























1376 J. Wiens et al. / Remote Sensing of Environment 113 (2009) 1370-1381

Fig. 3. Example output of the ecological condition model for longleaf pine sandhills at Eglin AFB, Florida, scaled to 1-ha monitoring units for a) 2001, and b) 2007. Tier 1 represents

high-quality sandhills while Tier 4 reflects degraded sandhills.

applications of the ecological condition model and illustrates the role
of remote sensing.

In the future, higher resolution imagery and new cognitive software
programs to perform fuzzy classification of satellite imagery may be used
to improve the derivation of model inputs. Although the GIS model was
created and validated by experts, a ground validation of the model has
not yet been conducted. Eglin natural resources staff and TNC are
exploring the possibility of convening experts to perform an on-the-
ground validation of the 2007 GIS model results. The results of such an
assessment would be used to improve the model and provide an
accuracy assessment of the model's performance. In addition, rates of
change in the tier condition of the sandhills can be examined to
determine an appropriate time interval at which to run the model.
Finally, the potential to use newer, spatially explicit modeling approaches
such as MAXENT (Phillips et al., 2006) to examine the condition of Eglin's
sandhills using remotely sensed data is also being explored.

4. Case study 3: Evaluating the effectiveness of forest
conservation strategies

Our third example illustrates how remote sensing is being applied
to assess the effectiveness of forest conservation strategies used by
The Nature Conservancy (TNC) in a study now underway. The
strategies include direct acquisitions, acquisitions by third parties,
conservation easements, and forest certification. What sets this study
apart is how remote sensing is being used to assess forest cover
changes observed across large areas with different forest types and
management goals, while still providing high-quality, comparable
data that allow characterization, quantification and interpretation of
changes based on site-specific conservation objectives.

The timber industry has changed dramatically in the last decade as
traditional integrated forest-product companies have divested of
extensive acreage across the United States. (Wilent, 2004; Mendall
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Fig. 4. a) Change in longleaf pine condition tier by area (ha) from 2001 to 2007 at Eglin
AFB as assessed by the ecological condition model. b) A matrix showing how the tier
values of Eglin's 1-ha management units transitioned from 2001 to 2007. For example,
7703 ha moved from Tier 2 to Tier 1 over the time period. Shaded cells indicate 1-ha
management units that did not experience a change in condition from 2001 to 2007
(total of 80,141 ha).

etal, 2005; Clutter et al,, 2006). These changes in forest-land ownership
have provided conservation groups with unique opportunities to protect
significant areas of forest. Collectively, the decisions on how much, to
whom, and with what restrictions these forest lands are assigned are the
“conservation strategies.” These strategies include directly managing
the timber on the property, selling the lands to private or public entities
under the protection of conservation easements, facilitating sales to
government agencies, and ensuring that forests are covered by third-
party certification programs. The effectiveness of these strategies in
helping to achieve forest conservation goals is largely untested. The
study uses a retrospective analysis of forest conditions across various
patterns of ownership and legal protections to assess the effectiveness of
the different strategies (Table 4).

4.1. Remote-sensing approach

Because surveying forest cover change/health on the ground is
demanding in time, personnel, and money when conducted across
large areas (as in this study) and access to private lands is often not
allowed, an alternative approach is needed. Forest cover changes can
be assessed across large areas through remote sensing (Aguilar-
Amuchastegui & Henebry, 2007; Ashton & Hall, 1992; Wulder, 1998;
Jin & Sader, 2005; Lu et al., 2004; Shiba & Itaya, 2006). The approach
used must be sensitive enough to allow detection of changes at
adequate spatial scales, in a timely manner, and with enough
flexibility so it can be used to assess different management objectives
in different types of ecosystems. It must be useable by managers and
technicians with varied backgrounds and expertise. This study's
objective is to detect and quantify changes in forest cover, interpret
them based on specific management objectives established for each
forest stand, and then measure strategy effectiveness with a minimal
amount of data processing. Those stands requiring further assessment
or verification then can be targeted for additional data analysis and/or
ground surveys.

A wide array of sensors such as Landsat TM, ETM+, IRS and SPOT
and, more recently, ALOS, EO-1 ALI, ASTER have proven to be the
most versatile for forest-stand parameter estimation, as their spatial
resolutions (15-30 m) are consistent with the average quadrant
sizes used when surveying structural parameters in the field
(Aguilar-Amuchastegui & Henebry, 2007; Lu et al., 2004; Rosenqvist
et al, 2007). We are using Landsat based on its 30+ years of
accumulated data (now being released), extensive research on its
use for forest cover change monitoring, and the development of
straightforward and easily implemented techniques for its use for
change and/or disturbance detection, such as Kauth-Thomas's
“Tasseled Cap Transformation” (TCT) differences (Collins & Wood-
cock, 1996).

In this study, changes in the brightness (B), greenness (G), and
wetness (W) indices resulting from the Tasseled Cap transformation
(TCT index differencing) of images acquired between survey periods
(see Jin & Sader, 2005) are being used to detect and classify changes
related to forest management practices. These include stand growth
and loss, planting, fire frequency and area, thinning, and harvest
(Coops et al., 2006; Dymond et al., 2002; Healey et al., 2005, 2006; Jin
& Sader, 2005; Levien et al., 1999; Sivanpillai et al., 2006; Skakun et al.,
2003; Wulder et al., 2004).

TCT index differencing is a practical approach, as it does not require
complicated image-processing steps such as top-of-the-canopy atmo-
spheric correction. Differences of indices derived from top-of-atmo-
sphere reflectance (Markham & Baker, 1986; Peddle et al., 2003;
Wulder et al., 2004) have been shown to be robust against
atmospheric anomalies (Song et al., 2001). Additionally, index
differencing incorporates forest dynamics as part of the analysis
rather than considering it as a source of potential error or bias (see
Aguilar-Amuchastegui & Henebry, 2006, 2007).

Changes observed in the three indices (B, G, W) across time are
represented by a three-band change image (ABGW), and then
classified into change classes (see Fig. 6; Healey et al., 2005; Levien
et al,, 1999). As forests in general are dynamic (Aguilar-Amuchas-
tegui & Henebry, 2007), stands will exhibit pixels belonging
to specific change classes. Those classes are then linked to similar
changes observed in reference areas such as a known burned stand
or a stand where we know thinning has occurred. Change classes
occurring within each stand, their type, the area covered, and
dimension are then interpreted and translated into stand con-
servation scores based on specific management objectives and
goals (e.g. forest cover area loss/gain, expected number acres
burned, thinned, harvested, untouched). By translating the specific
changes detected and quantified by remote sensing into manage-
ment-based conservation scores, we put changes observed across
the study area into a common scale, allowing direct comparison
of the results. Conservation scores are then grouped according to
each conservation strategy in order to assess its effectiveness

(Fig. 6).
5. Summary and conclusions

These case studies illustrate how remote sensing can be used to
establish spatial priorities, assess the condition of ecological systems,
and evaluate the effectiveness of management practices or strategies.
In the Connecticut River watershed, for example, remote sensing
allowed us to verify current flood regimes at specific sites and assess
them against the flood regime of the entire stream network.
Additionally, it proved useful in separating floodplain forest commu-
nities from other riparian community types. At Eglin AFB, remote
sensing has provided information to assess the effectiveness of
management strategies to restore fire to the longleaf pine sandhills
ecosystem, control invasive species, and prioritize annual prescribed
burns at multiple scales. In eastern US forests, remote sensing is being
used to perform a retrospective study that could not otherwise be
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Fig. 5. Flow chart summarizing the spatial modeling approach used to assess the ecological condition of longleaf pine sandhills across Eglin AFB.

done, to cover a spatial extent and a diversity of forest types that
would be prohibitively expensive if conducted on the ground, and to
enable us to evaluate condition and changes in properties where

direct access would be difficult or impossible to obtain.
These case studies also illustrate several issues that are essential to
consider in the application of remote sensing to support conservation

efforts.

Table 4

Response variables to be measured in the analysis of forest-conservation strategies in

eastern US.

Ecological attributes
(remote sensing)

Ecological attributes
(ground sampling)

Threat attributes Legal/conservation
(remote sensing) Status (background
information)

Forest cover

Forest structure
Forest composition
Forest fragmentation
Forest size/natural
disturbance ratio
Intact riparian buffer
Fire management
Topography

Slope
Flooding regime

Coarse woody
debris

Herbaceous
diversity

Avian diversity
Carnivore diversity
Water quality

Hydrologic regime
Atmospheric
deposition
Invasives

Deer herbivory
Fire management

Development Date of sale

Land conversion Ownership status

Management Protection status

impacts Legal restrictions

Recreation Use restrictions

impacts

Roads Forest certification
status

Pests and

pathogens

Fire management

Timber harvest

5.1. Spatial and temporal resolution

First, it is critical to identify the appropriate spatial and temporal
resolution necessary to answer the conservation question or questions
at hand. Conservation planning occurs over a range of scales, from
global to local. At global and even regional scales, the need for broad
and consistent coverage of data layers is more important than the
spatial resolution of the data. At the local scale where conservation
planning is actually implemented, however, high-resolution informa-
tion is often required to consider how threats, opportunities,
resources, or compatible land uses are arrayed across the landscape.
Similarly, assessing how these places change as a result of land use,
disturbances, or management actions may require high temporal
resolution. For both spatial and temporal dimensions, however, the
higher the resolution of the data the greater the “noise”—information
that is tangential to the variables of interest and that may cloud or
obscure patterns in those variables. Care must be taken to separate
signal from noise.

5.2. Linking remote sensing to ground sampling

In all of these situations, remote sensing is being linked with on-
the-ground monitoring and data collection. This combined approach
increases the cost-effectiveness of monitoring by directing ground
surveys where they can contribute the most. Moreover, by assessing
variables that are not easily amenable to remote sensing, such as
herbaceous diversity, occurrence of rare species, avian diversity,
invasive species, carnivore diversity, or woody debris, on-the-ground
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Fig. 6. Flow chart of the remote-sensing approach designed for assessing forest-conservation strategy effectiveness in the eastern United States.

surveys can provide the information necessary to attach ecological
meaning to the patterns revealed by remote sensing. The work at Eglin
AFB is an excellent example of maximizing the accuracy of remote
sensing while streamlining the ground sampling for validation and the
addition of variables that cannot be assessed in any other way. This
should enable management based on an understanding of ecological
processes as well as patterns. Remote sensing is a valuable tool, but
it is not a panacea for the challenges of conducting ecological
monitoring and implementing sound management.

5.3. Objective-driven remote sensing

The technological foundation, resolution, and capacity of remote
sensing are rapidly expanding. Yet as remote sensing produces more
and better data of more varied sorts, the need for sound ecological
interpretation becomes increasingly important. Remote sensing can
provide a deluge of data, and one could argue (as many have done)
that one can never have too much data. For this information to be
useful in conservation and management, however, it must be
interpreted. If remote sensing detects a certain amount of landscape
change, what does this mean for conservation? Is a spatial pattern that
is revealed at a 1-m? resolution really relevant to the conservation
questions that are being asked? At what point does the availability of
ever more sophisticated remote-sensing tools become technological
overkill?

Interpreting remote-sensing data requires an understanding not
only of ecology but of the particulars of how information is obtained
and processed by remote sensing. As the technology advances, it

grows in complexity and may quickly exceed the comfort level of most
ecologists. And ecology is also growing more complex, exceeding the
comfort level of most people trained in remote sensing. Few
individuals are likely to have deep expertise in both. The gap between
people versed in data generation and those skilled in data interpreta-
tion is likely to widen. Broader training by itself will not bridge this
gap. Rather, collaborations between scientists who understand the
details and latest advances in remote sensing and those who deal with
the scientific underpinnings of conservation will be essential. Work-
shops targeted at particular problems or places may be an effective
way to share ideas and foster these collaborations.

5.4. Resources for remote sensing

Cost is important. Conservation organizations are always limited in
funds, since the needs for conservation action will always outstrip the
availability of funding. This means that organizations must assess
their funding priorities. At some point, spending more to obtain
higher-resolution imagery at finer temporal resolution, and to analyze
and interpret the greater quantity of information such imagery
provides, will exceed the level of resolution needed to make sound
management decisions. There are diminishing returns on the invest-
ment. The temptation to use increasingly sophisticated and detailed
remote-sensing tools and information because they are available must
be tempered by the costs and the returns.

Answering this question requires that we ask, “How good is good
enough?” How much information is needed, at what level of
resolution and what expense? This decision should be guided by the
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objectives, the questions being asked, and the scale of the resulting
conservation or management action. Using m2-resolution information
to assess habitat condition and availability for a wide-ranging
vertebrate may be overkill, but it may be essential for a plant species
with restricted habitat requirements or to detect emerging threats.
Determining how best to use remote sensing in conservation requires
that the specific conservation objectives be clearly defined and then
matched against the technological options available.

Remote sensing has proven its value and holds even greater
promise for conservation in the future. Although new technology will
be continually incorporated, it is equally important to apply remote
sensing in ways that will most benefit the conservation of biodiversity.
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