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The essential goal of wildlife management is to conserve wildlife populations. This
goal is often evaluated with wildlife habitat models or population models. These
wildlife models often assume that wildlife habitats remain static (Akcakaya
2001). Such an assumption can be problematic when models span long time per-
iods and large spatial extents. Habitat abundance, quality, and distribution will
change due to many natural and anthropogenic processes, including spatial and
landscape processes. Forest landscape processes are a set of spatially contagious
processes such as fire, wind, seed dispersal, insect and disease propagation, and
forest harvest. They operate at large spatial (10°-10” ha) and temporal scales
(10'-10° years), overlapping with the scales required to study habitat and popula-
tion change. Forest landscape processes are key factors affecting forest landscape
dynamics and consequently habitat, abundance, quality, and distribution for wild-
life. Such processes can be addressed with forest landscape models. Integrating
forest landscape modeling and wildlife modeling provides a viable tool to fully
address forest wildlife habitats and population under various natural and anthro-
pogenic regimes (Akcakaya et al. 2004, Wintle et al. 2005, Pichancourt et al.
20006, Shifley et al. 2006).

Over the past 15 years, there has been a rapid development in the field of
forest landscape modeling, fueled by both technological and theoretical
advances (Noon et al., this volume). From a technological perspective, forest
landscape models have benefited greatly from increasing computing capacity
and the development of GIS, remote sensing, and software engineering (Roloff
et al., this volume). Incorporating ecological processes into forest landscape
models and digitally representing these processes and their interactions can
be facilitated through the use of well-designed computer software (He et al.
1999, He et al. 2002). The discipline of landscape ecology studies the interac-
tion of spatial pattern and ecological processes under various spatiotemporal
scales and theories of disturbance, equilibrium, and nonequilibrium approaches
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of vegetation and ecosystems. Landscape ecology provides a strong theoretical
and conceptual basis for forest landscape modeling. The general background
of forest landscape model development is reviewed by Sklar and Costanza
(1990), Gardner et al. (1999), Mladenoff and Baker (1999), Mladenoff (2004),
Scheller and Mladenoff (2007), and He (2008).

Forest landscape models share two common features: (1) They simulate forest
vegetation response at large spatial and temporal scales; and (2) they simulate
outcomes of repeated, stochastic landscape processes (e.g., seed dispersal, fire,
wind, insects, diseases, harvests, and fuel treatments). Depending on the model
purpose and design limitations, forest landscape models may differ in the key eco-
logical processes incorporated, the extent to which mechanistic details are
simulated for each process, and the type and scope of applications. These differ-
ences render certain forest landscape models more suitable for wildlife modeling
than others.

I review approaches used to simulate site-level vegetation dynamics in forest
landscape modeling because different approaches have different potentials and
limitations for use with wildlife modeling. I use the LANDIS model to illustrate a
general framework of integrating a forest landscape model with habitat suitability
models or population models. I show that (1) habitat suitability can be evaluated
under a combination of forest management and natural disturbance scenarios;
(2) habitat suitability is dynamic, driven by succession, disturbance, and manage-
ment; (3) habitat maps can be derived using relevant species and age class combi-
nations targeted specifically to individual wildlife species; and (4) aggregations
and disaggregations of vegetation classes using raster data simulated in the
LANDIS model allow habitats to be mapped at multiple scales. Finally, I discuss
limitations of the LANDIS model in this coupled modeling framework.

FOREST LANDSCAPE MODELS AND THEIR
POTENTIALS IN WILDLIFE MODELING

A forest landscape model simulates spatiotemporal characteristics (distribution,
shape, abundance, etc.) of at least one recurrent landscape process in a spatial
context. Under this definition, a forest landscape model (1) is a simulation
model where the model objects of time ¢ are derived from the model objects
of time #-1; (2) simulates recurrence of one or more landscape processes; and
(3) operates at a large spatial and temporal extent that is adequate to simulate
the landscape process (He 2008).

Forest landscape models have been developed using diverse approaches
largely driven by research or application. Two features that are keys to integrat-
ing forest landscape models with wildlife models are the number and types of
landscape processes simulated and the type of vegetation data tracked by each
model entity (i.e., basic modeling unit such as pixel or polygon).



Forest Landscape Models and Their Potentials in Wildlife Modeling

Most forest landscape models employ simplified approaches to simulate site-
level vegetation dynamics, under the premise that fine-scale, site-level dynamics
can be aggregated, whereas modeled landscape-scale objects are relatively less
affected (Rastetter et al. 1992). Three approaches are generally used to simulate
site-level vegetation dynamics, each approach having its own potentials and
limitations for wildlife modeling.

Landscape Process Models

Landscape process models do not explicitly simulate site-level vegetation
dynamics; rather, variables representing simulated landscape processes are used
as surrogates for site-level succession dynamics (He 2008). For example, the var-
iable time since last fire is used to represent stand age in DISPATCH (Baker et al.
1991) and ONFIRE (Li et al. 1997), time since last treatment is used to represent
the amount of fuel accumulated in FIRESCAPE (Cary 1998), and time since last
harvest is used to represent stand age in HARVEST (Gustafson and Crow 1996),
while the actual site-level vegetation or succession is not simulated. These mod-
els are either highly theoretical or tend to work in the systems where dominant
landscape processes may override site-level succession dynamics. For example,
in boreal forests in Canada (Li et al. 1997), western coniferous forests in the
United States (Romme and Despain 1989), chaparral shrub lands in southern
California (Franklin et al. 2005), and Eucalypt forests in Australia (Gott 2005),
fires tend to be stand replacing, and once they occur, they can reset succession
to the initial stage.

For this group of models, inferences about vegetation are usually derived
using empirical relationships based on the variables representing the landscape
process such as time since last disturbance or harvest recorded at each site
(pixel or polygon). The inferred vegetation information is usually general, such
as stand development stage (e.g., young or old forests) or seral stages such as
early, mid, or late successional vegetation. The inferred vegetation characteris-
tics and these simulated spatial patterns can then be used to model wildlife habi-
tats or populations. For example, HARVEST is a timber harvest allocation model
developed by Gustafson and Crow (1994). It does not track actual timber or veg-
etation for each site and therefore does not simulate site-level dynamics. Rather,
it allows the input of specific rules of clearcutting to generate landscape pat-
terns that reflect the “look and feel” of managed landscape. The output of HAR-
VEST can be used to determine the effect of variation in harvest size, rotation,
and total harvest area on the spatial pattern of a forested landscape. The
simulated spatial patterns were further assessed for a generalized neotropical
migrant forest bird using a GIS model (Gustafson and Crow 1994).

These models usually simulate one landscape process, either fire or harvest,
because simulating multiple landscape processes generally requires simulating
site-level succession. Thus, application of these models is limited primarily to
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situations in which there is interest in the effects of one dominant landscape
process, such as fire or timber harvest, but not both.

Succession Pathway Models

Succession pathway models track vegetation types for each model unit (pixel or
polygon) and use state-and-transition models to represent succession by linking
vegetation types or development stages to the transition time. Succession pro-
ceeds along pathways until it reaches a climax or stable vegetation type. Succes-
sion pathways are deterministic, but stochastic characteristics such as transition
time and transition probability can be built in using Markov modeling (e.g.,
Gardner et al. 1999, Hargrove et al. 2000). Landscape processes interact with
the pathway by forwarding or rewinding succession stages. It is possible to
incorporate a landscape process of different forms (e.g., fire with different
intensities) or multiple landscape processes (e.g., fire, insect, disease, and har-
vesting) into succession pathways.

Succession pathway models are highly empirical; the transition time and
direction are often quantified from empirical knowledge through field observa-
tion. Succession pathways can be as simple as vegetation development stages
(e.g. seedling, sapling, young forest, and old forest) or as specific as major vege-
tation types of different seral stages such as those developed by Keane et al.
(2004) for mountain pine beetle.

Single pathway models are usually associated with one landscape process,
such as fire in the model by EMBYR (Gardner et al. 1999, Hargrove et al.
2000). In EMBYR, vegetation is interpreted as fuel types and updated per itera-
tion via a predefined transition probability. Multiple pathway models are asso-
ciated with multiple landscape processes or one model object with multiple
forms; examples are LANDSUM (Keane et al. 2002), SIMPPLLE (Chew et al.
2004), and LADS (Wimberly et al. 2000). In LANDSUM and LADS, fire can
have multiple forms in terms of intensity, such as stand replacement fire (high
severity) and nonlethal surface fire (low severity). Vegetation can have multiple
predefined pathways under these fire severities.

The potential to integrate succession pathway models with wildlife models
varies depending on the succession pathways defined. The advantage of succes-
sion pathway models is that when empirical knowledge is available, succession
pathway approaches have the flexibility to incorporate multiple landscape pro-
cesses. Multiple succession pathways may provide alternatives of disturbance
and management, under which more realistic examination of wildlife response
can be achieved. A limitation of integrating succession pathway models with
wildlife models is the predefined pathways. Since succession pathways are pre-
defined in these models, wildlife habitat types are also predefined. Thus, succes-
sion pathway models may be of limited value for studying wildlife habitats that
are not included in the predefined succession pathways, which are driven by
disturbance and succession stages.
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Vital Attribute Models

Vital attribute models use vital attributes defined as a set of autecological charac-
teristics necessary to predict plant species’ behavior in environments of recur-
rent disturbance (Nobel and Slatyer 1980). The vital attributes generally reflect
plant species succession (longevity, sexual maturity, sprouting), competition
(shade tolerance), dispersal, and their tolerance to disturbance. They can be
defined either for individual species or functional groups of species (Roberts
and Betz 1999). Vegetation dynamics on an individual site are simulated as com-
petitive processes driven by species’ longevity, maturity, seeding and resprouting
capability, and environmental suitability, defined by species’ vital attributes. With-
out disturbance, more shade-tolerant species will outcompete less shade-tolerant
species to reach climax or a stable state. Species’ vital attributes can also interact
with disturbances through species’ tolerance to disturbance. Postdisturbance
response is driven by a combination of species’ longevity, maturity, seeding capa-
bility, sprouting capability, and environmental adaptability. Roberts (1996) first
implemented the vital attribute approach in LANDSIM, a polygon-based model,
and this approach is used by the LANDIS models (Mladenoff 2004).

Vital attribute approaches are more mechanistic, less deterministic, and
more flexible in deriving vegetation or habitat types than succession pathway
approaches because vegetation types are not predefined. Vital attribute appro-
aches generally have a greater potential for integration with wildlife models than
do landscape process or successional pathway models. The reason is that vege-
tation type is an emergent property determined by the interactions of plant
species, environment, disturbance, and/or management. Thus, wildlife habitat
requirements can be defined specifically based on a focal plant species or a
group of plant species, and habitats can be generated from model outputs such
as plant species and age class.

THE LANDIS MODEL
Overall Model Design and Structure

LANDIS is a vital-attribute, raster-based forest landscape model (Mladenoff et al.
1996, Mladenoff and He 1999) (Fig. 12-1). Each raster unit or cell tracks (1) the
presence or absence of 1- to 10-year age cohorts of individual species; (2) fuel
accumulation level; (3) the time since last disturbance (e.g., fire, wind, insects,
and disease) and the time since last management (e.g., harvest and fuel treat-
ment); and (4) species establishment ability in particular land types. For each
cell, species birth, growth, death, regeneration, random mortality, and vegeta-
tive reproduction are simulated at 1- to 10-year time steps. At landscape scales,
seed dispersal, disturbances, and management are simulated each iteration.
To simulate heterogeneous landscapes, one uses land types derived from other
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LANDIS model structure (duplicated from Figure 1 in He et al. 2005). In LANDIS, a landscape is
divided into equal-sized individual cells or sites. Each site (i, j) resides on a certain land type and
includes a unique list of species present and their associated age cohorts. The species/age
cohort information varies via establishment, succession, and seed dispersal, and interacts with
disturbances. For disturbance heterogeneity (except for wind and biological disturbances),
LANDIS stratifies the heterogeneous disturbance regimes using disturbance regime maps.
Within-regime heterogeneity is further simulated by the stochastic process of each disturbance
regime, and pixel-level heterogeneity is simulated through the interaction of disturbance and
vegetation in the particular pixel.

climate and soil GIS data layers to stratify the landscape into smaller homoge-
nous land units. At a given focal resolution such as within each ecoregion, phys-
ical conditions are assumed homogeneous, as are some characteristics such as
fuel accumulation and decomposition rates, and species establishment (He
et al. 1999, Mladenoff and He 1999). LANDIS simulates succession as a nonspa-
tial process and seed dispersal, fire, wind, insect and disease, timber harvesting,
and fuel treatment as spatial processes (He et al. 2005).

Succession

Succession is a result of birth establishment, growth, death, and vegetative
reproduction of individual species and competition among species. Species’
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competitive ability is determined based on simple logical rules by the combina-
tion of life history attributes and land type suitability (Mladenoff and He 1999).
Shade-intolerant species (species with lower shade-tolerance class) cannot
establish on a site where more shade-tolerant and mature species are present.
On the other hand, the most shade-tolerant species are delayed in establishment
on an open site until specified years of shade creation are met. A shade-checking
algorithm defines shade by the most shade-tolerant species cohort present that
is also sexually mature. Species cohorts younger than the minimum seed-pro-
ducing age are ignored in this shade-checking algorithm. This approach was
implemented as a surrogate for crown closure. Without disturbance, shade-toler-
ant species will tend to dominate the landscape if other attributes are not highly
limiting and land types (reflected as species establishment coefficients) are gen-
erally suitable.

In LANDIS, vegetation heterogeneity is modeled at multiple hierarchical levels
from the landscape to the pixel. Land type captures the highest level (coarse grain)
of spatial vegetation-heterogeneity caused by various environmental controls.
A somewhat uniform suite of ecological conditions that results in similar species
establishment patterns is assumed for each land type. Within a land type, stochas-
tic processes such as seed dispersal can result in intermediate-level heterogeneity
of a species distribution. At an individual site or pixel level, succession, competi-
tion, and probabilistic establishment may result in heterogeneity of species pres-
ence and age cohorts even among pixels that were initially identical.

Natural Disturbance

To simulate different types of disturbances and their effects on tree species com-
position and landscape pattern is central to the design of LANDIS. LANDIS can
simulate three different types of natural disturbances (fire, wind, and
biological), which can be applied in any combination. While each disturbance
module follows its own set of rules, there are some basic designs common to
all disturbance modules that are described here.

A disturbance event can be simplified into three steps: (1) selecting sites to
be disturbed; (2) determining disturbance intensity; and (3) removing suscepti-
ble and intolerable species-age cohorts (e.g., disturbance-caused mortality or
effects). Disturbance site selection involves both the starting site (e.g., ignition)
and spread algorithms that vary by disturbance types. For example, a wind or
fire event spreads across a subset of sites forming disturbance patches. In each
case, stochastic (e.g., ignition and some components in spread) and determin-
istic processes (mortality) determine the final shape and form of the disturbance
event.

Disturbance intensity classes in LANDIS approximate the relative strength of
the simulated disturbance event, and their specific calculation varies by distur-
bance type. Vulnerability of species and/or age cohorts to a given disturbance
type can vary; in LANDIS, tolerance class defines the relative vulnerability of a
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species to a given disturbance type and intensity, and susceptibility class defines
the relative vulnerability of a species age group to a given disturbance type and
intensity (He and Mladenoff 1999). For example, fire is simulated, in general, as
a bottom-up disturbance, in which the youngest age cohorts are most susceptible
to mortality. However, a low intensity fire may not kill species of high fire toler-
ance class even if its age cohorts are young. Removal of intolerant species and sus-
ceptible age classes is resultant from the interaction of disturbance intensity and
species tolerance and susceptibility at each site and calculated for each species
age cohort present on that site to determine which species age cohorts are
removed by the disturbance.

Timber Harvest and Fuel Treatment

The LANDIS harvest and fuel treatment modules use a hierarchical approach
that reflects the typical decisions made and execution of timber harvest and fuel
treatment activities in managed forests. In both modules, a landscape is divided
into forest management areas that represent spatial zones to which specific
management goals are assigned. Within each management area, the landscape
is divided into stands of various forest types. Stands are basic implementation
units where harvest prescriptions are implemented. Each stand contains a group
of grid cells, and each cell is populated with a specific combination of species
and age cohorts. Management practices are the combination of temporal, spa-
tial, and species components (Gustafson et al. 2000) and specify (1) when or
how often to harvest or treat fuel for a stand; (2) how to allocate harvest and
fuel treatment based on stand ranking, which in turn is based on user-specified
criteria such as economic value or fuel loading; and (3) how to harvest a species
age cohort (shelterwood, selection, and clear-cutting) or conduct a particular
fuel treatment (prescribed burn or coarse woody debris reduction). The combi-
nation of these three components covers most forest management practices cur-
rently being used across a wide spectrum of ownership (Gustafson et al. 2000;
He et al. 2004; Shang et al. 2004, 2007).

Operational Design of LANDIS

LANDIS has been continually updated and improved (Mladenoff and He 1999, He
et al. 2005, Scheller and Mladenoff 2007). LANDIS uses a component-based
approach to conduct simulation, which breaks the monolithic program into mul-
tiple small, standalone, and functionally more specific components (He et al.
2002, Scheller and Mladenoff 2007). The model is complex in terms of algorithms,
interactions, and parameters. However, due to the modular design (He et al. 1999,
2002), LANDIS is relatively easy to use because users need to parameterize only
the components of interests while turning off all modules not of interest.
Operationally, the model is a free-standing program. Implemented processes
such as wind, fire, insect and disease, harvest, and fuel management have their
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FIG. 12-2

The LANDIS model is a free-standing program that operates on a raster GIS format.
Implemented processes such as harvest, fuel management, and disturbance can have their
own respective input maps. The model can output maps of individual species, individual
species age cohorts, forest type, and various disturbance and management history maps.

own respective input maps. The model can output maps of individual species, indi-
vidual species age cohorts, forest type, and various disturbance and management
history maps (Fig. 12-2).

GENERAL FRAMEWORK FOR INTEGRATING WILDLIFE
MODELS AND LANDIS

One approach to integrating a wildlife model with LANDIS is to conduct sce-
nario analysis. The lack of management experience at landscape scales and
the limited feasibility of conducting landscape-scale experiments have resulted
in the increasing use of scenario modeling to analyze the effects of different
management actions on focal forests or wildlife species. Model scenarios are cre-
ated by altering input parameters to reflect changes in climate, disturbance,
and/or fuel or harvest alternatives, whereas the built-in model relationships
remain unchanged. Comparing results from different model scenarios provides
relative measurements regarding the direction and magnitude of changes within
the simulated landscape.
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Multiple simulation scenarios are derived by using the same set of spatial
input and varied nonspatial input representing different simulation scenarios.
Spatial input includes species composition and age classes representing the ini-
tial or current vegetation conditions, land type or ecoregion map that reflects
the environmental heterogeneity, disturbance regimes maps, stand map, and
management unit map for harvesting and fuel treatment. Nonspatial input
includes parameters of each disturbance regime and management alternative
as well as species vital attributes driving vegetation succession dynamics. Each
scenario is independently simulated, and the output for each scenario contains
time series maps of individual species, age classes, vegetation types, and distur-
bance and management effects (Fig. 12-3).

Spatial input Time series output
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* Map of land type LANDIS * Species age cohorts
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FIG. 12-3

Wildlife models can be integrated with multiple scenarios representing different management
and disturbance alternatives that were simulated in LANDIS. The output for each scenario from
LANDIS contains time series maps of individual species, age classes, vegetation types, and
disturbance and management effects. Habitat suitability index (HSI) models can be used to
create a time series of habitat (patch) maps from the LANDIS outputs, and population models
can be used to assess viability. The habitat abundance, quality, and spatial structure over time
via an HSI model and species viability via a metapopulation model can be compared among
scenarios to evaluate the effects of disturbance and management alternatives on wildlife focal
species or a suite of species.
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For each scenario, LANDIS generates a time series of output maps of individ-
ual tree species and their age classes (Fig. 12-2). These output maps, along with
other GIS layers, can be used as inputs for wildlife models, such as habitat suit-
ability (HSI) models. This is an independent, post-LANDIS simulation process
that is often performed in a GIS environment (Larsen et al. 2003) or with stan-
dalone software (Dijak et al. 2007; Dijak and Rittenhouse, this volume). This
process often involves moving or sliding window GIS techniques, and within
each window, HSI score, a measure of the quality of the habitat, is calculated
based on plant species composition and age classes. Window sizes usually
reflect the biological requirement of the focal species (e.g., home range or min-
imum territory requirement). The habitat abundance, quality, and spatial struc-
ture over time can be compared among scenarios to evaluate the effects of
disturbance and management alternatives on wildlife habitat for a focal or a suite
of species (Shifley et al. 2000).

Wildlife habitat models provide an assessment of habitat quality, but they do
not provide specific information on populations. Population models can be
applied to the time series of outputs from LANDIS, or habitat maps produced
from these, to simulate population trajectories and viability. Thus, the effects
of modeled scenarios of disturbance and management on wildlife population
can be more specifically compared and evaluated (Akcakaya et al. 2004; Wintle
et al. 2005; Akcakaya and Brook, this volume; Bekessy et al., this volume). Link-
ing population models with LANDIS is first based on habitats delineated from
habitat modeling (Fig. 12-3). The habitat quality (e.g., HSI score) of each pixel
can be further used to derive habitat patches and their maximum carrying
capacity (Akc¢akaya et al. 2005). This often provides the initialization of wildlife
population for each pixel at the beginning of the LANDIS simulation year. Other
demographic factors such as sex ratio, reproduction rate, fecundity, and survival
rate are either measured directly in the field or parameterized from published
sources to support the subsequent demographic modeling, and can also be
linked to habitat quality. Typical results of demographic modeling coupled with
LANDIS include species abundance and viability under various simulated distur-
bance and management regimes (Akcakaya et al. 2004, 2005). The coupling of
LANDIS and a wildlife model can be loose or seamless. In the former case,
LANDIS is run independently, and the simulated results are separately analyzed
with wildlife habitat or population models (Larson et al. 2004, Shifley et al.
20006). Seamless simulations using LANDIS and the population model RAMAS
can be run with the RAMAS-LANDIS model (Akcakaya et al. 2004; Bekessy
et al., this volume).

Akcakaya et al. (2004) demonstrated the use of RAMAS-LANDIS in assessing
the effects of forest management scenarios on sharp-tailed grouse (Tympanu-
chus phasianellus) in the northern Wisconsin Pine Barrens. The region has
been severely altered since human settlement, resulting in relatively old red
pine (Pinus resinosa) and lack of jack pine (Pinus banksiana) forests that
affect sharp-tailed grouse, which persisted in fire-generated openings of
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presettlement times (Radeloff et al. 2006). In this work, Akcakaya et al. (2004)
simulated eight management scenarios using LANDIS. These scenarios
contained silvicultural parameters ranging from small to large clearcut sizes of
jack pine, as well as several clearcut sizes and minimum cutting age combina-
tions under red pine management (Radeloff et al. 2006). They showed that dif-
ferent timber harvest scenarios result in different amounts of available habitat,
measured by the total carrying capacity of all habitat patches. Scenarios with
the largest amount of habitat, however, were the worst scenarios in terms of
population viability. Such results suggest that ranking management options only
in terms of the habitat they provide for threatened or declining species, while
ignoring the demography of species, may be misleading. Also, approaches that
ignore changes in landscape may overestimate viability and give results that
are too optimistic compared with the more realistic simulations that incorporate
landscape dynamics.

Wintle et al. (2005) also used the approach developed by Akcakaya et al.
(2004) and examined the effects of eight management and disturbance scenar-
ios on brown creeper (Certhia americana) in a managed, boreal landscape in
north-central Ontario, Canada (see Bekessy et al., this volume). Disturbance sce-
narios include the current fire regime under fire suppression (long fire return
interval, small mean fire size, and higher fire intensity) and natural fire regime
(short fire return interval, large mean fire size, and lower fire intensity). The
management scenarios ranged from no timber harvesting to natural distur-
bance-emulation harvesting to intensive harvesting with fire suppression and
salvage logging in burned forests under altered fire regime. Compared with
using the metapopulation model alone, results from the integrated model
showed that trajectories for the brown creeper under alternative management
scenarios differed from the base-model, with declines predicted as the intensity
of disturbance increased, and under most scenarios the predicted minimum
population size was not in direct proportion to the change of carry capacity
over the simulation. Their results suggested that population processes, beyond
simple habitat availability, influenced model results.

Larson et al. (2004) combined all three components of a habitat-based popu-
lation viability analysis for land management planning, including landscape sim-
ulation using LANDIS, quantifying wildlife habitat quality using HSI models, and
population viability analysis using RAMAS GIS. They demonstrated this applica-
tion for ovenbirds (Seiurus aurocapillus) in two simulation scenarios: (1) no
harvest, in which forest growth is only disturbed by fire and windthrow; and
(2) even-aged management on a 100-year rotation, in which forest growth and
succession are disturbed by fire, windthrow, and a clearcut of 10% of the area
each decade. They found that ovenbird habitat quality in the study area differed
between the no harvest and even-aged harvest scenarios during the first 100-
year period, but was similar during the second 100-year period, since natural
tree mortality and wind and fire disturbance in the later stage of the simula-
tion increased. Their results further showed that the viability of ovenbird
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populations was noticeably lower under the even-aged management scenario.
These results cannot be derived using habitat suitability models or population
models alone. However, the trade-off of involving all three models is increased
uncertainties, which are difficult to evaluate due to the complexity of models.

ADVANTAGES AND LIMITATIONS

The main advantages of linking wildlife models to landscape vital-attribute mod-
els such as LANDIS are (1) the rich data of individual tree species and age classes
recorded for each pixel, and (2) the ability to simulate multiple landscape pro-
cesses that impact landscapes and wildlife. Wildlife species have a wide range
of habitat requirements that can be assessed using basic vegetation information
such as vegetation type and age. For example, ovenbirds prefer late successional
forest habitat, prairie warblers (Dendroica discolor) prefer early successional
forest habitat, and hooded warblers (Wilsonia citrina) prefer forest gaps. The
respective habitat for each species can be derived from the LANDIS tree age
map by interpreting 0-20-year-old forest as gaps or patches of early successional
forest and forest >40 years old as mature and late successional forest (Shifley
et al. 20006). Pine warblers (Dendroica pinus), for example, prefer mature conif-
erous forest, so LANDIS tree age and tree species maps can be used to assess
habitat suitability (Larson et al. 2003). Because LANDIS records vegetation infor-
mation at individual species and age class levels, vegetation information from
the same set of simulations can be used to evaluate habitat for multiple wildlife
species. Such flexibility is difficult to obtain with succession pathway models
that use predefined vegetation or habitat types.

LANDIS is one of the few comprehensive forest landscape models that
explicitly simulates silvicultural level timber harvest and common fuel treat-
ments such as prescribed burning and coarse woody debris removal, along with
simulation of fire, windthrow, and insect and disease disturbance. The capacity
of including multiple landscape processes makes it possible to evaluate the
effects of multiple disturbances on wildlife habitat and population dynamics
(Shifley et al. 2008). The most common processes used to integrate LANDIS
and wildlife models are timber harvesting and fire disturbance (e.g., Akcakaya
et al. 2004, Wintle et al. 2005), whereas Larson et al. (2004) and Shifley et al.
(2006) simulated all above disturbances except insect and disease in their stud-
ies. Common scenario comparisons include fire scenarios such as natural, cur-
rent, historic, or scenarios with suppression (e.g., Wimberly et al. 2000,
Keane et al. 2002); timber management scenarios representing combinations
of harvest rotation, size, and even and uneven age harvesting (e.g., Shifley
et al. 2000, Zollner et al. 2005); fuel treatments representing combinations of
prescribed burning and coarse woody debris removal at various intensities
and rotations (e.g., Shang et al. 2007); and current climate versus warming
climate scenarios (e.g., Scheller and Mladenoff 2005).
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Advantages of integrating LANDIS with HSI models or demographic models
also include the flexible spatial scales that LANDIS accommodates. Because
LANDIS tracks only the presence-absence of species age cohorts, not individual
trees, the essential information of presence-absence is relatively independent of
cell size, and therefore LANDIS is capable of simulating forest succession at cell
sizes ranging from 10 to 500 m (He et al. 1999). Tracking presence and absence
of species age cohorts greatly reduces the computational loads and allows the
model to simulate much larger landscapes than models that track biomass for
each age cohort. Raster-based modeling approaches employed in LANDIS allow
habitat patches to be aggregated and disaggregated depending on the require-
ment of the wildlife species being studied. The aggregation and disaggregation
can reflect the appropriate scale of interests. Furthermore, raster models sup-
port more complicated computation tasks such as proximity to water and home
range sizes, which are often required to derive the habitat map.

There are several limitations to applying wildlife models with LANDIS, many
of which are due to the LANDIS data structure. LANDIS records dead biomass as
fine and coarse woody debris classes and cannot differentiate standing dead
trees from other dead biomass. The model does not record the vigor of live bio-
mass such as cavity trees. Both standing dead and cavity trees are unique habitat
requirements, which have to be derived separately. For example, Fan et al.
(2003, 2004) developed a model of cavity tree abundance for LANDIS output.
Another limitation related to LANDIS data structure is that LANDIS does not
directly record forest density and thus does not directly simulate canopy clo-
sure, a common requirement for many wildlife species. Independent functions
in habitat models, however, can be used to derive tree density based on tree
species, age, and land type, which are mapped in LANDIS (Larson et al. 2003).

Early versions of LANDIS used 10-year time intervals to simulate succession,
which generally suits studies of long-term effects (e.g., >150 years). However,
forest management plans of National Forests are required to be revised at 10-
to 15-year intervals, and most forest management prescriptions (fuel treatment,
timber harvest, etc.) are processed annually. Thus, a 10-year time step poses a
limitation of examining short-term effects (e.g. <20 years). A version of LANDIS
with 1-year time steps has been developed and tested (Syphard et al. 2007) for
fire and succession modules. Additional developments are underway for the
1-year time step model to work with harvest, fuel treatment, and insect and dis-
ease modules. The development of LANDIS II with variable time steps sheds
light on addressing the coarse temporal interval issue (Scheller et al. 2007).

Error propagation and uncertainty are obvious in such integrated models
because of the numerous parameters and procedures involved in such modeling
frameworks. Moreover, there is a lack of formal procedures to analyze error
propagation and uncertainties in forest landscape models. In general, uncertain-
ties embedded in model parameters are subjective uncertainties that are often
related to measurement, observation, and synthesis. Uncertainties associated
with random algorithms built in the model are stochastic uncertainties.
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Stochastic uncertainties larger than subjective uncertainties suggest that input
model parameters play little role in model outcome (Xu et al. 2004, 2005).

SUMMARY

The quality of wildlife habitat is often evaluated using habitat suitability index
models or more sophisticated population viability models. An emerging approach
for assessing long-term management effects or landscape changes on wildlife is
to link landscape models with wildlife models. In this framework, habitat
dynamics under various natural and anthropogenic disturbances are simulated
with a landscape model while impacts on wildlife, such as habitat abundance,
quality, structure, and population size or trend, are evaluated with habitat
models or population models. Over the past 15 years there has been rapid
development in forest landscape modeling, fueled by both technological and
theoretical advances. Here, I reviewed and classified forest landscape models
in three groups, discussed their suitability for integration with wildlife
models, and then discussed in detail the model LANDIS. Vital attribute models
are generally the most flexible in deriving habitat types from the output of
species and age classes. They are more suitable for integration with wildlife
models than successional pathway models and landscape process models that
do not simulate vegetation dynamics. LANDIS is a raster-based, vital attribute
model that has been used with wildlife models. Applying LANDIS to habitat
mapping and wildlife population modeling has the following advantages: (1)
Habitat suitability can be evaluated under a combination of forest management
and natural disturbance scenarios that are study site specific; (2) habitat suit-
ability is dynamic, driven by succession, disturbance, and management; (3)
habitat maps can be derived using relevant species and age class combinations
targeting specific wildlife species; and (4) aggregations and disaggregations of
vegetation classes using raster data simulated in the LANDIS model allow habi-
tat mapping to be accomplished at multiple scales. In this chapter I also dis-
cussed LANDIS model structure and examples of habitat suitability mapping
using LANDIS as well as limitations of integrating LANDIS with wildlife
models.
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