampling methodology. The
sampling sites were blocked into five training intensity categories: reference, light,
moderate, heavy, and remediation. Reference areas experience little to no training
activities and are often in exclusion zones around firing ranges. Light training areas were
limited to dismounted training and individual orienteering activities. Moderate training
areas occur adjacent to tank training zones and are, thus, exposed to some tracked vehicle
maneuvers, as well as limited vehicle and infantry traffic. Heavy training areas are used
exclusively for wheeled and tracked vehicle training exercises. The classification of each
site was primarily based on historical records of training activity; however, due to the
variability of training intensity over space, final site selection was achieved through field
reconnaissance and discussions with the Fort Benning natural resource personnel.

The remediation area is located in the uplands of the McKenna Drop Zone that
was cleared in 1988 and subsequently rehabilitated. It is currently off limits to military
training and testing. Revegetation efforts involved liming, fertilizing, and seeding with
mixtures of grasses and legumes selected to increase vegetative cover and reduce runoff
rates [e.g., giant reed (Arundo donax), Bermuda grass (Cynodon dactylon), little bluestem
(Adropogon scoparius), Maidencain (Panicum hemitomom), Pensacola Bahiagrass
(Paspalum notatum), Alamo switchgrass (Panicum virgatum), weeping lovegrass
(Eragrostis curvula), Lespedeza Sericea (Lespedeza cuneta, Var. Sericia) and Lespedeza
Interstate (Lespedeza cuneta, Var. Interstate)].

Three transects were located in each of the reference, light, moderate, and heavy
training classifications, and two transects were located in areas classified as remediation.
Each transect was randomly placed within the fourteen study areas. The transects were
established at a random distance and direction from a selected location.
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(b) Stream sites

Streams were selected based on the following criteria
(1) 1st or 2nd order in size and evidence that they were perennial
(2) several streams in catchments of each of the dominant soil types (clay-dominated and
sand-dominated soils)
(3) encompasing a range in disturbance severity as determined from maps, discussions
with Fort Benning staff, and observations in the field
(4) reasonable access from road or trail
We quantified disturbance severity at the catchment scale for each stream using the land
use/condition maps that we developed. We evaluated several metrics of disturbance
severity (e.g., percentage of bare ground in catchment, number of intersections of bare
ground with ephemeral and perennial streams, average slope of bare ground).

Methods for SEMP Project: Indicators of Ecological Change Page
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Combining environmentally dependent and
independent analyses of witness tree data in
east-central Alabama

Bryan A. Black, H. Thomas Foster, and Marc D. Abrams

Introduction

Witness (bearing) trees recorded in surveyors’ notes have

Abstract: We reconstructed pre-European settlement forest composition across 13 000 km? of east-central Alabama us-
ing 43 610 witness trees recorded in the original Public Land Surveys. First, we interpolated the witness tree data to
estimate broad-scale vegetation patterns. Next, we conducted species—site analysis on landforms, an approach that was
dependent on underlying environmental variables yet better resolved fine-scale vegetation patterns. East-central Ala-
bama was dominated by three community types: oak—hickory across the Piedmont physiographic province and valleys
of the Ridge and Valley province, pine — blackjack oak on the Coastal Plain province and ridges of the Ridge and
Valley province, and white oak — mixed mesophytic in stream valleys and floodplains. Witness tree concentration
(trees/km?) was highly uniform across much of the study area. However, there was an unusually low concentration of
witness trees in the southwestern corner of the study area, and an unusually high concentration in stream valleys. An-
other irregularity was the inability of surveyors to distinguish black oak and red oak. Overall, the interpolations pro-
vided an unbiased, yet broad-scale estimate of forest composition, while the species—landform analysis greatly
increased resolution of forest cover despite the subjectivity of defining environmental variables a priori.

Résumé : Nous avons reconstitué la composition de la forét avant la colonisation par les Européens sur une superficie
de 13 000 km? dans le Centre-Est de 1’ Alabama 2 I’aide de 43 610 arbres témoins présents dans les inventaires origi-
naux des terres publiques. Dans un premier temps, nous avons extrapolé les données des arbres témoins pour estimer la
répartition de la végétation 2 grande échelle. Par la suite, nous avons effectué une analyse des relations entre espéces et
stations en fonction du relief; une approche qui est dépendante des variables environnementales sous-jacentes et qui
permet de déterminer encore mieux la répartition de la végétation a petite échelle. Le Centre-Est de I’ Alabama était
dominé par trois types de communautés végétales : chéne—caryer dans la province physiographique du Piedmont et les
vallées de la province de faites et vallées, pin — chéne noir dans la province de la plaine cdtigre et les sommets de la
province de faftes et vallées et chéne blanc — espéces mélangées adaptées a des conditions moyennes d’humidité dans
les vallées des cours d’eau et les plaines inondables. La concentration des arbres témoins (arbres/km?) était trés uni-
forme dans toute ’aire d’étude. Cependant, il y avait une concentration anormalement faible d’arbres témoins dans le
coin sud-ouest de P'aire d’étude et une concentration anormalement élevée dans les vallées des cours d’eau. Une autre
irrégularité venait de I’incapacité des arpenteurs  distinguer le chéne noir du chéne rouge. Dans I’ensemble, les extra-
polations fournissent une estimation non biaisée mais a grande échelle de la composition de la forét alors que I’analyse
des liens entre I’espice et le relief augmente grandement la résolution du couvert forestier malgré que la définition a
priori des variables environnementales soit subjective.

[Traduit par la Rédaction]

relationships but also reveal dynamic processes including
historic patterns of disturbance and the nature and extent of

been extensively used to characterize presettlement forests
throughout the eastern and midwestern United States (Lutz
1930; Kenoyer 1930; Siccama 1971; Lorimer 1977; Grimm
1984; Cogbill 2000). They provide not only a momentary
glimpse of forest composition, structure, and species—site
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Native American influences (Grimm 1984; Ruffner 1999;
Black and Abrams 2001). Witness trees are often the only
source of quantitative data on presettlement conditions
where all original forests have been cleared, and even where
original forests persist, post-European settlement land-uses
may have altered them from their original character (Bourdo
1956). Although certain biases and inconsistencies may oc-
cur in the data, witness trees represent an important resource
for investigating the ecology of presettlement forests and
assessing the effects of pre- and post-European settlement
land uses. '

Two major approaches exist for describing forest compo-
sition from witness tree data: environmentally dependent
analysis and environmentally independent analysis. In envi-
ronmentally dependent analysis, species—site relationships
are determined for a set of edaphic and topographic vari-
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ables such as soil texture, soil parent materials, slope, as-
pect, elevation, or landform (Whitney 1982; Abrams and
Ruffner 1995). Community composition may then be deter-
mined by grouping species that share similar patterns of
association with environmental variables. Although this
method describes both synecological and autecological rela-
tionships in the presettlement forests, there are some poten-
tial shortcomings. One of the most problematic is that
investigators are forced to choose environmental variables a
priori and might not select those that are most significant.
Also, testing these species—site relationships requires com-
plete and accurate base maps of soils, topography, and
hydrography, which may not yet be available for some areas.
Another major complication is that environmentally depend-
ent analysis assumes that underlying environmental vari-
ables are the sole regulators of forest composition. The
abundance of a species or community is unrealistically as-
sumed to be constant on all sites with the same set of envi-
ronmental characteristics, ignoring the potential effects of
natural or anthropogenic disturbance.

By contrast to environmentally dependent analysis, only
spatial patterns in the witness tree data are used to recon-
struct presettlement forest composition in environmentally
independent analysis. The underlying landscape is not con-
sidered, eliminating the subjectivity of selecting appropriate
environmental variables (White and Mladenoff 1994; Manies
and Mladenoff 2000). In the earliest form of this approach,
witness trees were transcribed onto modern base maps and
vegetation cover was estimated by hand. However, now with
the proliferation of geographic information systems (GIS), a
number of interpolation techniques have become available to
quantitatively and objectively convert points into continuous
coverages (He et al. 2000). Then, if estimates of species—site
relationships are desired, they can be determined by correlat-
ing interpolated results with the underlying environmental
variables. Despite the unbiased nature of environmentally in-
dependent analysis, a weakness is. that the scale of the result-
ing maps is very broad. For example, in western Mackinac
County, Michigan, the optimal grain was estimated at 1 mi?

(1 mi? = 2.590 km?; Delcourt and Delcourt 1996). A scale -

that size could smooth over important environmental varia-
tions, especially in regions that are more topographically
diverse. Several distinct landforms with distinct vegetation
types could occur within a square-mile block. Another po-
tential drawback is that interpolations aren’t as effective with
minor species or communities. Landform-dependent analysis
can provide more information in the case of small samples.

No matter whether environmentally dependent or inde-
pendent analysis is used, irregularities in: the witness tree
data could decrease accuracy in the results. One of the most
important problems is that witness trees represent an unin-
‘tentional sampling, which was neither random nor impartial
(Bourdo 1956; Black and Abrams 2001). Surveyors may
have improperly identified some trees and may have even
been biased toward certain species based on criteria of size,
vigor, abundance, bark characteristics, economic value, or
any other personal preference (Lutz 1930; Bourdo 1956;
Loeb 1987). Furthermore, witness tree densities (number of
trees per unit area) can vary with topography, as has been
shown in colonial (pre-1785) metes and bounds surveys that
occurred throughout New England and the mid-Atlantic
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(Black and Abrams 2001). Tests for species and size biases
in Public Land Surveys have largely failed to detect any sig-
nificance. However, problems with inaccurate species identi-
fication frequently occur and tests on spatial variations in
Public Land Surveys have not yet been conducted (Whitney
1994). If possible, the witness tree data should be checked
for identification errors and spatial irregularities to ensure
proper interpretation of the presettlement vegetation.

In this study, we describe presettlement forest composi-
tion across more than 13 000 km? of east-central Alabama
using 43 610 witness trees recorded in the original Public
Land Surveys. Few witness tree studies have been conducted
in the southeastern Unites States (Delcourt and Delcourt
1977; Schwartz 1994; Cowell 1995), and those in Alabama
have encompassed areas less than the size of a county (Dietz

-1959; Jones and Patten 1966; Rankin and Davis 1971;

Shankman and Wills 1995). Our study area spans three phy-
siographic provinces and six physiographic sections that all
exhibit substantial topographic and edaphic variation. To
capture vegetation patterns across these diverse landscape
features, we first apply environmentally independent interpo-
lation techniques to provide an unbiased characterization of
forest composition on a broad scale. We then perform envi-
ronmentally dependent analysis on landforms, which vary
on a much finer scale. This second step better quantifies
species—site relationships, increases the resolution of forest
composition, and investigates the distributions of minor spe-
cies with sample sizes too small for interpolations. Finally,
we describe variations in the concentration of witness trees
across the landscape, some of which correspond to land-
forms and others of which appear to be the consequence of
settlement patterns. Such spatial irregularities have not yet
been quantified in Pubic Land Surveys, yet they could sig-
nificantly affect the results of witness tree analysis.

Materials and methods

Study area

The study region in east-central Alabama includes the
Coosa Valley section of the Ridge and Valley physiographic
province; the Ashland and Opelika plateaus of the Piedmont;
and the Fall Line Hills, Black Belt (Black Prairie), and Red
Hills sections of the Coastal Plain (Fig. 1; Fenneman 1938).
The northernmost of these is the Coosa Valley section of the
Ridge and Valley province. The long sandstone ridges that
characterize this province are aligned on a northeast—
southwest axis and interrupt gently rolling valley floors de-
rived of limestone and shale. Elevations range from 100 m
on the valley floors to 540 m on the ridges. To the south,
stream valleys dissect the Ashland and Opelika plateaus of
the Piedmont to form hilly uplands. The Ashland Plateau is
somewhat more mountainous and xeric than the Opelika Pla-
teau with several prominent ridges and a wider range in ele-
vations (40-360 m on the Ashland Plateau and 60-270 m on
the Opelika Plateau). The Ashland Plateau is derived from
mica schists and slates, while schists and gneisses underlie
the Opelika Plateau (Fenneman 1938).

South of the Opelika and Ashland plateaus are the three
sections of the Coastal Plain, which are oriented longitudi-
nally across the study area (Fig. 1). A transition from the
Piedmont to the Coastal Plain, the south sloping Fall Line
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Fig. 1. Topography and physiographic sections of east-central Alabama. The Coosa Valley is within the Ridge and Valley province;
Ashland and Opelika plateaus are within the Piedmont; and the Fall Line Hills, Black Belt, and Red Hills are within the Coastal Plain.
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Hills range in elevation from 40 to 200 m and are underlain
by sandy and poorly consolidated sedimentary rock. In con-
trast, soils of the adjacent Black Belt section are formed of
chalk residuum and are among the most productive in the
southeastern Coastal Plain. Topographic relief is quite low
with slightly elevated sandy patches occurring among more
productive regions of high calcium carbonate and organic
content (Fenneman 1938). More typical of the Coastal Plain
is the sandy Red Hills Section, located in the southern part
of the study area. Topography is diverse, ranging from hilly
and dissected to broadly rolling. In addition, a number of
wide, fertile stream valleys occur among the less fertile,
sandy uplands. This section is named for its distinctively
red-pigmented soils (Fenneman 1938).

The climate of Alabama is almost subtropical with temper-
atures ranging from a mean of 10°C in the winter to 32°C in
the summer. Mean precipitation is about 137 cm. The mean
length of the growing season is approximately 250 days with
March 8 being the mean last day of frost and November 13
being the mean first day of frost (Burgess et al. 1960).

Witness tree surveys

The federal government conducted Public Land Surveys
in Alabama during the 1830s-1850s, predating widespread
European settlement. These surveyors divided land into
square townships that were 6 miles (9.66 km) long on a side,
and further divided each township into 36 square sections
that were 1 mile (1.61 km) long on a side. Four markers
were generally observed at each corner with two markers
observed halfway between each corner at quarter-corners.
Additional markers were usually identified, where surveyors
intercepted major bodies of water. The nature of markers
could be stones or posts, but by far the most common mark-
ers were trees, each of which were recorded by common
name in surveyor notes. The result was a somewhat system-
atic, yet unintentional sampling of the forests at a density of
approximately 24 trees per square mile.

Methods
Public Land Survey notes were obtained on microfilm
from the United States Bureau of Land Management in
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Washington, D.C. We digitized witness trees onto the Public
Land Survey System digital line graphs (DLG) from the
U.S. Geological Survey (USGS), using ArcView version
3.2a and ArcInfo version 8.02 (ESRI, Redlands, Calif.). Tree
species common names were translated from Godfrey
(1988), Schwartz (1994), and Cowell (1995) and are listed
in Table 1.

We conducted environmentally independent analysis by
first superimposing a 1-km? grid over the study area using
ArcView version 3.2a, grid and graticule extension. We then
tallied all witness trees within each cell with respect to spe-
cies and entered the data into CANOCO version 4 (Micro-
computer Power, Ithaca, N.Y.) for detrended correspondence
analysis (DCA). Each of the 11 667 grid cells served as a
plot. The DCA separated species into communities, and that
information was used to generate a community map in
which each 1-km? cell was classified according to its domi-
nant community type.

As a second approach to environmentally independent
analysis we interpolated the distribution of all major species,
which we defined as those species with more than 900 indi-
viduals in the study area. For this method, we calculated the
proportion of each major species within each 1-km? grid
cell, providing a local estimate of species abundance while
eliminating problems with the uneven concentration of wit-
ness trees across the landscape. Then, we converted the rela-
tive density grid theme to a point theme and performed
inverse distance weighting interpolation to smooth the data
using ArcInfo version 8.02 and ArcView version 3.2a. We
felt that interpolating 1-km? grid cells would resolve the
grain of the landscape in as much detail as possible while
maintaining adequate sample sizes.

Next, we performed environmentally dependent analysis
based on the six physiographic sections and landforms
within each section. First, all trees were tallied with respect
to physiographic section. Then, within each physiographic
section, trees were tallied with respect to landforms. A total
of four landforms were delineated on the Piedmont and
Coastal Plain: north sideslope, south sideslope, hilltop—
plateau, and stream valley — floodplain. The fifth landform
identified in the Coosa Valley of the Ridge and Valley Prov-
ince was valley floor. Landforms were identified by analyz-
ing 1° digital elevation models (USGS EROS), the Alabama
State Soil Geographic Data Base (STATSGO) digital soil
layer (USDA 1991), and a hydrography layer.

The first step in delineating landforms was to define
stream valleys and floodplains, which we identified as ripar-
ian zones and adjacent sites with soils derived from alluvial
deposits. To generate this coverage, streams were buffered
using ArclInfo version 8.02. Low-order streams (less than 5)
were buffered to a width of 40 m, all other streams were buf-
fered to 75 m, and major rivers were buffered to 100 m.
Then, soils with alluvial parent materials were identified us-
ing the STATSGO digital soil layer (USDA NRCS 1991).
Alluvial soils were combined with the buffered stream layer,
and in some cases the floodplains were slightly extended in
major river valleys where slope was less than 1%. Major
floodplains only occurred in the Coastal Plain, particularly
in the Fall Line Hills and Black Belt sections.

Sideslopes were all sites not included in the stream valley —
floodplain coverage where slope was greater than 10%. All
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other sites where slope was less than 10% and not already
classified as stream valley — floodplain were designated hill-
top — plateau. In the Coosa Valley section of the Ridge and
Valley Province, we defined valley floors as any site not al-
ready included in the stream valley coverage where eleva-
tion was less than 180 m and slope was less than 10%. Level
areas above 180 m were classified as hilltop—plateau. One-
hundred-eighty metres was high enough to include almost
all relatively level valley floors while excluding a large pro-
portion of ridgetops and sideslopes.

Once all tallies were complete, we used contingency table
analysis to quantify species relationships with environmental
factors (Strahler 1978). Analysis was performed to deter-
mine species — physiographic section associations and then
to determine species-landform associations within each of
the physiographic sections. For each of these seven analyses,
presence—absence tables were constructed for each species
with one row for presence counts and another for absence
counts. A column was constructed for each physiographic
section or landform class. We used the G statistic to test for
a significant species association with physiography and
landform (Rohlf and Sokal 1995). Sample size for this statis-
tic was deemed inadequate if at least two-thirds of the
expected individuals had fewer than six individuals (Steel et
al. 1997). For those species with a significant G statistic,
standardized residuals were calculated for each landform or
physiographic section according to the method of Haberman
(1973). A positive residual indicates a positive association
for the environmental factor, while a negative residual indi-
cates a negative association (Strahler 1978).

Witness tree irregularities

We used density analysis to describe the homogeneity of
witness tree concentration throughout the study area. The
study area was divided into a 100-m grid, and all trees
within 1000 m of each grid center were tallied. Tallies were
converted to mean number of trees per square kilometre
(ArcView version 3.2). In the seemingly irregular surveys in
the southwestern corner of the study area, we also evaluated
whether surveyors were biased toward marking trees on eas-
ily navigated landforms. To accomplish this, we first tallied
landforms at each witness tree location. We then superim-
posed a 0.5-km? grid onto the study area and tallied land-
forms at each grid-line intersection. In the systematic grid
tally, each landform should occur in roughly the same pro-
portion as it does on the landscape. The potentially biased
witness tree landforms were compared with the systematic
tally using a x? test. Finally, we tested the accuracy of sur-
veyors’ species names by superimposing townships and
ranges onto the witness tree coverage. Surveyor biases or
inaccuracies would be visible if a species abruptly increased
or decreased in frequency across township or range lines
(Cowell 1995).

Results

A total of 65 species was noted in the witness tree record,
but overall, the region was dominated by pine, oak, and
hickory (Table 1). The three dominant communities as sepa-
rated by detrended correspondence analysis were pine —
blackjack oak, oak-hickory, and white oak - mixed
mesophytic (Fig. 2). Pine, blackjack oak, post oak, and hick-
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Table 1. Common names and abundances of witness trees recorded in surveyors’ notes.
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Relative
Common name Scientific name(s) Count  density
Gymnosperms
Cedar Chamaecyparis thyoides, Juniperus silicola 7 0.0
Cypress Taxodium ascendens, T. distichum 7 0.0
Pine total Pinus echinata, P. palustris, P. elliottii, P. glabra, P. serotina, P. taeda, P. virginiana 19184 44.0
Spruce pine Pinus glabra 2 0.0
Angiosperms
Alder Alnus serrulata 9 0.0
Apple tree Malus 3 0.0
Ash Fraxinus americana, F. pennsylvanica 318 0.7
Bass, linden, lynn  Tilia americana 87 0.2
Bay total Persea borbonia, P. palustris, Gordonia lasianthus, Magnolia virginiana, Magnolia 288 0.7
grandiflora
Red bay Persea borbonia, Persea palustris 3 0.0
Beech Fagus grandifolia 551 1.3
Birch Betula nigra 39 0.1
Black haw Viburnum prunifolium 2 0.0
Cherry Prunus americana, P. serotina, P. angustifolia, P. caroliniana, P. umbellata 27 0.1
Chestnut Castanea dentata 1013 23
Chinquapin Castanea pumila, C. ashei 81 0.2
Crabapple tree Malus angustifolia _ 3 0.0
Cucumber Magnolia acuminata, M. cordata, M. pyramidata, M. ashei 20 0.0
Dogwood Cornus florida, C. alternifolia 436 1.0
Elder Sambucus spp. 3 0.0
"Elm total Ulmus alata, U. americana, U. rubra 183 04
Red elm Ulmus rubra 16 0.0
Blackgum Nyssa sylvatica, N. aquatica, N. biflora 738 1.7
Hackberry Celtis laevigata, Celtis occidentalis 42 0.1
Haw total Crataegus spp. 7 0.0
Red haw Crataegus spathulata 1 0.0
Hazel tree Hamamelis virginiana 2 0.0
Hickory Carya aquatica, C. cordiformis, C. glabra, C. ovalis, C. tomentosa 3826 8.8
Holly llex opaca, 1. vomitoria 239 0.5
Honey locust Gleditsia triacanthos 2 0.0
Huckleberry Vaccinium arboreum 10 0.0
Ironwood Carpinus caroliniana 202 0.5
Magnolia Magnolia grandiflora 37 0.1
Maple total Acer saccharum, A. rubrum, A. saccharinum 447 1.0
Box elder Acer negundo ' 15 00
Sugar tree Acer saccharum 47 0.1
Mulberry Morus alba, M. rubra 65 0.1
Myrtle Myrica cerifera, M. inodora, llex myrtifolia, Quercus myrtifolia 1 0.0
Oak total Quercus spp. 14289 328
Blackjack oak Quercus marilandica, Q. laevis 1723 4.0
Black oak - Quercus velutina, Q. falcata, Q. rubra, Q. shumardii 2541 7 5.8
Post oak Quercus stellata 5065 11.6
Red oak Quercus falcata, Q. velutina, Q. rubra, Q. shumardii 2943 6.7
Spanish oak Quercus falcata 280 0.6
Water oak Quercus nigra © 227 0.5
White oak Quercus alba 1262 29
Willow oak Quercus phellos 130 0.3
Peach Prunus persica 21 0.0
Pecan Carya illinoiensis 3 0.0
‘Persimmon Diospyros virginiana 128 0.3
Plum Prunus angustifolia, P, americana 10 0.0
Poplar Populus deltoides, P. heterophylla, Liriodendron tulipifera 313 0.7
Red bud Cercis canadensis 13 0.0
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Table 1 (concluded).
: Relative

Common name Scientific name(s) Count  density
Sassafras Sassafras albidum 211 0.5
Sourwood Oxydendrum arboreum © 213 0.5
Sumac Rhus copallina 3 0.0
Sweetgum Liguidambar styraciflua 461 1.1
7Sycamore Platanus occidentalis 23 0.1
Wahoo Euonymus atropurpureus 15 0.0
Walnut Juglans nigra, J. cinerea 15 0.0
Wild orange Citrus 1 0.0
Willow Salix caroliniana, S. nigra, S. floridana 12 0.0
Total count 43 610

Fig. 2. Detrended correspondence analysis of witness tree data using 11 667 plots (square-kilometre blocks) and 51 species. The 30
most abundant species are shown, and three communities are separated: white oak — mixed mesophytic, oak-hickory, and pine —
blackjack oak. Axis 1 explains 3.6% of the species variance, while axis 2 explains 2.7%.
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ory dominated the pine — blackjack oak community, while
post oak, hickory, the red oaks (red oak, black oak, and
southern red oak), and pine dominated the oak-~hickory com-
munity (Table 2). White oak, beech, and pine were the most
abundant species in the diverse white oak -~ mixed
mesophytic community. In general, pine - blackjack oak oc-
cupied the roughest terrain, such as the ridges of the Ridge
and Valley and the most highly dissected regions of the Fall
Line Hills and Red Hills (Figs. 1 and 3). The oak-hickory
community dominated across the Piedmont, on the valley
floors of the Ridge and Valley, and the level uplands of the
Coastal Plain. The white oak — mixed mesophytic commu-
nity occurred on stream valleys and floodplains throughout
the entire study area (Fig. 3). Thus, axis 1 of the DCA can
be interpreted as a moisture gradient from the moist, pro-

tected stream valleys to the gently rolling Piedmont and then
to the roughest terrain of the sandy Coastal Plain (Fig. 2).
Contingency-table analysis indicated both species of the
pine and blackjack oak community were strongly associated
with the Fall Line Hills, and to a lesser extent, with the
Ridge and Valley. However, physiographic "associations
within the oak-hickory community were much more hetero-
geneous (Fig. 4). Post oak, the red oaks, hickory, and chest-
nut were positively associated with the Piedmont; however,
the red oaks and hickory attained their peak abundances on
the Opelika Plateau, while chestnut was associated with the
Ashland Plateau. Chestnut oak occurred infrequently on the
Piedmont but was a component of the oak-hickory forests of
the Coosa Valley ridges (Fig. 4). By contrast, post oak was
most strongly associated with the Piedmont and was only
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Table 2. Relative densities of witness tree species in the
presettlement forest communities of east-central Alabama.

Pine - White oak —
blackjack mixed
Species oak Oak-hickory mesophytic
Pine (total) 79.2 12.5 8.8
Oak (total) 15.0 56.8 28.2
Post oak 3.5 24.9 2.8
Red oak 1.9 14.2 2.9
Black oak ' 1.4 13.0 22
Spanish oak 0.2 1.3 0.4
Blackjack oak 7.2 1.1 0.5
White oak 0.6 1.7 12.5
Willow oak 0.0 0.1 2.0
Water oak 0:1 0.2 33
Hickory 2.1 19.5 3.6
Chestnut 0.6 4.5 0.9
Blackgum 0.8 2.6 1.2
Ash 0.1 0.2 4.0
Basswood 0.0 0.1 1.3
Bay 0.2 0.1 4.1
Beech 0.2 0.2 9.1
Birch 0.0 0.1 0.6
Chinquapin 0.0 0.1 0.8
Dogwood 03 0.6 3.9
Elm total 0.0 0.1 2.5
Hackberry , 0.0 0.0 0.7
Holly 0.1 0.1 39
Ironwood 0.1 0.1 33
Magnolia 0.0 0.0 0.7
Maple (total) 0.2 0.4 53
Mulberry 0.0 0.1 0.9
Persimmon ’ 0.1 0.2 1.2
Poplar 0.2 0.5 2.6
Sassafras 0.1 0.4 . 2.1
Sourwood 0.1 0.2 2.2
Sweetgum 0.3 0.4 51
Tree count 12 982 4277 17 849

weakly associated with the Ridge and Valley (Fig. 4). In the
white oak — mixed mesophytic community, most species
were associated with the Black Belt and Red Hills of the
Coastal Plain where stream valleys and broad floodplains
were most abundant (Figs. 1 and 4). Yet some species such
as bay, beech, holly, and magnolia were more strongly asso-
ciated with the Black Belt, while white oak, water oak, bass-
wood, and elm were more strongly associated with the Red
Hills (Fig. 4). This difference in physiographic association
appears to explain a large part of axis 2 in the DCA (Fig. 2).

Patterns of standardized residuals summarize species asso-
ciations with physiographic sections, but the actual distribu-
tion of each species is much more complex. Interpolations of
major species illustrate how concentrations of species varied
throughout physiographic sections in response to landforms
and topographic roughness. Overall, the red oaks, post oak,
and hickory occurred on gently rolling regions within each
physiographic section, while pine and blackjack oak occu-
pied the roughest terrain (Figs. 1. and 5). Indeed, pine
attained its greatest concentrations on the most highly dis-
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sected uplands of the Fall Line Hills and Red Hills (Figs. 1
and S5). On the other extreme, mixed mesophytic species
(including ash, bay, beech, birch, cherry, elm, hackberry,
holly, ironwood, magnolia, maple, and poplar) were most
abundant in the broad valleys of the Red Hills, and to a
lesser extent, in the narrower stream valleys of the other
physiographic sections. White oak occurred on similar sites,
but locations of its peak concentrations did not always coin-
cide with those of mixed mesophytic species (Fig. 6). White
oak and mixed mesophytic species only roughly overlapped
in distribution. Likewise, post oak and hickory exhibited
similar patterns of association with physiography, but in the
Opelika Plateau where both were most abundant, hickory
was concentrated in a much smaller region (Figs. 5 and 6).
Although landforms are roughly comparable among phys-
iographic sections, their exact nature differs to some degree.
For example, sideslopes are steeper in the Fall Line Hills
and Coosa Valley than the Black Belt, and stream valleys are
broad and level in the Red Hills and Black Belt, while they
are steep and narrow in the Ashland and Opelika plateaus.
Consequently, response of each species to landforms was
generally consistent, but fluctuated somewhat throughout the
study area (Figs. 7 and 8). This was true for both dominant
species of the pine — blackjack oak community. Across all
six physiographic sections, pine was negatively associated .
with stream valleys and positively associated with south
sideslopes and hilltops. Magnitude of this relationship varied
considerably, and was strongest in the Fall Line Hills. Pat-
terns of landform association for blackjack oak were also
fairly constant throughout the study area and overlapped to a
large extent with those of pine. The major difference be-
tween these species was the lack of association between
blackjack oak and hilltops (Figs. 7 and 8). In the white oak —
mixed mesophytic community, landform associations were
also quite consistent. All species in all physiographic sec-
tions were most strongly associated with stream valleys with
the one exception that dogwood was associated with north
sideslopes in the Red Hills. Other weaker associations in-
clude that of sourwood with north sideslopes in the Coosa
Valley, Ashland Plateau, and Red Hills and white oak with
north sideslopes in the Black Belt (Figs. 7 and 8).
Landform associations for species of the oak—hickory
community were most variable among physiographic sec-
tions and among species. The only commonality was that all
species of this community were rarely associated with south
side slopes. Differences among species were evident in the
Coosa Valley where post oak and hickory were most abun-
dant on the valley floor; chestnut, chestnut oak; and black
gum were most abundant on north sideslopes; while the red
oaks were associated with the stream valleys and hilltops
(Fig. 7). In the Piedmont, chestnut once again was associ-
ated with the north sideslopes, but post oak peaked in abun-
dance on the hilltops, and peak abundance of the red oaks
shifted from hilltops and stream valleys to hilltops and north
sideslopes (Fig. 7). Black gum was associated with stream
valleys, a pattern that also occurred throughout the Coastal
Plain (Figs. 6 and 7). Only in the highly dissected Fall Line
Hills were all other species of the oak-hickory community
positively associated with stream valleys (Fig. 8). Farther
south in the Black Belt and Red Hills, landform associations
of oak-hickory species. were similar to those in the
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Fig. 3. Community map of east-central Alabama. The three major communities are oak-hickory, white oak — mixed mesopytic, and
pine — blackjack oak. Oak — hickory — pine — blackjack oak is an equal combination of species from both communities. Mixed is an
equal combination of species from the white oak — mixed mesopytic and pine — blackjack oak or oak-hickory community.
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Piedmont. Exceptions include the strong association of hick-
ory with north sideslopes and an association of chestnut with
stream valleys in the Red Hills (Fig. 8).

Witness tree irregularities

Density analysis demonstrated that although witness tree
concentration was uniform across large portions of east-
central Alabama, concentration was unusually high along
major rivers and unusually low in the southwestern corner of
the study area (Fig. 9). Also, a mapping of red oak and black
oak depicts sharp transitions in the abundance of these two
species along township lines (Fig. 10). These transitions also
occur on range lines (not shown). Thus, what one surveyor
referred to as red oak, another referred to as black oak. For

this reason, black oak, red oak, and the closely related Span-
ish oak were grouped into the category of “red oaks” in this
study. Also, there were no significant differences between
the frequencies of landforms at witness tree locations and

landforms at half-mile grid intersections. Surveyors did not

appear to have been biased toward selecting trees on specific
landforms in the seemingly irregular surveys that occurred
in the southwestern portion of the study area.

Discussion

Distribution of the pine - blackjack oak community in this
study reflects its well-documented occurrence on upland,
xeric sites (Garren 1943; Braun 1950; Shankman and Wills
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Fig. 4. Associations of species to physiographic sections in east-central Alabama. A positive standardized residual indicates a positive
association and a negative standardized residual indicates a negative association. ns, not significant (& = 0.05).
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1995; Christensen 2000). Across the study area, both pine
and blackjack oak were positively associated with south
sideslopes and ridgetops and negatively associated with
stream valleys. Given these very consistent species—site rela-
tionships and 80% dominance by pine, the composition of
pine — blackjack oak appears to be relatively homogenous.
However, the diversity of this community was probably
much greater than that revealed by the witness tree record.
Such low estimates of complexity are mainly due to the fact
that surveyors failed to distinguish pine species. ,

Several species including longleaf pine (Pinus palustris),
shortleaf pine (Pinus echinata), loblolly pine (Pinus taeda),
slash pine (Pinus eliottii), and Virginia pine (Pinus
virginiana) likely occurred in the community; the density of
each would have been dependent on local moisture and dis-
turbance regimes (Braun 1950; Shankman and Wills 1995;
Christensen 2000). Of all these species, longleaf is most
competitive on sandy, dry, nutrient-poor sites prone to high
fire frequencies, tending to occur on hilltops and upper south
sideslopes (Mohr 1901; Braun 1950; Golden 1979; Burns
and Honkala 1990; Christensen 2000). These forests are
generally open and range from nearly pure longleaf pine to

white oak-mixed mesophytic
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two-story communities with a subcanopy dominated by
blackjack oak, bluejack oak (Quercus cinerea), and turkey
oak (Quercus laevisy (Mohr 1901; Braun 1950; Golden
1979; Christensen 2000). Virginia pine may have occurred
on rock outcrops in the Piedmont and Ridge and Valley
(Shankman and Wills 1995). On less extreme sites, shortleaf
pine would have increased in dominance, canopy closure
would have been greater, and oak and hickory would have
become more common. Loblolly pine would have dominated
on more mesic sites such as lower north sideslopes and
coves (Braun. 1950; Golden 1979; Burns and Honkala 1990).

Modern studies must also be used to clarify the composi-
tion and structure of the oak-hickory community. As was the
case with pine, surveyors did not distinguish hickory to the
species level, and although they attempted to distinguish red
oak, black oak, and Spanish (southern red) oak, errors were
clearly common. In the presettlement forests, southern red
oak and mockernut hickory (Carya tomentosa) were proba-
bly most abundant on xeric sites, while black oak likely
grew on a variety of upland sites, peaking in abundance un-
der moderate to xeric conditions (Golden 1979). In stream
valleys and coves, northern red oak (Quercus rubra), pignut
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Fig. 5. Interpolations of major witness tree species in east-central Alabama. Dark shading indicates high concentrations of a species.

Red oaks include red oak, black oak, and southern red oak.

red oaks

hickory (Carva glabra), and bitternut hickory (Carya ovara)
would have attained their highest frequencies (Golden
1979).

For those species that surveyors properly identified, other
studies on modern and presettlement forests near and within
the study area corroborate our species-site relationships
{Golden 1979; Cowell 1995; Shankman and Wills 1995). All
agree that post oak is associated with dry, upland sites. Also,
others have noted chestnut oak on steep, north-facing
sideslopes of the Ridge and Valley, Ashland Plateau, and
to a lesser extent, on the Opelika Plateau (Gelden 1979
Shankman and Wills 1995). Furthermore, the abundance of
American chestnut on the Piedmont and ridges of the Ridge
and Valley was. consistent with its reputation of being posi-
tively associated with well-drained, acid loams and nega-
tively associated with calcareous soils and those of the
Coastal Plain (Russell 1987). Within the Piedmont, a prov-
ince where American chestnut was abundant, previous wit-
ness tree studies report that American chestnut occurred on
upland landforms, especially on north sideslopes (Cowell
1995; Shankman and Wills 1995). Our results indicate that
degree of association with north sideslopes increased with
topographic relief from the Opelika Plateau to the Ashland

post cak

Plateau and Coosa Valley and that American chestnut
tended to be associated with stream valleys where it oc-
curred in the Coastal Plain.

Edaphic and topographic features also affected the struc-
ture of the oak-hickory community, particularly in the Black
Belt. There, early traveler and surveyor accounts describe
the oak dominated uplands as a combination of closed
forests, oak savannahs, and open grasslands. Soil reaction,
which varies considerably across the Black Belt, accounts
for a large part of this variability. Among upland sites, low-
density forests dominated on alkaline clay soils, particularly
in areas of moisture stress, while high-density forests oc-
curred on acid loams (Jones and Patton 1966; Rankin and
Davis 1971). Low tree densities were interpreted as open
grasslands or savannas with scattered oaks and pines. In
Montgomery County, over a third of the Black Belt was
open grassland and only 10% supported high tree densities
(Rankin and Davis 1971). Farther west in Sumter County,
23.4% of the Black Belt had low tree densities, including
13.4% classified as prairie (Jones and Patton 1966).

In the white ocak — mixed mesophytic communily, species
were consistently associated with stream valleys (Figs. 6 and
7). However, wide dispersal in DCA axis 2 and slightly dif-
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Fig. 6. Interpolations of major witness tree species in east-central Alabama, Dark shading indicates high concentrations of a species.
Mixed mesophytic species are ash, bay, beech, birch, cherry, elm, hackberry, holly, ironwood, magnolia, maple, and poplar.

white oak

ferent patterns of association with physiography indicate that
community compesition was not uniform among stream val-
leys (Figs. 2 and 4). An analysis of modern forests in the
Alabama Piedmont reveals similar groupings of mesophytic
species and provides insight into community differences and
the meaning of DCA axis 2 (Fig. 2) (Golden 1979). In his
analysis of the Alabama Piedmont, Golden (1979} recog-
nized three major mesophytic communities: sweetgum —
water cak — red maple, small stream bottoms, and white oak.
Sweetgum — water cak — red maple occurred in both wide
and narrow stream valleys with poor drainage, while small
stream bottom communities occurred in narrow, well-
drained stream valleys {Golden 1979). Species characteristic
of the sweetgum — water oak — red maple community have
low scores for DCA axis 2 while species characteristic of
the small stream-bottom community, including magnolia,
holly, beech, and sourwood, have high scores. Indeed, plot-
ting axis 2 scores in the GIS shows a clear concentration of
high values in the broad valleys of the Coastal Plain and
Black Belt. High scores also occur along the major river val-
leys throughout the study area.

Golden's (1979) third mesophytic community, the white
oak community, occurs on mesic upland sites and is domi-
nated by white oak, shagbark and mockernut hickory, dog-

chestnut

mixed mesophytic

wood, tulip-tree, and sourwood. These species (with poplar
most likely referring to tulip-tree in the witness tree record)
cluster around white cak in the DCA plot (Fig. 2). They
have the highest scores on axis 1, suggesting that of the
mesophytic species, these are the most likely to occur on the
uplands. Thus, it appears possible that this association not
only occurs in the modern forest but could also be found in
the presettlement forests.

While edaphic and topographic features can explain many
patterns in structure and composition, disturbance undoubt-
edly influenced the presettlement forests. Evidence as to the
importance of disturbance is the widespread dominance of
pine, species of which are shade intolerant and require an
open canopy to regenerate (Christensen 1989; Burns and
Honkala 1990). Disturbances that could have opened the
canopy and eliminated competition include hurricanes and
smaller windstorms, yet these events were probably too lo-
calized or infrequent to account for such pervasive domi-
nance {Cowell 1995}. Instead, the most likely cause of pine’s
widespread distribution was periodic surface fires (Burns
and Honkala 1990; Cowell 1995). Lightning ignitions were
likely the most important ignition source in the pre-
European settlement forests, particularly on upland flats and
regions of low topographic relief. Also, early settlers and
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Fig. 7. Associations of species to landforms in east-central Alabama. A positive standardized residual indicates a positive association
and a negative standardized residual indicates a negative association. ns, not significant (& = 0.05). The Coosa Valley is within the
Ridge and Valley province, and the Ashland and Opelika plateaus are within the Piedmont.
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travelers provide numerous accounts of Native American
burning. The influence of these anthropogenic fires would
have been greatest in the most dissected portions of the
Coastal Plain and Piedmont where the heterogeneity of the
landscape would have prevented natural fires from spreading
{Ware et al. 1993)

Contemporary studies suggest that recurring surface fires
every 2 or 3 years would favor longleal pine, while a fire
interval of approximately 5 years would favor shortleaf pine,
and an interval of at least 10 years would maintain loblolly
pine (Pyne 1984). Oak and hickory tend to dominate sites
with somewhat longer fire intervals, the shortest estimates of
which range from 8 to 10 years (Cowell 1995; Shumway et
al. 2001). Indeed, the loamy soils of the Piedmont and valley
floors of the Coosa Valley where oak dominated would have
inhibited fire compared with the sandy or thin soils of the
Coastal Plain, mountains of the Ashland Plateau, and ridges
of the Coosa Valley where pine dominated. Also, there may
have been a fire—soil interaction on these sites that favored
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oak, considering the partial overlap in the fire regimes
between these genera. Relegation of fire-intolerant species,
such as tulip-tree, ironwood, elm, and maple, to stream val-
leys is also consistent with the fire hypothesis. Furthermore,
it is widely believed that without fire in southeastern forests,
pine would be invaded or replaced by hardwood species
(Oosting 1942; Garren 1943; Braun 1950; Quarterman and
Keever 1962; Shankman and Wills 1995; Cowell 1995), For
example, fire suppression in north-central Florida is causing
a shift from pine to hardwoods on sandy upland sites
(Delcourt and Delcourt 1977). A shift from pine to hard-
woods was alse noted in the lower Alabama Piedmont and is
occurring at a much more rapid rate on moist sites than dry
sites (Golden 1979). In an old loblolly pine forest on the
Coastal Plain of Virginia, there was a shift towards increas-
ing dominance of blackgum, sweetgum, and holly (flex
opaca Ait.) (Abrams and Black 2000). Thus, hardwoods are
capable of invading sites historically dominated by pine, but
fire appears to have prevented such invasions.
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Fig. 8. Associations of species to landforms in the Coastal Plain of east-central Alabama. A positive standardized residual indicates a
positive association and a negative standardized residual indicates a negative association. ns, not significant (o = 0.05).
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Irregularities

The fact that species—site relationships were strong, con-
sistent, and in agreement with expected values suggests that
surveyors identified trees with some degree of accuracy. The
large number of tree species identified in the survey also
supports this conclusion and indicates surveyors did not
show strong biases toward any one species. However, cau-
tion should be used when interpreting the records of any two
species that share many morphological characteristics. As
was the case with red oak and black oak, surveyors may
have had trouble distinguishing closely related species. No
other species showed abrupt differences in abundance across
township or range lines, yet it seems likely that turkey oak
was included with blackjack oak. Almost certainly, turkey
oak occurred in the study area and perhaps was even more
abundant than blackjack oak in some places. However, be-
cause they are both tow stature “scrub” oaks, surveyors may
not have differentiated them,

Irregular witness (ree densities have been reported in
metes and bounds witness tree data but not in Federal Public
Land Survey data (Black and Abrams 2001), In the colonial
{pre-1785) metes and bounds surveys that extended through-
out New England and the mid-Atlantic (Black and Abrams
2001), surveys could be highly irregular in size and configu-
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ration. Consequently, the density of witness trees (number of
trees per unit area) may vary with the degree of topographic
relief. For example, in Lancaster County, Pennsylvania, wit-
ness trees are much more concentrated in the mountainous
uplands than the level lowlands {Black and Abrams 2001).
Moreover, surveyors recorded significantly more trees on
easily navigated landforms such as hilltops and stream val-
leys while avoiding the difficult terrain of sideslopes (Black
and Abrams 2001). In east-central Alabama, the relatively
high number of trees sampled along major river valleys
could lead to a slight over-representation of flood plain spe-
cies in the witness tree data, However, these increases in
concentration are slight and probably do not affect the anal-
ysis of witness tree data to a significant extent in this study.
As for other data sets, wherever surveyors were instructed to
mark “wander points” at the borders of major water bound-
aries, such irregularities can be expected (Bourdo 1956;
White 1991).

The low concentration of marked trees in the southwest-
ern corner of the study area was more problematic. However,
variations in witness tree density do not appear to corre-
spond with any environmental variables. The most likely
explanation for this irregularity is settlement of the region
before surveys were completed. Montgomery, Ala., is lo-
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Fig. 9. Density analysis of witness trees. Tree concentration is calculated as number of trees per square kilometre,
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cated in this part of the study area and was incorporated in
1819 (Pickett 1851; Jones and Patton 1966). Indeed, survey-
ors frequently noted fields and clearings in this region
(Jones and Patton 1966). Because these variations did not
correlate with topography or geologic features, environmen-
tally dependent analysis was unaffected. However, prior to
performing interpolations, it was necessary to compute spe-
cies’ relative densities in square-kilometre blocks to com-
pensate for the irregular tree density. Had these
concentrations correlated with environmental variables, the
study area would have to be subdivided to the level at which
the variations occurred before species—site analyses or any
interpolations could be conducted (Black and Abrams 2001).

Conclusions

This study represents one of the largest pre-European
settlement forest reconstructions in the southeastern United
States. It provides a rare quantitative analysis of forest types
that have been massively exploited and altered by post-

settlement land uses. This is especially true for the transi-
tional forests between the Piedmont and Coastal Plain,
which were never adequately described and are represented
by only one remnant (Ware et al. 1993). This study also doc-
uments the relatively uniform sampling of witness trees in
east-central Alabama, with the only major exception of a
low tree density in the southwestern region of the study area.
These irregularities did not correlate with any underlying en-
vironmental variables and were corrected by calculating the
local relative density (i.e., within each square kilometre) of
each species before interpolating. However, an irregularity
that could not be corrected was the misidentification of red
and black oak. The sharp differences in abundance of these
two species across township lines suggests that closely
related species might not be accurately identified in the wit-
ness tree record.

The use of environmentally independent and dependent
analysis provided two different perspectives by which to
describe presettlement forest composition. In this example,
environmentally independent analysis was used to interpo-
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Fig. 10. Map of red cak and black oak superimposed onto township lines. Abrupt changes in abundance of red oak and black oak
occur across township lines, suggesting that surveyors did not accurately distinguish these two species.

[ ] red aak
- biack oak

late broad patterns in species abundance. Fine-scale varia-
tions were resolved using environmentally dependent
analysis to describe species—landforms associations. When
used alone, the scale of environmentally independent analy-
sis is often too broad to capture important variations in
forest composition, and environmentally dependent analysis
assumes that edaphic and topographic variables are the sole
regulators of vegetation. When combined, however, the
shortcomings of both approaches are ameliorated. Resolu-
tion is maximized, and the effects of edaphic, topographic,
and disturbance factors are all considered. Therefore, we
suggest that both be applied to witness wee analysis, espe-
cially in regions where topography and geology are diverse.
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Abstract

Ecological indicators can be used to assess the condition of the environment, to provide an early warning signal of changes
in the environment, or to diagnose the cause of an environmental problem. Ideally the suite of indicators should represent key
information about structure, function, and composition of the ecological system. Three concerns hamper the use of ecological
indicators as a resource management tool. (1) Monitoring programs often depend on a small number of indicators and fail
to consider the full complexity of the ecological system. (2) Choice of ecological indicators is confounded in management
programs that have vague long-term goals and objectives. (3) Management and monitoring programs often lack scientific
rigor because of their failure to use a defined protocol for identifying ecological indicators. Thus, ecological indicators need
to capture the complexities of the ecosystem yet remain simple enough to be easily and routinely monitored. Ecological
indicators should meet the following criteria: be easily measured, be sensitive to stresses on the system, respond to stress in a
predictable manner, be anticipatory, predict changes that can be averted by management actions, be integrative, have a known
response to disturbances, anthropogenic stresses, and changes over time, and have low variability in response. The challenge
is to derive a manageable set of indicators that together meet these criteria. Published by Elsevier Science Ltd.

Keywords: Ecological indicators; Hierarchy; Management resources

1. Introduction

As habitat fragmentation, changes in ecological
condition, and loss of biodiversity escalate, society
turns to science for guidance on dealing with com-
plex environmental issues. Unfortunately, there are
no simple solutions to many of the environmental
problems of today, but clearly a commitment to con-
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servation of natural resources and to understanding
the implications of resource management and stress
impacts is a necessary step towards addressing these
complicated issues (Noss and Cooperrider, 1994). It
is also imperative that, in connection with this focus
on conservation, ecologists develop sound methods
for monitoring, assessing, and managing ecological
integrity through the use of indicators of ecological
change. Ecological integrity refers to system whole-
ness, including the presence of appropriate species,
populations, and communities and the occurrence of
ecological processes at appropriate rates and scales
(Angermeier and Karr, 1994; Karr, 1991) as well as
the environmental conditions that support these taxa
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and processes. Thus, the concept of ecological in-
tegrity frames the selection of system-level indicators
that are useful for resource managers (Karr, 1991).

Ecological indicators have several purposes (Cairns
et al., 1993). They can be used to assess the condition
of the environment or to monitor trends in condition
over time. They can provide an early warning signal
of changes in the environment, and they can be used
to diagnose the cause of an environmental problem.
The purpose influences the choice of ecological
indicators. However, trade-offs between desirable fea-
tures, costs, and feasibility often determine the choice
of indicators.

A challenge in developing and using ecological
indicators is determining which of the numerous
measures of ecological systems characterize the en-
tire system yet are simple enough to be effectively
and efficiently monitored and modeled. Ecological
indicators quantify the magnitude of stress, degree
of exposure to the stresses, or degree of ecological
response to the exposure (Hunsaker and Carpenter,
1990; Suter, 1993) and are intended to provide a sim-
ple and efficient method to examine the ecological
composition, structure, and function of complex eco-
logical systems (Karr, 1981) (e.g. see Table 1). The
use of ecological indicators relies on the assumption
that the presence or absence of, and fluctuations in,
these indicators reflect changes taking place at vari-

Table 1
Example components and indicators for ecological integrity

Hierarchy Processes Suggested indicators
Organism Environmental toxicity  Physical deformation
Mutagenesis Lesions
Parasite load
Species Range expansion or Range size
contraction
Extinction Number of populations
Population ~ Abundance fluctuation Age or size structure
Colonization or Dispersal behavior
extinction
Ecosystem  Competitive exclusion Species richness
Predation or parasitism  Species evenness
Energy flow Number of tropic levels
Landscape  Disturbance Fragmentation
Succession Spatial distribution

of communities
Persistence of habitats

ous levels in the ecological hierarchy, from genes to
species and ultimately to entire regions (Noon et al.,
1999).

The ecological hierarchy includes the functional,
compositional, and structural elements that, when
combined, define the ecological system and provide
a means to select a suite of indicators representative
of the key characteristics of the system (Fig. 1). All
ecological systems have elements of composition and
structure that arise through ecological processes. The
characteristic conditions depend on sustaining key
ecological functions which in turn, produce additional
compositional and structural elements. If the linkages
between underlying processes and composition and
structural elements are broken, then sustainability
and integrity are jeopardized and restoration may be
difficult and complex.

Ideally the suite of indicators should represent key
information about structure, function, and composi-
tion. The complexity of Fig. 1 only hints at the intri-
cacy of the ecological system on which it is based.
The series of nested triangles in the figure are meant to
suggest that knowledge of one part of the triangle may
provide information to the other aspects of the system.
For example, often it is easier to measure structural
features that can convey information about the com-
position or functioning of the system than to measure
composition or function (Lindenmayer et al., 2000).
Sometimes measures from one scale can provide in-
formation relevant to another scale. For example, the
size of the largest patch of a habitat often restricts
the species or tropic levels of animals that are able to
be supported based solely on their minimal territory
size (Dale et al., 1994). Even so, it is often difficult to
know how large an area or how long to monitor (Dawe
et al., 2000). The ecological system can be viewed as a
moving target (Walters and Holling, 1990) with many
system variables changing slowly and not stabilizing
for a long time.

2. Concerns and challenges

Although few scientists deny the benefits that
indicators provide to research and management ef-
forts, three concerns hamper the use of ecological
indicators as a resource management tool (Landres
et al., 1988; Kelly and Harwell, 1990; Noss, 1990;
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Fig. 1. The ecological hierarchy: a triangular representation of the key characteristics of composition, structure and function (derived from

Franklin, 1988 and Noss, 1990).

Kremen, 1992; Cairns et al., 1993; Mills et al., 1993;
Noss and Cooperrider, 1994; Gurney et al., 1995;
Simberloff, 1997).

2.1. Monitoring programs often depend on a small
number of indicators and, as a consequence, fail to
consider the full complexity of the ecological system

By selecting only one or a few indicators, the focus
of the ecological management program becomes nar-
row, and an oversimplified understanding of the spatial
and temporal interactions is promoted. This simpli-
fication often leads to poorly informed management
decisions. Indicators should be selected from multiple
levels in the ecological hierarchy in order to effectively
monitor the multiple levels of complexity within an

ecological system. Thus, a key challenge is to find a
mix of measures which give interpretable signals, can
be used to track the ecological conditions at reasonable
cost, and cover the spectrum of ecological variation.

2.2. Choice of ecological indicators is often
confounded in management programs that have
vague long-term goals and objectives

Unclear or ambivalent goals and objectives can
lead to “the wrong variables being measured in the
wrong place at the wrong time with poor precision
or reliability” (Noss and Cooperrider, 1994). Primary
goals and objectives should be determined early in the
process in order to focus monitoring on current and
future management issues. Ecological indicators can
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Table 2
Criteria for ecological indicators

Are easily measured
Are sensitive to stresses on system
Respond to stress in a predictable manner

Are anticipatory: signify an impending change in the ecological system

Predict changes that can be averted by management actions

Are integrative: the full suite of indicators provides a measure of coverage of the key gradients across the ecological systems (e.g. soils,

vegetation types, temperature, etc.)

Have a known response to natural disturbances, anthropogenic stresses, and changes over time

Have low variability in response

then be selected to measure system characteristics that
most closely relate to those management concerns.
However, society typically has selected resource man-
agement goals concerned solely with short-term profit
(e.g. maximum crop yield in agricultural systems or
maximum timber production in forests). These goals
may jeopardize the long-term maintenance of healthy
ecological systems. Management goals, and thus in-
dicator selection should be tied to an understanding
of both the short-term and long-term consequences of
resource management decisions.

2.3. Management and monitoring programs often
lack scientific rigor because of their failure to use a
defined protocol for identifying ecological indicators

Lack of robust procedures for selecting ecological
indicators makes it difficult to validate the information
provided by those indicators. Until standard methods
are established for selecting and using indicators,
interpretation of their change through space and
time remains speculative (Noss, 1999). The creation
and use of standard procedures for the selection of
ecological indicators allow repeatability, avoid bias,
and impose discipline upon the selection process,
ensuring that the selection of ecological indicators en-
compasses management concerns (Slocombe, 1998;
Belnap, 1998).

3. Criteria for selecting ecological indicators
Selection of effective indicators is key to the overall

success of any monitoring program. In general, eco-
logical indicators need to capture the complexities of

the ecosystem yet remain simple enough to be easily
and routinely monitored. In order to define ecological
indicators, however, it is first necessary to set forth
criteria used to select potential ecological indicators.
Building upon discussions by Landres et al. (1988),
Kelly and Harwell (1990), Cairns et al. (1993), and
Lorenz et al. (1999), we suggest that ecological indi-
cators should meet the following criteria (Table 2):

e Be easily measured: The indicator should be
straightforward and relatively inexpensive to mea-
sure. The metric needs to be easy to understand,
simple to apply, and provide information to man-
agers and policymakers that is relevant, scientifi-
cally sound, easily documented, and cost-effective
(Stork et al., 1997; Lorenz et al., 1999). Histor-
ically, canaries were carried into mines to warn
workers of the presence of methane and other gases
that can lead to an explosion. The death of a ca-
nary is an easily observed, if unfortunate (for the
canary), result of the presence of volatile gases.
When a bird succumbed to toxic gas, it was an
indication to the miners were in imminent danger.

e Be sensitive to stresses on the system: The ideal
ecological indicator is responsive to stresses placed
on the system by human actions while also hav-
ing limited and documented sensitivity to natural
variation (Karr, 1991). While some indicators may
respond to all dramatic changes in the system, the
most useful indicator is one that displays high sen-
sitivity to a particular and, perhaps, subtle stress,
thereby serving as an early indicator of reduced
system integrity. For example, the gopher tortoise
(Gopherus polyphemus) is highly sensitive to soil
disturbances, and their absence in otherwise suit-
able sites suggests past physical disturbances. (This
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Table 3
An example of an ecological indicator

An example of an ecological indicator is the presence of the cyanobacteria Oscillatoria rubescens in lakes that are on the verge of
extreme eutrophication. The role of this cyanobacteria as an indicator was first identified in Lake Washington (Edmondson and Lehman,
1981; Edmondson, 1991). In the first half of the 20th century, metropolitan Seattle discharged treated sewage high in phosphorus content
into Lake Washington. By 1955, effluent contributed more than 50% of the total phosphorus input into the lake. Increased nutrient levels
altered lake productivity and resulted in massive blooms of cyanobacteria that negatively affected fish populations and greatly reduced
water clarity. Public attention was called to the problem, and the resulting reversal of this eutrophication process occurred when sewage
was diverted from the lake and into Puget Sound. The resulting drop in nutrient additions eliminated algal blooms and increased water
clarity. Now, O. rubescens is used as an indicator of impending eutrophication worldwide. It satisfies three elements of an ecological
indicator in that it is easily measured, it signifies an impending change in the ecosystem, and both the potential ecosystem change and
the high level of the indicator can be averted by management action. (Unfortunately, Puget Sound still suffered even after advances were

made in the sewage treatment system).

interpretation of the tortoise’s absence in sand hills
areas can be made only when there are no other
pressures on the tortoise, such as harvesting tortoise
for food or gassing burrows to collect snakes.)

e Respond to stress in a predictable manner: The
indicator response should be unambiguous and
predictable even if the indicator responds to the
stress by a gradual change (such as the increase in
density of the cyanobacteria Oscillatoria rubescens
in polluted lakes). Ideally, there is some threshold
response level at which the observable response
occurs before the level of concern (Table 3).

e Be anticipatory, i.e. signify an impending change
in key characteristics of the ecological system:
Change in the indicator should be measurable
before substantial change in ecological system in-
tegrity occurs. For the canaries in the coal mine
example, the birds died at levels of toxic gases not
quite sufficient to create an explosion or be toxic to
humans.

e Predict changes that can be averted by management
actions: The value of the indicator depends on its
relationship to possible changes in management ac-
tions. For example, the presence of young longleaf
pine (Pinus palustris) serves as a measure of the
recurrence of fire at Eglin Air Force Base (AFB)
on the Florida panhandle (McCay, 2000). With fire
suppression, the normally restricted distribution of
sand pine (P. clausa) expanded from 2400 ha to
over 24,000 ha, and young longleaf pine became
rare. It has only been through the reintroduction
of a regular fire regime at Eglin AFB that the
historically dominant species, longleaf pine, has
been reestablished. Today, the presence of young

longleaf pine, which survive light fire, is a result
of the artificially-induced 2 to 3-year fire regimes
that occur not only at Eglin AFB but also at other
managed areas in the southeastern United States.
In contrast, effects of large, infrequent distur-
bances often serve as a counter example of changes
that cannot be averted by management actions
(Dale et al., 1998). Ecological effects of volca-
noes, large climate-induced fires, and hurricanes
cannot be predicted by ecological indicators nor
deterred.

Are integrative: the full suite of indicators provides
a measure of coverage of the key gradients across
the ecological systems (e.g. gradients across soils,
vegetation types, temperature, space, time, etc.):
The full suite of indicators for a site should integrate
across key environmental gradients. For example,
no single indicator is applicable across all spatial
scales of concern. Brooks et al. (1998) developed a
suite of indicators for forested riparian ecosystems
of Louisiana that behave predictably across scales
and can be aggregated to provide an assessment of
the entire system. In a like manner, the ability of the
suite of indicators to embody the diversity in soils,
topography, disturbance regimes, and other envi-
ronmental gradients at a site should be considered.
Have a known response to disturbances, anthro-
pogenic stresses, and changes over time: The in-
dicator should have a well-documented reaction
to both natural disturbance and to anthropogenic
stresses in the system. This criterion would pertain
to conditions that have been extensively studied
and have a clearly established pattern of response.
Focal species are often the only types of species that
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Table 4
Categories of focal species

Indicator species are species whose status is indicative of the status of a larger functional group of species, reflects the status of key
habitats, or acts as an early warning to the action of an anticipated stressor (e.g. white-tailed deer (Odocoileus virginianus) populations

that signify the availability of forest-grassland margins).

Keystone species have much greater effects on one or more ecological processes than would be predicted from their abundance or biomass
alone (Power et al., 1996) (e.g. the red-cockaded woodpecker (Picoides borealis) creates cavities in living trees that provide shelter for

23 other species (Dennis, 1971)).

Ecological engineers alter the habitat to their own needs and by doing so affect the fates and opportunities of other species (e.g. Jones
et al., 1994; Naiman and Rogers, 1997) (such as the gopher tortoise (G. polyphemus) that digs burrows used by many other species or

the beaver (Castor canadensis) whose dams create wetlands).

Umbrella species have either large area requirements or use multiple habitats that encompass the habitat requirements of many other
species (e.g. the northern spotted owl (Strix occidentalis caurina) that occupy old growth forest in the Pacific Northwest).

Link species play critical roles in the transfer of matter and energy across tropic levels or provide a critical link for energy transfer within
complex food webs. For example, prairie dogs (Cynomys spp.) in grassland ecosystems convert primary plant productivity into animal
biomass. Prairie dog biomass, in turn, supports a diverse predator community.

Special interest species include threatened and endangered species, game species, charismatic species and those that are vulnerable due to

their rarity.

have a large enough foundation of information to
indicate long-term trends and responses to change
(Table 4). Landscape structure can also respond to
human disturbances versus natural disturbances in
a predictable manner (Krummel et al., 1987). Thus,
landscape metrics can serve as useful indicators
of change (O’Neill et al., 1988; Dale and Pearson,
1997; Gustafson, 1998; Klemas, 2001).

e Have low variability in response: Indicators that
have a small range in response to particular stresses
allow for changes in the response value to be bet-
ter distinguished from background variability. As
a counter example, seabirds were a poor indicator
of the ecological cost of the 1989 Exxon Valdez
oil spill and of the benefit of subsequent steam
cleaning. More than 30,000 oiled bird carcasses
were retrieved following the spill, but because of
the high variability inherent in seabird populations,
the population dynamics of birds in the spill ar-
eas are difficult to distinguish from the population
dynamics of birds at nonspill sites (Wiens, 1996).

A challenge is to derive a manageable set of
indicators that together meet these criteria.

4. Conclusions

Ecological indicators are used to monitor, assess,
and manage natural resources. A difficulty in selecting

appropriate indicators is dealing with the complexity
of ecological systems. Thus, it is necessary to use
a suite of indicators representative of the structure,
function, and composition of ecological systems.
The need to communicate the scientific concepts of
ecological indicators to non-scientists is being tack-
led by teams of environmental scientists working
with social scientists (e.g. Schiller et al., 2001). Yet,
integrating ecological indicators with social and eco-
nomic goals for resource management remains a big
challenge.
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Section 6: Landscape Indicators

This section consists of three scientific papers that detailed the use of witness trees and the
selection of landscape indicators.

Appendix A: Foster, Thomas, Bryan Black, and Marc Abrams. 2004. A witness tree analysis of
the effects of Native American Indians on the pre-European settlement forests in east
central Alabama. Human Ecology 32 (1).

Appendix B: Olsen, L.M., Dale, V.H. and H.T. Foster. In press. Landscape patterns as indicators
of ecological change at Fort Benning, GA. Land Use and Urban Planning.

Appendix C: Olsen, L.M., Washington-Allen, R.A, and V.H. Dale. Resubmitted in response to

*accepted with revision.” Using Landscape Metrics to Detect Changes over 173 Years at
Fort Benning,GA, USA. GIlScience and Remote Sensing

Page 1 of 1



A Witness Tree Analysis of the Effects of Native
American Indianson the Pre-European Settlement
Forestsin East-Central Alabama

H. Thomas Foster 11
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Bryan Black

School of Forest Resources, Ferguson Building, The Pennsylvania Sate University,
University Park, Pennsylvania 16802

Marc D. Abrams
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Abstract

Witness tree data from the southeastern United States (lat 33°30" N, long 86°30" W) were
analyzed using catchment and distance analysis to quantify the effects of Native
American settlement on the composition of forest trees. Thirty Creek Indian villages
comprising 18 settlement catchments were included in the sample, which is the largest
Native American-forest interaction study using witness trees to date. Lower frequencies
of Pinus spp. were observed within village catchments of the Coastal Plain and Ridge and
Valley. Elevated frequencies of early succession species were observed surrounding 2 km
village catchments. Distance analysis at two relatively isolated towns showed that Pinus
increases in frequency beyond 2000 m from villages while Carya had the opposite result.
Field and fruit species were more frequent within 6000 m of villages and then dropped
off in frequency. Fire-sengitive tree species appear to be in a spatially cyclical pattern.
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Native American, forest composition, witness tree, human-forest interaction, Alabama
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Abstract

This research examined landscape indicators that signal ecological change in both
intensely used and lightly used lands at Fort Benning, Georgia. Changes in patterns of
land cover through time affect the ecological systemby altering the proportion and
distribution of habitats for species that these cover types support. Landscape patterns,
therefore, are important indicators of land-use impacts, past and present, upon the
landscape. This analysis of landscape pattern began with alandscape characterization
based on witness tree data from 1827 and the 1830s and remotely sensed data from 1974,
1983, 1991, and 1999. The data from the early 1800s, athough coarse, were useful in
characterizing the historical range of variability in ecological conditions for the area. The
steps for the analysis involved the creation of aland-cover database and atime series of
land cover maps, computation of landscape metrics, and evaluation of changes in those
metrics over time as evidenced in the land-cover maps. We focused on five cover types
(bare/devel oped land, deciduous forest, mixed forest, pine forest, and nonforest vegetated
land), for they reveal information important to resources management at Fort Benning.
An examination of land-cover class and landscape metrics, computed from the maps,
indicated that a suite of metrics adequately describes the changing landscape at Fort
Benning, Georgia. The most appropriate metrics were percent cover, total edge (km),
number of patches, descriptors of patch area, nearest neighbor distance, the mean
perimeter-to-area ratio, shape range, and clumpiness. Identification of such ecological
indicators is an important component of building an effective environmental monitoring

system.



Keywords: Endangered species; Habitat; Land-cover change; Land use, Landscape

metrics; Presettlement vegetation; Pine forests; Remote sensing; Witness trees.

1. Introduction

Identifying ecological indicators is an important component in describing an
ecologica system, establishing potential metrics of change, and building an effective
environmental monitoring system. Together the suite of indicators should represent the
range of ecological conditions in the ecological system, serve as signals of environmental
change, and be ssmple enough to allow cost-€effective monitoring and modeling
(Hunsaker and Carpenter, 1990; Kelly and Harwell, 1990; Noss, 1990; Cairns et al.,
1993; Dae and Beyeler, 2001). Landscape metrics that include quantifiable measures of
landscape fragmentation have been developed to capture important aspects of landscape
pattern in afew numbers (O’ Neill et al., 1988; Riitters et al., 1995; Turner et al., 2001).
These numbers can often be correlated with land-use change and ecological processes.
By using such metrics to examine and quantify landscape patterns through time,
researchers may determine the long-term impacts of previous land use (e.g., Blrgi, 1999;
Griffith et a., in press). Landscape metrics can thus capture changes in pattern, be
implemented along a variety of spatial scales, and be useful indicators of land-cover
changes due to prior land use and management.

L andscape metrics should be useful to any landowner or manager interested in

knowing whether the landscape pattern is changing and how. Such metrics could be



particularly useful to the U.S. Department of Defense (DoD), which has taken a proactive
approach to land management. A major component of DoD’s mission is to provide
adequate lands for military training and operations. Military lands are subject to the same
environmental responsibilities and regulations as other federal lands, and they contain a
high density of federally and state listed species (Leslie et a., 1996), which by law
require protection. Given the nature of military land use, military testing and training may
degrade or fragment critical habitats and put species at risk. Vegetation and habitat play a
crucia role in military training by providing conceament and an element of realismin
training exercises. By harming the vegetation and habitat, military testing and training
may degrade the very landscape characteristics that are necessary for thorough training
and ultimately compromise the ability of a military installation to fulfill its mission, either
by jeopardizing realism or by violating the provisions of the Endangered Species Act.

As part of DoD’ s proactive approach to land management, environmental
monitoring and management plans are being developed to assist military installationsin
balancing their training requirements and environmental responsibilities in both the short
term and long term (e.g., Diersing et al., 1992). The immediate goal of our research was
to identify and map trends in land-cover change that have occurred since 1827 at Fort
Benning, Georgia, and to develop techniques to measure those trends. This analysisis a
multi-step process beginning with the creation of land-cover maps for different time
periods and culminating with the computation, summarization, and eval uation of
landscape metrics.

Specifically, we examined trends in landscape metrics that relate to changesin

ecological conditions over time such as changes in vegetation type and pattern. This



analysis identified landscape metrics that are useful indicators of change at Fort Benning.
An indicator should adequately characterize an aspect of the system and be able to be
implemented for management purposes (Dale and Beyeler, 2001). Although Fort Benning
was the focal site of this project, the ultimate goal was to develop an approach for
identifying landscape indicators that would be useful for a diversity of locations and
management types. This wider effort is ongoing, and the results published here include a
description of the methods and tools used to create the land-cover time series and to
compute landscape metrics. Only a short discussion of the metrics is provided because
other references discuss them in depth (O’ Neill et al., 1988; Hunsaker and Carpenter,
1990; Noss, 1990; Gustafson, 1998; Turner et a., 2001).

How does land cover change over along term? It is important to address this
guestion in order to understand current land-cover patterns as well as the historical range
of variability (HRV). Land-cover patterns are afunction of prior conditions, but how
these conditions affect current vegetation cover is still acritical area of ecological
research (Wu and Hobbs, 2002). Knowledge about natural variability provides a
framework for improving knowledge about ecological systems, for understanding how
human actions modify the landscape, and for evaluating consequences of proposed
management actions (Landres et a., 1999). Clearly, HRV requires a long-term
perspective (Brown et a., 2000); the appropriate means for obtaining information about
landscape changes over time are still being explored (e.g., see Strittholt and Boerner,
1995; Grissino-Mayer, 1999; Hessburg et al., 1999; Kepner, 2000; Keane et al., 2002;
Tinker et al., 2003). A variety of methods are available to analyze changes over time (Lu

et d., 2004). In thisstudy, witness tree data from historical land surveys provide a means



to estimate the vegetation conditions prior to European settlement (Delcourt and
Delcourt, 1996; Cogbill, 2000; Manies and Mladenoff, 2000; Brewer, 2001; Dyer, 2001,
Manies et al., 2001; Coghill et al., 2002; Leadbitter et al., 2002; Schulte et a., 2002), and
remotely sensed land-cover data provide a means to estimate vegetation in recent
decades. This paper analyzes data collected over a 172-year period and uses the data to
determine changes in land-cover patterns in the area of Fort Benning since the early

nineteenth century.

2. Site description and history

Fort Benning is a military base located southwest of Columbus, Georgia. Most of
the installation lies in west central Georgia, but a small part extends into Russell County,
Alabama (Fig. 1). The climate is characterized by long, hot summers and mild winters.
Precipitation is regular throughout the year, with most occurring in the spring and
summer (Knowles and Davo, 1997). The installation is situated on the Fall Line transition
zone, which is the geographic area between the Southern Appalachian Piedmont and the
Coastal Plain. Soils are composed of clay beds, weathered Coastal Plain material, and
aluvia deposits from the Piedmont (Knowles and Davo, 1997). The base is 73,503
hectaresin size.

Prior to establishment of the military base, both Native Americans and European
settlers farmed some of the area (Kane and Keeton, 1998). Native Americans occupied
the region for thousands of years before European settlement and had significant impacts

upon some places in the landscape through extensive clearing, burning, and farming,



particularly near to streams. European immigrants settled the area beginning in the early
1800s, and farming was their predominant land use. The U.S. government began
acquiring land in 1918 for the infantry school of arms, and the permanent military post
was established by Congressin 1920 (Kane and Keeton, 1998). Fort Benning is currently
used extensively for U.S. military infantry and tracked vehicle training exercises, yet it
retains large areas in semi- natural vegetation.

The land that Fort Benning lies on constitutes part of the Southeastern Mixed
Forest Province of the Subtropical Division (Bailey, 1995). This region of high humidity
and mild temperatures today is characterized by second growth pine forests of longleaf
(Pinus palustris), loblolly (P. taeda), and slash pines (P. elliotii). Frequent, low intensity
fires are thought to have been an integral component of the pine forest ecosystem
(Glitzenstein et a., 1995). Prior to European settlement, pine forests are thought to have
covered much of the landscape, but since then they have been lost or degraded (Frost,
1993; Quicke et a., 1994) mainly as aresult of land-use change, timber harvest, and fire
suppression (Haywood et a., 1998; Gilliam and Platt, 1999).

Environmental management issues at Fort Benning focus on ways to retain or
promote pine forest that support the federally endangered red cockaded woodpecker
(Picoides borealis) and other habitats important to rare species (Addington 2004), as
well as environmental effects of sediment flux (largely coming from bare areas) (Fehmi
et a., 2004). The resource managers are looking for ways to better monitor effects of
their efforts to protect habitats of interest and to document impacts of military use onthe
environment (Addington, 2004). This study focused on broad- scale indicators of

landscape change to support monitoring and trend assessment.



3. Materials and methods

This study used data from the early nineteenth century and the last quarter of the
twentieth century to determine land-cover changes that have occurred in the Fort Benning
area since European settlement began. The nineteenth century data are based on land
surveys, and the twentieth century data are based on satellite imagery. Although the data
sets from each time periods were collected in different ways, we strived to develop

procedures that allowed us to compare these data.

3.1 Early nineteenth century data

To establish a baseline for the study, our analysis relied on witness tree data from
land surveys conducted in 1827 and the 1830s. The historic land-survey data were
obtained in the form of surveyors notes and maps from the Georgia Department of
Archives and History in Atlanta, from the Alabama Department of Archives and History
in Montgomery, and from the Bureau of Land Management in Springfield, Virginia.
Because the method of data preparation and integration can affect the results (Mladenoff
et a., 2002; Petit and Lambin, 2002,), we describe our techniques in detail as well as
relate the origin of the data.

The historical land survey maps were created in the 1800s, when the U.S.
government surveyed the country for the purpose of subdividing and selling land. The
surveyors partitioned federal lands into square townships that measured six miles on each

side (1553 ha). Townships were further subdivided into sections of one square mile (258



ha). Surveyors marked the corners of each section and defined section boundaries by
recording witness trees that were in close proximity to the boundary markers. In the
1830s, when the federal government conducted land surveys in the Alabama portion of
the area that would become Fort Benning, corner and witness trees were recorded (Foster,
2001; Black et al., 2002). Earlier, when the Georgia portion was surveyed in 1827, the
land was divided into roughly equal lots within districts. Districts measured
approximately 2330 ha, and lots were 82 ha. The lots were then issued by alottery. Asa
part of the land distribution, the Surveyor General surveyed the land, noting the location
and species of the corner tree and four witness trees at each corner that marked the
boundary of each lot. Unlike in other surveys, the surveyor did not routinely include
information regarding bearing or distance from corner, diameter at breast height (DBH),
or other indications of tree age or size. Nor did the surveyor include notes describing
landscape or understory vegetation.

The land surveys as a whole show great variability in the information that was
recorded about witnesstrees, largely as aresult of personal biases of the individual
surveyors and differences in their survey methods. Some surveyors recorded only
common tree names (which varied greatly), and some reported trees only to the genus
level. Others held biases in the species and sizes of trees selected as witness trees. It is
often assumed that surveyors were biased towards longer living or larger trees when
selecting witness trees (Black et al., 2002). In addition, some surveyors may have
exaggerated the amounts of valuable timber species so that land values would be

elevated. In spite of these problems, it is largely agreed that “witness tree data is the
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largest, most systematic, and most accurate form of data available for the pre- European
settlement forests” (Bourdo, 1956; Whitney, 1994; Black et a., 2002).

The historical land survey maps and field notes were used to create a digital
Geographic Information Systems (GIS) model of the forests covering the Fort Benning
area. The moddl represents the forests in a Native American agricultural environment
prior to extensive European settlement. As such, the model provides baseline conditions
for the area currently occupied by the installation. The data extraction process involved
georeferencing the historical survey maps, digitizing the location of the trees from the
maps, and extracting the attribute species from the maps and survey notes. The historic
maps for Georgia were georeferenced to modern U.S. Geological Survey (USGS) maps
by using the Fort Benning Fina Project and Acquisition Map EM 405-1-2-00 (U.S. Army
Corps of Engineers, 1948) because it contained the survey boundaries from the historic
maps. Modern aerial photos were occasionally used. The maps were digitized with a
GTCO Accutab ™ 24" x 36" (+/- 0.005" certified absolute accuracy). Data feature points
were digitized as points in vector format. Trees were represented as points on the survey
maps and in the digital GIS layer. The digitizing and GIS analysis were performed in
Arcview 3.2a0 and Arc/Info 7.210 (ESRI, Redlands, CA).

Common names of trees from the historic survey maps were assigned scientific
names based upon Godfrey (1988). When ambiguous species were encountered,
physiographic and habitat associations were used to clarify species (Black et al., 2002).
Pine (Pinus) was recorded only at the genus level. Many of the corners are labeled only
as “stake” or “post” on the plat maps to indicate how the lot corners were marked by the

surveyor. In many instances, the species of the post is noted. After consultation with
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Mark Cowell (Department of Geography and Geology, Indiana State University, Terre
Haute, IN; personal communication; Junel, 1999), who analyzed similar witness tree
documents in the Oconee River Valley in central Georgia, we interpreted these posts as
trees selected from the immediate vicinity of the corners and therefore indicative of the
Species that were present at the time of the surveys.

Researchers often directly plot data points representing witness tree locations to
describe presettlement vegetation (e.g., Hong et a., 2000). Such point coverage,
however, does not adequately describe forest cover, which is continuous. To create a
continuous vegetative surface, grids or polygon maps must be extrapolated from the
survey points (White and Mladenoff, 1994; He and Ventura, 1995; Brown, 1998a,b;
Hong et al., 2000).

A methodology was developed to create the forest cover map by means of
Arc/info7.21™ GRID ™, and ArcView 3.2™. The survey points were first buffered
with aradius of 160 m to ensure that each point represented both the corner marker and
four witness trees located near most section corners (although a few such points
represented as many as eleven trees). We recognize that this pixel sizeis quite course in
relation to the satellite imagery. The resulting buffer polygons were then spatially joined
to the survey points. Unique identifiers (poly-1Ds) were assigned to each buffer polygon,
and the point attribute table was edited to include the identifier of the polygon within
which it was located. The descriptive information carried in the polygon attribute table
was then reformatted to reflect tree type occurrence within the polygon (or survey point
cluster). Tree species were assigned a value of either pine, deciduous, or other, with

“other” representing small trees, shrubs, and ground cover. On the basis of theratio of



tree types within the cluster, individual polygons were categorized as pines, deciduous
trees, mixed tree species (pine and deciduous), or other.

A raster grid was derived from the polygon coverage through the use of ARC
INFO GRID. A grid cell size of 60 m was chosen to match the resolution of the other
data in the study. A moving window capturing the neighborhood majority value was
applied iteratively to the grid to create a continuous surface of vegetation types for Fort
Benning. The fina step was to overlay nonforest/cleared areas, which represent large
Native American settlements as estimated from archaeological evidence (Foster et al.,
2004). Because the locations of smaller settlements were not known, the amount of nor

forested land is underestimated on the map.

3.2 Twentieth century data

To document more recent changes in land cover in the Fort Benning area, our
study relied on remotely sensed data and created a series of four land-cover maps dating
back to the 1970s. Two Landsat 7 Enhanced Thematic Mapper (ETM) images (i.e., path
019/row 037 and path 019/row 038) dated July 24, 1999, were acquired from the
Environmental Characterization and Monitoring Initiative (ECMI) Data Repository
(http://sempdata.wes.army.mil). The ETM images were used for making a current land-
cover map of Fort Benning. The data had already been projected and mosaicked by
means of nearest neighbor resampling.

North American Landscape Characterization (NALC) data, derived from Landsat
Multispectral Scanner (MSS) imagery, were also used in this analysis (L unetta and

Sturdevant, 1993). Landsat MSS has a nominal resolution of 79 m, so we resampled the
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NALC datato a 60-m resolution The NALC data set covering the Fort Benning areaiis
composed of triplicates dated 1974, 1983/86, and 1991 for two scenes (i.e., path 019/row
037 and path 019/row 038). The two scenes for each time period had to be mosaicked in
IMAGINEO before the classification process could begin. The two scenes comprising
the mosaic for the 1980s were made in different years; however, given the nature of the
landscape and method of comparison used, this time interval was considered acceptable,
and the date of mosaic will be referred to as *“1983.”

The four data sets (for 1974, 1983, 1991, and 1999) described in the previous
paragraphs were then classified to create land-cover maps. Unsupervised classification,
which creates a user-defined number of classes based upon spectral response, was used
in-house to create 45 spectral classes from the imagery. We combined these 45 classes
into six land-cover classes, using a 0.5-m resolution digital color orthophoto (1999)
(Obtained from the web site for the wider project: http://sempdata.wes.army/) and Land
Condition Trend Anaysis (LCTA) point data (1991) (Diersing et al., 1992; Jones and
Davo, 1997) asreference data. The LCTA protocol uses a modified point intercept
method to quantify vegetation cover, ground cover, and disturbance at 1- m intervals on a
100-m line transect with transects randomly placed with in a stratified random sampling
scheme within an installation Density and size distribution of woody vegetationare
quantified in 600 nt plots that are aligned with eachtransect. The LCTA datatend to
underestimate species richness (Prosser et d., 2003) yet provide consistent measures of
changes in disturbance, canopy cover and bare ground (Anderson 2002). In our analysis,
the six land-cover classes are water, pine forest, mixed forest (deciduous and pine, areas

of sparse forest cover, or areas of transition between forest and non-forest), deciduous
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forest, barren or developed land, and non-forest (areas cleared of forest vegetation but
with some ground cover that may be grass or transitional areas). These classes are not
only distinguishable in the maps; they also reflect ecological conditions of importance to
resource managers. To remove any confusion between vegetation and water classes, we
created and applied a water mask, using coincident pixels from the classified imagery and
the coverage of lakes and major streams. A combination of ARC INFO 7.2.10, GRIDO,
ArcView 3.20, and ERDAS IMAGINE 8.20 software allowed us to derive land cover
from the satellite imagery.

Clouds were not an issue with the MSS data since USGS picks the triplicate data
dates upon getting the best, cloud- free data possible whereas the 1999 Landsat 7
Enhanced Thematic Mapper (ETM) images were selected by the Fort Benning resource
managers. Therefore we focused on the 1999 image in considering waysto eliminate the
presence of clouds and shadows, which were erroneously classified as barren/devel oped,
the cloud and shadow areas were digitized and then overlaid with the 1999 orthophoto.
New shapes that more accurately reflected the nature of the vegetation in these cloud-
affected areas were digitized on-screen. These polygons were coded with a vegetation
type according to interpretations drawn from the orthophoto. The resulting shapefile was
plotted with the classified image and adjusted to maintain continuity and blend with
neighboring pixels. A grid was created from the cloud-affected-area shapefile, and the
classified land-cover image was also converted into a grid. Vaues from the cloud/shadow
grid were used to mask the cloud-affected areas of the classified grid and create an

improved land-cover map.



Because al maps are highly generalized representations of reality and contain
some error (e.g., Foody, 2002; Brown et a., 1999; Dicks and Lo, 1990; Maling, 1989;
Smits et al., 1999), accuracy assessments were conducted to determine how accurately
our classification portrayed land cover. We note that accuracy statements that accompany
maps of large areas may be erroneous, vague, or nonsite-specific (Foody, 2002). Data,
therefore, should be reviewed carefully in the context of its intended use (Fosnight and
Greenlee, 2000). LCTA data provided some ground truth information to evaluate the
forest type classes, but a preliminary comparison using the LCTA data proved to be
variable due to inconsistencies in scale, definitions of cover types, and the sampling dates
of the field data. An accuracy assessment was conducted for the 1999 land-cover
classification using a 1999 0.5-m digital color orthophoto. The orthophoto was deemed
an appropriate source of reference data in the absence of ground truth data. Fifty points
per land-cover class were randomly generated and blindly classified on the basis of
interpretation of the orthophoto and use of techniques described by Congalton and Green
(1999). To facilitate comparison with the other land cover maps, we resampled the 1999
classification to 60-m resolution using nearest neighbor resampling.

Two ways of considering the accuracy of the maps produced from the imagery as
compared to the orthophotographs were explored. The omission error quantifies how
well cover types identified on the orthophotograph are correctly identified on the map
derived from remotely sensing imagery. In contrast, the commission error reveas how
well the map depicts cover types onthe ground (or in this case, the orthophotographs).

Both perspectives are needed to understand the validity of maps.
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The ability of the classification to differentiate among forest classes varied within
the time series. However, the mixed forest class is the most reliable classificationfor the
1827 period since the presence of some deciduous and coniferous trees can be
overestimated from the survey data. Thus, differences in the area of the “mixed forest”
class may be more indicative of changes in the collection (sensors) and methods of
processing of the satellite data than of actual changesin forest composition. The 1991
image was classified first and then used as a “reference base” for the earlier images
because appropriate reference data were not readily available for dates earlier than 1990.
Similarly, no adequate data were available to perform arigorous accuracy assessment on
these earlier classifications. Therefore, some uncertainty is associated with the data. The
goal of the project was to evaluate landscape indicators. The quality of the classification
is open to improvement if more resources become available or if additional ancillary data
isused in the analysis (Klemas, 2001). Other papers examining the relationship between
accuracy and indices focus onindicators of vegetation cover [e.g., NDVI (Liuet a.,
2004)] or particular land-use classes as indicators of landscape condition (e.g., Berlanga-

Robles and Ruiz Luna, 2002).

3.3 Landscape indicators

Indicators of fragmentation were examined to consider ways they can improve
understanding of land-cover changes at the landscape level. Landscape metrics were
calculated through the use of two computer programs, FRAGSTAT 3.1 (McGarigal and
Marks, 1995) and the Analytical Tools Interface for Landscape Assessments (ATtILA)

(Ebert et al., 2001). The analysis concentrated on those indicators that differentiated
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between broad- scale patterns and revealed independent information (Tischendorf, 2001).
ATtILA providesarelatively new suite of tools and is available as an ArcView™
extension. It requires Spatial Analyst™ and computes landscape metrics based on a land-
use/land-cover grid, elevation and slope grids, a streams line theme, aroads line theme, a
population polygon theme (county, track, or block), and a precipitation grid. The
following ATtILA metrics were of particular interest to this project: land-cover
proportions by reporting unit, the amount of non-forested land encountered on steep
dopes, diversity metrics, and forest patch metrics.

FRAGSTATS (McGariga and Marks, 1995), however, was used to compute
numerous other landscape metrics. Those reported here include total edge (m); number of
patches; an index for the largest patch; mean, range, and coefficient of variation (CV) for
the patch area; mean patch arearatio, and the CV of the Euclidean nearest neighbor
distance, shape range, and clumpiness. These metrics were selected because they
represented statistically significant changes over time in land cover for Fort Benning
(Olsen et d., in review). The distance between patches was examined, for it can be
important for species that move among a single patch type. The shape index corrects for
the size problem of the perimeter-to-arearatio and thus is a measure of overall shape
complexity. Clumpiness indicates the proportion of adjacent cells have identical land
cover types. Output from each software package was compared and summarized. ATtILA
and FRAGSTATS produced the same information describing patch dynamics and
landscape composition; therefore, only ATtILA output is presented for the metrics.

The ATtILA and FRAGSTATS packages each offered some advantages. While

there is some replication of metrics, FRAGSTATS calculates some metrics that are not
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standard output of ATtILA and can output information for specific cover typesin
addition to summary information for the entire landscape. A benefit of using the ATtILA
program isthat it allows the calculation and summation of metrics by reporting unit (e.g.,
catchments or training compartments). Although metrics for the entire installation are
useful, metrics for subareas, such as the training compartment, are also effective
descriptors, especially as certain military activities are designated to occur only in
specific training compartments. Characterizing ecological impacts by compartments
allows range managers to adjust training regimes to reduce future ecological effects.

Results were calculated with the use of the default parameters of ATtILA and
FRAGSTATS (e.g., 1 pixel minimum patch size, O pixel separation of patches, 10 pixel
search radius, and 9 pixel moving window). Metrics were calculated for the historical
(1827) data, the 60-m NALC data (1974, 1983/86, and 1991), and the ETM+ (1999)
land-cover classification. As mentioned earlier, the ETM+ classification was resampled
to a 60-m resolution for comparison with the NALC and historical data. Because the
resolution of the source data differed originally, caution is necessary in interpreting the
results of the analysis. In particular, the magnitude of change reflected by these metrics
may be somewhat exaggerated because the historical data are coarse. On the other hand,
the magnitude of the change may be underestimated as a result of the misclassification of
pine pixels into the mixed forest class. Further caution must be exercised because of the
uncertainty associated with the “mixed forest” class. Because they have a distinctive
signature, bare areas are rarely misclassified.

Total edge was computed from dlightly different data than the other metrics

discussed here. While the others were computed from land-cover data that had been
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clipped to the boundary of Fort Benning, the edge metrics were calculated from land-
cover data that extended beyond the boundary of the installation. This second approach
allowed us to calculate the true edge of the class patches instead of accepting the edge as

summarily defined by the legal boundaries of the installation.

4. Reaults

4.1 Accuracy assessment

Overal accuracy for the 30-m classification was 85.6% and for the 60-m
resolution classification was 75.20% (Table 1). The comission error was lower than the
ommission error for al land-cover types except mixed forest. This difference may be
because the remote sensing product overestimated the area of mixed forest. The
classification of forest classes was expected to contain errors of omission (errors of
exclusion) in the pine and deciduous classes and of commission (errors of inclusion) in
the mixed classes. Commission occurs when a class on the map includes pixels that
should belong to another class (Congalton and Green, 1999). Specifically, the “mixed
forest” class may contain pixels of deciduous forest and pine forest, resulting in an

underestimation of these classes and an overestimation of mixed forest.

4.2 Changes over timein dominant land cover
Pine forests dominated the landscape at Fort Benning in 1827 (Fig. 2). At that
time over 75% of the land area was in pine forest with the second highest category,

mixed forest, covering only about 12% (Fig. 3A). While these data are extremely
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generalized, the dominance of pine on the historical landscape is supported by the fact
that over 90% of the soils at Fort Benning can support longleaf pine (Dale et al., 2002).
Furthermore, archaeological evidence suggests that Native Americans almost never
cleared forests except adjacent to their settlements (Silver, 1990; Foster et a., 2004).

Dramatic changes in land-cover type occurred in the 137-year period between
thel827 and the 1974 land-cover estimates. By the early 1970s, pine forests had declined
to about 25% cover, and deciduous forests dominated the landscape (Figs. 3aand 4).
Mixed forest dightly increased in cover. Areas with nonforest vegetation increased to
about 15% of cover.

The four-part time series of contemporary land-cover maps from 1974 to 1999
shows persistent landscape features as well as changes in land-cover composition over
time (Figs. 4 and 5). Changes in areas of deciduous forest are more commonly associated
with riparian areas (Fig. 3b). Areas of bare ground have been fairly stable throughout the
period of interest. In recent decades, Fort Benning has experienced a gradual decrease in
forest populations along with an increase in non forest vegetation (Fig. 3a).

The prevailing trend for recent decades is an increase in pine forest and a decline
in deciduous forest area (Fig. 3a). The trend may result from ongoing forest management
practices at Fort Benning that are aimed at establishing more areas of longleaf pine forest
that can support the federally listed red-cockaded woodpecker. These practices include
planting longleaf pine seeds and seedlings, as well as regularly setting controlled ground
fires, which eliminate hardwoods and other pines while alowing the grass stage of

longleaf pine saplings to survive.
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The proportionof bare areas has remained relatively stable between 1974 and
1999. Mechanized military training at Fort Benning causes areas to become bare and
remain barren of vegetation. Because tracked vehicles are especially detrimental to
vegetation, training with tracked vehicles is restricted to certain sacrifice areas. The
concept isthat it is better for the overall environment to sacrifice afew areas while
maintaining high quality ecological conditions in other areas. Hence at Fort Benning the
locations of sacrifice areas have not moved in recent decades.

Thetrends in riparian areas are similar to those reported for the entire installation
(Fig. 3b). Land-cover composition within a 1-pixel buffer zone of streams (60 m on each
side of stream) was calculated with ATtILA. Notably, the percentage of pine forest in
riparian zones appears to have increased between 1974 and 1999, with the rate of change
possibly increasing in the 1990s. The percentage of deciduous forest near the streams has
remained relatively constant, with the exception of the base wide peak in 1974.
Deciduous forests associated with riparian corridors at Fort Benning, therefore, appear to
be declining with regard to land-cover composition. However, the amount of bare land
found in riparian areas has persisted. The proportion of bare ground and non forest
vegetation are particularly important, for they affect stream flashiness streambed
instability, organic matter storage, and stream water dissolved organic carbon
concentration(Maloney et al., in press). Furthermore characteristic of these land cover
typesrelate to military training practices at Fort Benning. Although riparian corridors are
generally protected from direct training activities, military training within a catchment
typically affectsthe proportionand shape of bare ground and non forest vegetation

patches. Furthermore, when the riparian buffer was extended to include 60 m on each



side of the stream (Fig. 3b), base-wide trends in land-cover composition were observed
(as depicted in Fig. 38). We focused on the riparian buffer area because it contains
species and supports processes critical to the ecological heathof the Fort Benning
ecosystem. Resource managers are assessing the ability of indicators within riparian
buffersto reflect the over all status of the catchment (Maloney et d., in press). Our
analysis suggests that lardscape metrics measured within riparian buffers can also reveal

information about the status of the system.

4.3 Landscape metrics by land-cover type

Numerous landscape metrics were computed for each land-cover class through the
use of FRAGSTATS (Table 2). We considered the metricsby each land cover type since
each type revealsdifferent information about resource management at Fort Benning.
After abig increase from 1827 to 1974, the total amount of edge associated with
bare/devel oped patches remained fairly stable throughout the recent decades. This result
parallels other patch metrics for the bare/devel oped class, suggesting that overall impacts
of training on bare ground have not changed much in recent years. However, the patch
area coefficients of variation have increased, revealing more variability in size of the
patches with time. Y et, the amount of edge associated with non-forest vegetation has
been increasing probably because more such patches existed in 1999 as compared to
1974. The forest classes also experienced dramatic changes. The amount of edge
associated with the pine forest class increased over the entire time period. The amount of
edge associated with mixed forest class increased rather sharply between 1827 and 1974

but has been decreasing since 1983. The edge associated with deciduous forest has
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vacillated considerably: it increased sharply between 1827 and 1974, decreased abruptly
between 1974 and 1983, then increased between 1983 and 1991, and decreased between
1991 and 1999. These abrupt changesin direction of the mixed and deciduous forest
types may reflect management actions to promote longleaf pine; such actions have the
effect of adding land to the pine forest class and removing land from the other two forest
classes, thus changing their distribution on the landscape.

Edge metrics are more meaningful, however, when interpreted in conjunction
with other metrics, such as mean patch area. For example, while the number of pine
forest patches and total edge has been increasing since 1991, mean patch areafor pine
patches has remained stable during the same period. Total edge can be important for
species that occupy ecotones, the margins of ecologica systems (e.g., forest fringes).
Patch areais critical for species that require a minimum home range size.

The number of patches associated with each land-cover class increased
drametically between 1827 and 1974 but thereafter fluctuated for bare areas and
deciduous and mixed forest and continued to increase for pine and nonforested areas
(Table 2). Decreases in edge associated with the bare areas and deciduous and mixed
forest classes parallel decreases in the number of patches associated with the forest
classes between 1991 and 1999. The larger change over the 137-year period from 1827 to
1974 partialy reflects the different mapping technologies but also conveys how
significantly human activities have affected the landscape. There was a recent upsurge in
the number of bare and devel oped patches.

The largest patch index (LPI) represents the percentage of the landscape that

contains the largest patch of each class and thus the dominance of a single large patch.
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The low values of this index (except for the high 73 value for pine forest in 1827) reflect
the lack of dominance of any land-cover type (except when pine forests were common
before European settlement). These large patches are important for organisms that require
large habitats.

Mean patch area and patch area range closely follow the trends of the LPI, already
described. Both metrics were highest for pine forests in 1827. All patches were larger in
1827 than in the late twentieth century. The many small patchesin all categories in recent
decades also result in a smaller patch range. Mean patch area was not highly variable
through recent times or among classes because of the presence of many single pixel
patches. This stable trend, together with a decrease in the number of patches that are not
in pine forest or bare/devel oped lands and an increase in pine forest composition,
indicated that areas of pine forest were getting larger and more continuous. The
coefficient of variation of the mean patch size for the bare/developed land has been
gradually increasing since 1974. The other land-cover classes vary in this metric for
recent times.

The mean perimeter-to-arearatio of the patches did not vary much between
classes after 1974. The values were similar for pine, deciduous forest, bare/devel oped,
and nonforest vegetation, while values for mixed forest were consistently higher than the
rest. These similarities can be explained by the influence of single-pixel patches (small
patches) yoon this metric. Mixed forest is associated with the highest values because, as a
trangitional class, it is most often represented as single pixel or small patch. Deciduous
forest is mainly found in riparian areas in large, contiguous patches. Bare/developed and

non-forest patches are often the result of some type of managed land use and tend to
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occur in relatively simple and confined shapes. Overall, there was not much variability
within patch level metrics.

The coefficient of variation (CV) of the Euclidean nearest neighbor distance
accounts for variability in measures of the edge-to-edge distance (m) between patches of
the same class. There was little within-class variation between 1974 and 1999.
Bare/developed areas were the most widely spread patch type on the landscape followed
by nonforest patches. These classes were largely associated with managed land use and
comprised a smaller percentage of total landscape composition and number of patches
The forest class values were lower, indicating less distance between forest patches, which
were also more prevalent on the landscape at Fort Benning.

Patch shape index-range increased between the 1827 map and recent maps for al
classes except pine forest; this increase is a measure of the greater complexity in the
shape of areas in land-cover types other than pine forest. After 1974, the shape range
index was consistent for the bare/developed areas, but it had a peak in 1983 for the
deciduous, mixed, and pine forests. At that same time the non-forest vegetated areas had
adip in their shape range index. These inflection points suggest that the land pattern was
most complex in 1983.

The clumpiness index is a measure of patch aggregation A vaue approaching 1
indicates a greater degree of patch clumping; zero signifiesa random distributionof
patches, and —1 indicates disaggregated patches. All land-cover types were more
aggregated in 1987 than in other maps for recent decades. The data included negative
values for mixed forest from 1974 to 1991, for deciduous forests in 1974, and for pine

forests in 1999. Thus the degree of aggregation has fluctuated over time.
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4.4 Landscape metrics for entire area of Fort Benning

Landscape metrics can be useful indicators of overall landscape fragmentation
and diversity. Most landscape level metrics changed considerably between 1827 and
recent decades (Table 3). Total edge increased more than seven fold between 1827 and
1974. The number of patches and patch density also increased over this 147-year period,
and the largest patchindex inclined dramatically. In other words a few, large patches
occurred in the landscape in 1827, as is evident in a visual examination of the map.

L ess change occurred from 1974 to 1999. As with the shape range index, there
was an inflection point in 1983 for the landscape metrics for the entire installation.
Compared with the other maps for recent decades, the 1983 map had fewer and larger
patches with less edge. The amount of edge increased again after 1983 as the largest
patch index declined. However, the trends in edge are not consistent with changesin the
total number of landscape patches or patch density during the same time period. In
general, one might expect the number of patches to increase with total edge, however, the
trends do not necessarily agree. Clearly, this indicates acomplex landscape.

Furthermore, the patch-level metrics (Table 3) show that increases in the number
of patches associated with certain land-cover classes are tempered by decreasesin the
number of patches associated wit h other land-cover classes throughout this time period
(Table 2), resulting in afairly stable number of patches at the landscape level. This
change demonstrates the necessity of examining the patch-level metrics to get a complete

picture of landscape change.
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5. Discussion

Determining the accuracy of the current map was a necessary step in assigning
appropriate confidence in the map products. The process of accuracy assessment
highlighted the mixed forest, which may be overestimated. Accuracy assessment isalso a
useful communication tool in conveying the information revealed by the landscape
metrics to decision makers, for it quantifies the classification inaccuracies. It opens the
door for mentioning that map accuracy can vary spatialy and may be related to land-
cover type, terrain, landscape complexity, and land-use patterns (Steele et al., 1998).

Dramatic changes to the Fort Benning landscape occurred between 1827 and
1974. The analyses in this paper reveal how the landscape, once dominated by almost
uninterrupted pine forest, transitioned into a mosaic of many different land uses and
cover types such as those that occur elsewhere in the contemporary southeastern United
State. (Frost, 1993). Even so, the Fort Benning installation still supports more pine forests
(more than 35% of the area, Fig. 3A) than most placesin the southeast (Frost, 1993).
These changes in pine distribution largely explain the current distributionof red-
cockaded woodpecker. When pine forest were abundant in the Fort Benning region, the
red cockaded woodpecker, which nests in living pine trees, were abundant. However, the
expansionof agriculture inthe southeastern US in the mid to late 1800s and early 1900s
reduced the distribution of pine forests (Kane and Keeton 1998), which greatly
contributed to the demise of red cockaded woodpeckers. Y et, the situation at Fort
Benning was different. These maps reveal the success of management programs at Fort

Benning in expanding the distribution of pine forests in recent decades The broad
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distribution of so many longleaf pine treesis akey reason that Fort Benning is a magjor
component of the Fish and Wildlife Service’s management plan for red cockaded
woodpecker. Characteristics of the mixed forest are important to monitor, for they reveal
information about areas that could be managed to support pine forests.

The land-cover map created from the 1827 witness tree data is critical to
understanding historical conditions on the land. Y et the wide gap between the 1827 map
and the satellite imagery of the 1990s causes some problems in interpretation of the
trends. Therefore, we are exploring whether historical aerial imagery can be used to
construct land-cover maps for some of the intervening decades.

The map of nineteenth century land cover produced from the witness tree datais
useful even though the data do not provide continuous coverage and are highly variable.
By augmenting the witness tree data with archeological evidence, the 1827 map could
include areas of bare ground and sites developed for human use. In particular, the 1827
map shows that pine forest dominated the area even though native forests were actively
burned as part of land clearing in the central region of Georgia. Similar witness tree data
have been used to verify the presence of extensive pine stands in frequently burned areas
of the Missouri Ozarks before European settlement (Batek et al., 1999) and in northern
Florida (Schwartz 1994).

Subtle changes to land cover at Fort Benning occurred in recent decades The area
of pine forest has been gradually increasing in the past 25 years (Fig. 3A). Improved
monitoring techniques coupled with an aggressive management strategy for perpetuating
pine forest at Fort Benning (Waring et a., 1990) have likely been the cause for the

increase in pine and the corresponding decrease in deciduous forest. This management
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strategy includes harvesting timber from stands other than longleaf pine and thinning and
burning areas of longleaf pine (Haywood et al., 1998; Gilliam and Platt, 1999;
Provencher et al. 2001).

While the percentage of non forest vegetated land has slightly increased, the
metr