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Restoration planning, evaluation, and implementation are important in areas where abiotic disturbances (e.g.,
wildfires, hurricanes, and ice storms), biotic disturbances (e.g., outbreaks of native and exotic invasive pests
and diseases), and anthropogenic disturbances (e.g., harvesting, planting, and fire exclusion) have altered
forest landscapes. However, the effects of restoration practices are difficult to measure, and restoration goals
often are unclear. Landscape modeling provides a tool for evaluating outcomes of various management
scenarios and restoration strategies. In this article, we provide a framework for using landscape models for
forest restoration. Specifically, we present a case study using LANDIS, a landscape simulation model of forest
disturbance and succession, to explore the effects of restoration strategies for forests damaged by southern
pine beetle in the southern Appalachians. Our research suggests that landscape models are valuable tools in
the forest restoration decisionmaking process. Future work on landscape models for forest restoration and
other related issues is discussed.
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R estoration planning, evaluation, and
implementation are important in
forested areas of the United States

and in many other regions of the world (Stan-

turf and Madsen 2005). In the United States,
forest restoration has been identified as impor-
tant for forest health and sustainable develop-
ment (National Association of State Foresters

2001). The US Forest Service program dedi-
cated to restoring public and private forests
damaged by the southern pine beetle (SPB)
Dendroctonus frontalis (Zimm.) serves as an ex-
cellent example of these efforts (USDA Forest
Health Protection 2005).

Forest restoration is generally accepted as
the reestablishment of natural ecological pro-
cesses that produce certain dynamic ecosystem
properties of structure and function (Stanturf
and Madsen 2005). It also has been defined as
the process of restoring a forest to its original
state before degradation (Food and Agricul-
ture Organization 2002). We broadly define
forest restoration as the reestablishment of nat-
ural ecological processes that promote specific,
historically relevant properties of forest struc-
ture and function, after and/or despite the ef-
fects of deleterious anthropogenic influences.
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Forest restoration is affected by two
compounding problems. First, the goals of
restoration often are unclear and involve the
simultaneous consideration of a number of
diverse criteria including aesthetics, biodi-
versity, recreation, and economic cost. Sec-
ond, restoration management is a long-term
process such that effects are difficult to mea-
sure at the time of implementation. More-
over, restoration goals and strategies may
vary considerably according to region. Effi-
cient and effective methods are needed to
analyze the potential outcomes and impacts
of multiple restoration goals and strategies
for different forest types.

Spatially explicit landscape models are
promising tools for evaluating management
alternatives, including restoration strategies
in damaged forest areas (Gustafson et al.
2000, Urban 2006). Spatial issues are im-
portant for forest management and restora-
tion (Bettinger et al. 2005). Spatially explicit
landscape models are increasingly being
used to contribute to the evaluation of man-
agement and monitoring in strategic forest
planning (Mladenoff 2004, Perry and
Enright 2006, Scheller et al. 2007). Recent
examples of modeling in forestry include
linking optimization models (linear pro-
gramming) with spatial simulation models
(Bettinger 2001, Gustafson et al. 2003), us-
ing spatially explicit models in assessing for-
est timber harvesting strategies (Gustafson et
al. 2000), and strategic management plan-
ning alternatives (Mehtaa et al. 2004).

We recently used LANDIS (landscape
disturbance and succession; He et al. 2002,
Mladenoff 2004, Scheller et al. 2007) to ex-
amine forest landscape dynamics and to
evaluate restoration strategies for forests
damaged by SPBs in the southern Appala-
chian Mountains (Waldron et al. 2005,
2007, Lafon et al. 2007, Xi et al. 2007,
Cairns et al. 2008a). This region represents
an important case for restoration strategies
because biodiversity is high and multiple
disturbances, including invasive pests, are
reducing the existence of yellow pine forests
(Southern Appalachian Man and the Bio-
sphere 1996). The yellow pines here are four
members of the genus Pinus (subsection
Australes Loud.): Table Mountain pine (Pi-
nus pungens), pitch pine (Pinus rigida),
shortleaf pine (Pinus echinata), plus Virginia
pine (Pinus virginiana).

In this article, we provide a framework
for using this approach to assist strategic for-
est management and restoration planning.
We describe the methods we used to assess

the succession of forests given a number of
biotic, abiotic, and management scenarios
relevant to the landscape. We present a case
study in western North Carolina. Finally, we
discuss the usefulness of this approach in-
cluding both its strengths and its limitations.

A Modeling Framework
Forest Landscape Models. Forest

landscape models simulate vegetation
change through time using spatially refer-
enced data across a broad spatial scale gener-
ally larger than a single stand (�100–
1,000,000 ha). Spatial interactions between
stands are a key component of such models.
Therefore, these models can be used to sim-
ulate vegetation change with regards to mul-
tiple stand management within a given area
(i.e., a watershed or a Ranger District of Na-
tional Forest; Turner et al. 1994, Boston and
Bettinger 2001). Such models have also
been used to simulate the effects of a variety
of timber harvesting practices (Gustafson et
al. 2000), to project habitat loss and alter-
ation resulting in impacts on biodiversity (Li
et al. 2000, Akcakaya 2001, Shifley et al.
2006), and to assess the impact of land-use
activities on ecological resources (e.g., Dale
2003).

Restoration Goals. The goals of forest
restoration may vary greatly depending on
the temporal and spatial scales considered.
In some cases, the goal of restoration may be
known and well defined a priori. For exam-
ple, the restoration goals for national forests
often are clear and defined in land and re-
source management plans (e.g., Gustafson et
al. 2000). Where the goal of a restoration
strategy is known and well defined, a mod-
eling approach can be used to determine an
effective management strategy that leads to
the landscape structure that best fits this
goal. For example, the purpose of restora-
tion may be to recreate a historical forest
condition (supported by scientific data) or a
forest structure crucial for the rehabilitation
of an endangered species. Using spatially ex-
plicit landscape models, outcomes of various
forest management and restoration practices
can be evaluated according to various crite-
ria, including the cost of the management
strategy, economic gains, biodiversity pro-
tection, and resistance to pests and disease.

However, the limitations of historical
data (e.g., a full picture of a historic forest
may not be known) and the fact that effec-
tive management involves optimal alloca-
tion of limited economic resources often
makes determining a priori restoration goals

difficult. In these cases, spatially explicit
landscape models can help transform gen-
eral or conceptual goals into more quantita-
tive and realistic goals. An iterative modeling
approach may allow the exploration of vari-
ous management strategies and their conse-
quences. This approach may facilitate the
identification of appropriate, practical, and
pragmatic restoration goals. Clearly, the suc-
cess of this approach is dependant on a
model that is flexible enough to represent a
variety of disturbances and management
practices, that is simple to use, and that ac-
commodates available data.

The Modeling Framework. Our ap-
proach is to integrate natural disturbance
agents and restoration/management alterna-
tives into a spatially explicit landscape model
capable of simulating forest vegetation dy-
namics through space and time. We used
LANDIS as our primary modeling environ-
ment because it provides a general frame-
work for determining the combined effect of
major natural and anthropogenic distur-
bances (e.g., fire regimes, insects, harvesting,
and planting) that are capable of driving
changes in forest structure (Figure 1).

LANDIS is a stochastic simulation
model that allows forest succession and dis-
turbances to operate on cellular landscapes
comprising heterogeneous patterns of tree
species, age class, and seed dispersal (He et
al. 1999, Gustafson et al. 2003, Mladenoff
2004). It has been used in North America as
well in some areas of Europe and Asia to
investigate forest dynamics and fire manage-
ment strategies across landscapes. Examples
of applications relevant to forest restoration
include harvesting and fires (He et al. 2002,
Shang et al. 2004, Scheller et al. 2007), pests
and disease (Sturtevant et al. 2004), risk as-
sessment and landscape habitat models (Lar-
son et al. 2003, Shifley et al. 2006), land-
scape change and management practices
(Shifley et al. 2006), and succession and har-
vesting (He et al. 2002, Gustafson et al.
2000, 2003).

A Case Study in the Southern
Appalachians

Study Areas. We used the Appalachian
Mountains of western North Carolina and
eastern Tennessee as our general study area.
From 2000 to 2003, SPBs caused cata-
strophic damage to the yellow pine forests.
SPB is the most destructive native insect af-
fecting the southern US forests. Over the
past 40 years, SPBs have caused billions of
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dollars of timber damage in the southern
United States (National Association of State
Foresters 2001, Coulson et al. 2004, Pye et
al. 2005; Figure 2).

Restoring the yellow pine forest has
been identified as a significant task for
landowners and forest managers in the
southern United States. The yellow pine

forest is an important habitat for the en-
dangered red-cockaded woodpecker and
other birds such as pine warbler and quail
(Coulson et al. 1999). These forests are

Figure 1. The working flow using the LANDIS model for southern pine beetle restoration planning and evaluation.
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also important sources of recreation and
raw materials for wood processing facili-
ties, such as paper manufacturing and log
home building.

Model Simulation. Our goal is to pro-
vide information that is necessary for plan-
ning strategic forest restoration after SPB
damage by creating a simulation environ-
ment to evaluate the efficacy of various res-
toration strategies. We implemented our
work in a stepwise fashion and performed
the following steps: (1) parameterized LAN-
DIS to simulate forest succession in the ab-
sence of SPBs and fire, (2) explored the in-
teractions of fire and vegetation dynamics,
(3) investigated the combined roles of fire
and SPB outbreaks, and (4) examined the
reciprocal effects of landscape structure and
insect outbreaks in landscapes with con-
trolled structural characteristics. We elected
to use hypothetical landscapes based on data
from Great Smoky Mountains National
Park to investigate the combined roles of
wildfires, fire exclusion, and SPB outbreaks

(Lafon et al. 2007, Waldron et al. 2007) and
to examine the reciprocal effects of land-
scape structure and insect outbreaks (Cairns
et al. 2008b).

In LANDIS, tree species are simulated
as the presence or absence of user-defined
age cohorts on each cell. At the site (cell)
level, LANDIS uses parameters representing
life history traits of selected species (e.g., lon-
gevity, minimum age at reproduction, shade
tolerance, fire tolerance, seed dispersal dis-
tances, and resprout probability) to simulate
vegetation dynamics at user-defined time
steps. Succession in LANDIS is based on life
history attributes of a species and the com-
position of different species within a cell (He
et al. 2002).

We created a pool of the 30 most dom-
inant trees species within the study area. Life
history parameters were based on work by
Burns and Honkala (1990), which has
served as the basis for a number of previous
forest modeling studies (e.g., Sturtevant et
al. 2004). LANDIS uses an establishment

coefficient to represent the habitat suitabil-
ity of each land type for each species. We
derived relevant establishment coefficients
based on the patterns of species abundance
along elevation and moisture gradients
(Lafon et al. 2007).

The Biological Disturbance Agent
(BDA) module in LANDIS was parameter-
ized to represent the temporal and spatial
pattern of SPB outbreaks in the southern
Appalachians. The timing of outbreaks was
determined by a uniformly distributed ran-
dom number with a minimum interval of 10
years and a maximum interval of 30 years,
consistent with historical SPB trends in the
area.

Fire regime effects were simulated by
deriving parameter values for fire event size
(maximum, mean, and minimum) and the
ignition probability for different land types.
We also examined the effect of a fire exclu-
sion scenario, considering fire exclusion as a
disturbance for the yellow pine forest.

Results
Our modeling projections suggest that

a combination of fire and SPB disturbance
creates sustainable yellow pine forests, and
the regime of multiple interacting distur-
bances have important implications for the
successional dynamics and vegetation char-
acteristics in yellow pine woodlands of the
southern Appalachian Mountains. When
acting alone, fire leads to conditions favoring
pine presence, while SPB disturbance acting
alone resulted in the removal of yellow pines
(Waldron et al. 2005, 2007, Lafon et al.
2007; Figure 3). When fire is not present as
a disturbance type, these ecosystems succeed
into hardwood-dominated ecosystems (Fig-
ure 4). Our conclusion is consistent with the
hypothesis that fire and SPBs are part of a
disturbance regime that maintains yellow
pine woodlands (Williams 1998). Specifi-
cally, historically, fire played an important
role in yellow pine forests and is thought to
have interacted with SPBs to maintain open,
pine-dominated woodlands on dry upland
sites (Schowalter et al. 1981). In addition,
the model projections imply that reintro-
ducing fire will help maintain open pine
stands in the southern Appalachians similar
to those thought to have occupied dry sites
on the southern Appalachian landscapes in
the past. Such open stands have low basal
area and, hence, should not be conducive to
the development or spread of large SPB in-
festations.

Our results also suggest that there is a

Figure 2. Infestation of southern pine beetles (SPBs) in the Little Lake Creek Wilderness
illustrating the damage caused by this pest species on forest resources. The Little Lake Creek
Wilderness consists of a 1,796-ha forested landscape located in southeast Texas on the
Sam Houston National Forest. When the US Congress designated the Little Lake Creek
Wilderness Area in 1985, the pine component of the vegetation cover was dominated by
“old-growth” loblolly (Pinus taeda) and shortleaf pine (P. echinata), which is the preferred
host condition for the SPB (Dendroctonus frontalis). The wilderness designation removed the
Little Lake Creek Wilderness from normal US Forest Service management practices, includ-
ing insect suppression. Shortly after being designated a wilderness area, a massive out-
break of the SPB occurred. The large contiguous areas of mature host species coupled with
favorable weather conditions triggered the SPB outbreak. Because the SPB can have six to
eight overlapping generations per year, the effect of the insect on the forest environment
was quick and dramatic. The result was widespread mortality to the mature loblolly and
shortleaf pine present on the landscape (Photo by R.N. Coulson, June 1990).
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strong relationship between landscape
structure and SPB outbreaks (Cairns et al.
2008a, 2008b). As the aggregation of
pines on the landscape increases, so does
the proportion of pines infested with
SPBs. This relationship between pine ag-
gregation and outbreak severity results be-
cause the BDA module incorporates
mechanisms by which the mixture of tree
species and ages in a neighborhood can
influence herbivory, as observed empiri-
cally in forest stands (e.g., Schowalter and
Turchin 1993, Jactel and Brockerhoff
2007). A large body of empirical research
shows that insect herbivory is greater in
pure stands of host trees than in mixed
stands containing host and nonhost spe-
cies (Jactel and Brockerhoff 2007). Several
mechanisms may contribute to lower her-
bivory in mixed stands, including low host
availability, chemical or physical interfer-
ence with location of hosts by the insects,
and a larger number of parasites and pred-
ators (Jactel and Brockerhoff 2007). The

representation of the influence of these
stand-level mechanisms in BDA permitted
us to assess their possible implications for
landscape-scale outbreak patterns (Cairns
et al. 2008b). Our LANDIS simulations
suggest that landscape-level SPB distur-
bance patterns can emerge as a conse-
quence of the characteristic way in which
tree neighborhoods are arranged on a
landscape. Hence, these simulations con-
cur with the conclusions derived from
small-scale field studies.

Simulations suggest that regardless of
the initial proportion of the landscape oc-
cupied by pines, the proportion of pines
on the landscape decreases over time in the
presence of SPB (Cairns et al. 2008a). We
also show that there appears to be some
“memory” associated with the initial pat-
tern of the landscape. Specifically, al-
though pines decrease within the land-
scape and although pine stands become
less aggregated over time, the general out-
lines of the initial patches remain on the

landscape over the 500-year span of the
simulations. These results indicate that
when considering restoration strategies for
insect-affected forests, it is necessary to
consider the patterns of hosts on the land-
scape as well the landscape composition.
Restoration scenarios for Table Mountain
pine, e.g., should consider not only how
best to implement fire or other techniques
to regenerate pines in decadent stands
(e.g., Williams 1998), but also how man-
agement actions influence the spatial ar-
rangement of pine stands throughout a
landscape (Cairns et al. 2008b).

Land managers and forestry practitio-
ners will also note that while pines are re-
moved in the SPB disturbance scenario,
there is an initial abrupt drop at the first
large infestation (around year 40) followed
by a more gradual decline over several hun-
dred years (Figure 3). If we assume that the
typical forest professional works 30 years,
the trend and ultimate severity of these de-

Figure 3. Change in species abundance (percentage of landscape covered) over time. Note the differences that exist between scenarios (no
disturbance, fire only, southern pine beetles (SPBs) only, and fire and SPBs combined), species (Table Mountain pine, Virginia pine, and
pitch pine), and positioning on the landscape (middle elevation ridges and peaks; low elevation ridges and peaks).
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clines might only be recognizable to field ob-
servers after several generations.

Lessons and Implications
Through this ongoing research and dis-

cussion of our results with the US Forest
Service, we conclude that a modeling ap-
proach has considerable potential for assist-
ing managers in the decisionmaking process
for a number of reasons. First, the relation-
ships between ecosystem function, anthro-
pogenic impacts, and desired forest condi-
tions are too complex to formulate and
explore without quantitative modeling
tools. Second, quantitative and mapped out-
puts are commonly required for decisions
that involve federal agencies and multiple
stakeholders. Third, forest landscapes are at
spatial and temporal scales that prohibit in
situ experiments. Fourth, landscape model-
ing encourages the collection and organiza-
tion of data and knowledge. In the context
of forest restoration, this is important be-
cause while forest changes operate over rela-
tively long time periods, the costs of restora-
tion practices are high, and the needs for
effective strategies are often immediate.

Although we can justify the large spatial
and temporal scales of the LANDIS ap-
proach, it is also important to note that this
approach does not preclude the use of mod-
eling at a finer scale. In fact, the success of
the LANDIS approach requires a strong un-

derstanding of the dynamics of vegetation in
smaller areas. For example, some critical pa-
rameters such as species establishment coef-
ficients were calculated by using certain fin-
er-scale forest gap models such as
LINKAGES (Post and Pastor 1996, He et
al. 1999; Figure 1).

Strengths. Landscape models provide
projections of long-term and broad-scale
change and allow experimentation and com-
parisons among scenarios. The nature of the
complexity of forest landscapes and restora-
tion activities make it unlikely that these
sorts of insights can be gained by using intu-
ition or reasoning alone. In a broader con-
text, they can be used in a multidisciplinary
manner to incorporate concepts and theo-
ries from landscape, ecosystem, and com-
munity ecology.

LANDIS provides a proven framework
for investigating the complex interactions
over broad landscapes (He et al. 1999,
Gustafson et al. 2003). Many forest restora-
tion and management problems are repre-
sented by the spatial and temporal scales of
the LANDIS approach, and when quantita-
tive explorations are needed, LANDIS can
be effectively parameterized for many differ-
ent forest landscapes. In doing so, research-
ers and managers gain the benefit of using a
model that has been well studied, has a sig-
nificant user base, and produces comparable
quantitative outputs.

Limitations. Potential users need to as-
sess the suitability of this approach for their
own research or practice. To date, most
landscape models have been developed pri-
marily by ecological modelers from a re-
search perspective and are still undergoing
technical modifications. More work is
needed both to assess and to improve their
accuracy and to make them more user-
friendly.

LANDIS simulations are based on a set
of stochastic equations with simple assump-
tions. The interpretation of results must be
based on the limitations of the input and are
only valid for the simulated input condi-
tions. In addition, the current simulation of
forest management and restoration in LAN-
DIS is still less sophisticated than forest
growth and yield models and optimization
(linear programming) models. Some impor-
tant management considerations, such as
economic comparison among scenarios,
cannot be adequately simulated. The speci-
ficity of a single study (for a specific ecosys-
tem), in addition to its requirement of ex-
tensive computer power, technical expertise,
and data, currently restrict for its application
in some situations.

Conclusions and Future Work
Our research suggests that landscape

models are a useful research tool and a valu-
able aid for the forest management decision-
making process. The landscape modeling
approach allows forest managers to deter-
mine the impact of various disturbances on
the forests. The result is the identification of
the best strategies for managing key land-
scapes that may be significantly impacted by
multiple, interacting threats.

Our goals for future research are to test
the capability of the landscape modeling ap-
proach to evaluate changes in composition
and structure of eastern US forests undergo-
ing multiple interacting environmental
threats and global warming, to develop
methods that make the parameterization of
the model and the interpretation of its re-
sults more efficient and available to a wider
scientific and practical audience, and to test
the results of landscape models by imple-
menting recommendations based on the
modeling scenarios in test locations and
then monitoring those areas to determine
the effectiveness of using the model for for-
est management decisionmaking.

Figure 4. Change in abundance (percentage of landscape covered) over time of species on
middle elevation ridges and peaks. Scenarios include no disturbance, southern pine beetles
(SPBs) only, fire only, and SPBs and fire combined.
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