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Spatial simulation of forest succession and timber
harvesting using LANDIS

Eric J. Gustafson, Stephen R. Shifley, David J. Mladenoff, Kevin K. Nimerfro, and
Hong S. He

Abstract: The LANDIS model simulates ecological dynamics, including forest succession, disturbance, seed dispersal
and establishment, fire and wind disturbance, and their interactions. We describe the addition to LANDIS of-capabili
ties to simulate forest vegetation management, including harvest. Stands (groups of cells) are prioritized for harvest us
ing one of four ranking algorithms that use criteria related to forest management objectives. Cells within a selected
stand are harvested according to the species and age cohort removal rules specified in a prescription. These-flexible re
moval rules allow simulation of a wide range of prescriptions such as prescribed burning, thinning, single-tree selec
tion, and clear-cutting. We present a case study of the application of LANDIS to a managed watershed in the Missouri
(U.S.A.) Ozark Mountains to illustrate the utility of this approach to simulate succession as a response to forest man
agement and other disturbance. The different cutting practices produced differences in species and size-class composi
tion, average patch sizes (for patches defined by forest type or by size class), and amount of forest edge across the
landscape. The capabilities of LANDIS provide a modeling tool to investigate questions of how timber management
changes forest composition and spatial pattern, providing insight into ecological response to forest management.

Résumé: Le modele LANDIS simule des dynamiques écologiques telles que les successions forestieres, la dispersion

et I'établissement des semences, les perturbations causées par le feu et le vent, ainsi que leurs interactions. Cet article
décrit des ajouts faits au modéle LANDIS qui permettent la gestion de la végétation forestiére, incluant la récolte. Les
peuplements (groupes de cellules) sont priorisés pour la récolte en utilisant un des quatre algorithmes de classement
qui utilisent des criteres reliés aux objectifs d'aménagement forestier. Les cellules a I'intérieur d'un peuplement sélec-
tionné sont récoltées par cohorte d'age et d’espéce selon des régles de préléevement spécifiées dans une prescription
d’intervention. Ces régles souples de prélevement permettent la simulation d'un large éventail de prescriptions telles

que le brdlage dirigé, I'éclaircie, la coupe sélective et la coupe rase. Lutilisation de LANDIS est présentée a l'aide

d'une étude de cas impliquant un bassin versant sous aménagement situé dans les montagnes Ozark du Missouri (Etats-
Unis). L'étude de cas illustre I'utilité d’une telle approche pour simuler les successions écologiques en réponse a
'aménagement forestier et a d’autres types de perturbations. Les différents types de coupes ont généré des différences
dans la composition des espéces et des classes de dimensions, la superficie moyenne des coupes (pour les-coupes défi
nies selon le type de forét ou par classe de dimensions) et la quantité de bordures forestiéres sur I'ensemble du pay
sage. Ces capacités font de LANDIS un outil de modélisation pouvant servir a explorer de quelle fagon 'aménagement
forestier affecte la composition et la distribution des peuplements, ce qui permet en retour d’avoir un apercu de la
réaction écologique suite a 'aménagement forestier.

[Traduit par la Rédaction]

Introduction become widespread during the second half of this century

Appreciation of the importance of disturbance in ecologi (Heinselman 1973; Mcintosh 1985; Pickett and White

cal systems, particularly temperate forest ecosystems, hd®85). This modified the earlier notion of Clements (1916)
and others that long-term equilibrium and deterministic
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Fig. 1. LANDIS model design. A landscape can be conceptualized as a grid of equal-sized individual cells. For example, cells are
stratified into environmentally homogeneous units as land types or ecoregions, and eachjcebrtains a unique species list and

age cohorts of species. These species data change via establishment, succession, and seed dispersal and interact with disturbances.
Each management area (MA) can be designated with a cutting system that allows harvest practices to be simulated at the species —
age-cohort level. Spatial allocation is performed at stand level (stand map) with an appropriate stand ranking algorithm.
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to incorporate effects of disturbance (such as fire) on succes:996), HARVEST (Gustafson and Crow 1994, 1996, 1999),
sion (Kercher and Axelrod 1984; Shugart 1984; Urban andcind the DISPATCH model of Baker (1995) as modified to
Shugart 1992). However, these initial models all lacked spasimulate disturbance by timber harvest. LSPA operates on
tially explicit dynamics that incorporate interactions betweenan initially homogeneous map and was used to investigate
plots or stands (Mladenoff and Baker 1899The field of  theoretical relationships between cutting strategies and land
growth and yield models diverged from the more ecologi scape pattern. HARVEST, CASCADE, and DISPATCH
cally based models, evolving into forest management antiave each been successfully applied to investigate the ef
planning tools that incorporated effects of harvesting on for fects of harvest patterns at the landscape scale, and each has
est commodity production (Wycoff et al. 1982; Iverson andsome limitations when applied to simulate long-term change
Alston 1986; Johnson et al. 1986; Miner at al 1988). Thesen real forested landscapes. These models do not model for
models were not designed to incorporate spatial interactionsst growth or succession other than the aging of stands.
(Hoganson and Burke 1997). CASCADE and DISPATCH do not consider forest type;
There are a growing variety of approaches to spatial simuHARVEST recognizes only very general forest types. These
lation of forest landscape dynamics (Mladenoff and Bakermodels generally have inflexible and simple rules to select
199%). Increasingly, we are faced with the need to under areas for harvest, and harvest activities are limited to canopy-
stand complex ecological dynamics over large spatial scalg@moving harvest treatments, such as clearcuts, shelterwood
and longer temporal domains. At the same time, forest-marncutting, and in the case of HARVEST, group selection.-Har
agement is under increasing pressure to incorporate newest scheduling programs (e.g., FORPLAN (Johnson et al.
ecological knowledge, while protecting a variety of values1986), SNAP (Sessions and Sessions 1991); Spectrum
and sustaining forest productivity (Aplet et al. 1993). Spatial(Greer 1997), and STEPPS (Arthaud and Rose 1996)) were
simulation models allow us the opportunity to assess-mandesigned for tactical management planning, have much
agement scenarios and environmental change hypothesesgieater data requirements, and are not well suited to long-
spatial and temporal scales that are otherwise difficult or imterm landscape pattern research.
possible to evaluate. Here we describe the harvest simulation capabilities we
The conceptual basis for simulation of harvest patterns abave added to the spatially explicit LANDIS disturbance and
landscape scales can be traced back at least to the coarseccession model. LANDIS was designed to model the in
grid cutting model developed by Franklin and Formanteractions of disturbance by fire, windthrow, and forest man
(1987). Other similar pattern-generation models includeagement on large (>ftha) forest landscapes (Mladenoff et
LSPA (Li et al. 1993), CASCADE (Wallin et al. 1994, al. 1996; Mladenoff and He 1999). This paper provides a
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detailed description of the algorithms we have developed t@approximates the desired return interval on the landscape
implement the timber management module for LANDIS,over a long-term (e.g.2100 years) simulation (He and
providing flexibility to simulate a broad array of harvest ac Mladenoff 1999). LANDIS disturbance and harvest modules
tivities. We present a case study of the application ofcan be turned on or off prior to the model run. If all are
LANDIS to a managed watershed in the Missouri (U.S.A.)turned on, LANDIS sequentially simulates windthrow, fire,
Ozark Mountains to illustrate the utility of this approach in harvesting, and forest succession at each time step. Further
simulating forest change in response to harvest and othefetails of the LANDIS model can be found in the literature:
disturbance. Finally, we discuss the significance and utilityoverall model design and behavior (Mladenoff et al. 1996;
of this approach as a tool to assist in the formulation ef re Mladenoff and He 1999); descriptions of the fire object (He
search hypotheses and to assess management alternativeand Mladenoff 1999); representation of species and age-list
objects (He et al. 199%); model parameterization (He et al.
LANDIS modeling design 1996); and model verification and calibration (He and
The LANDIS model simulates ecological dynamics in Mladenoff 1999).
cluding forest succession, disturbance, seed dispersal, spe We have added a timber-management module to LANDIS
cies establishment, and fire and wind disturbance and thefe allow simulation of disturbance by timber-management
interactions (Mladenoff et al. 1996; Mladenoff and He 1999)activity in managed forests. The LANDIS data structure is
(Fig. 1). The purpose of LANDIS is to simulate long-term rich in site information, allowing the heterogeneity of stands
changes (>100 years) in patterns of forest vegetation acro$g be expressed as heterogeneity both within cells and
large landscapes while maintaining reasonable realism-n imamong the cells that make up a stand. This structure allows
portant ecological processes and their spatial interactionélexible simulation of a wide range of management aetivi
The model is not designed to simulate fine-scale resolutioies. Our approach permits the user to specify the details
of processes operating within single stands or to develep opfbout how timber-management activities selectively remove
erational plans for small groups of stands. Rather, LANDISage cohorts of each species on harvested cells. The order in
is a tool to examine the large-scale, long-term impacts ofvhich stands are selected for harvest is based on ranking al
forest disturbance by wind, fire, and harvest across landgorithms that can be related to specific management goals.
scapes from several hundred to several hundred thousarddese features provide the ability to simulate an almost un-
hectares in extent. The model operates on a raster map Biited variety of vegetation-management activities that
grid, where each cell contains information on the tree spemight be proposed to achieve various management goals.
cies and their 10-year age cohorts present (species—age lisBecause LANDIS records species information as 10-year
but not information about the number or size of individual age-cohort presence—absence for each cell, forest succession
stems (Fig. 1). The model is suited for scales where landdynamics within LANDIS represent a synthesis of those
scapes can be represented by cells 6frh x 10 m to simulated in a physiological model (Mladenoff and He
500 m x 500 m. The model time step is 10 years, also sugl999). Succession on harvested cells is simulated based on
gesting that appropriate use is for assessing long term changég residual species and age-classes both on the cell and on
not fine-scale dynamics that may be less predictable. dispersal from other cells. Because individual trees are not
The model simulates differential reproduction, dispersalfracked, residual stand volume and density after a harvest
and succession patterns by species and incorporates effe¢tgatment is not simulated in LANDIS. However, estimates
of disturbance and environmental heterogeneity across thean be derived based on an existing age-class and timber-
landscape. Species establishment probabilities can be madglume relationship for a given study area (e.g., Jenkins and
to vary by user-defined land-type units that typically are de Parker 1997; Shifley et al. in press).
fined to reflect site quality differences (He et al. 1996).
There is feedback between disturbances and species reANDIS verification and calibration
sponse. For example, windthrow events may contribute to A validation approach for the LANDIS model has been
fuel accumulation on a site, consequently increasing the s@roposed and tested (He and Mladenoff 1999). This ap
verity of subsequent fire events and altering the simulated@roach allows verification and calibration of natural distur
species composition relative to sites without windthrow. ~ bance through an iterative process, adjusting parameters to
Species seed dispersal is based on dispersal curves faghieve the disturbance return interval and size on each land
each tree species derived from the literature (Burns an#ype that is expected based on empirical data. Successional
Honkala 1990; Loehle 1988). Seed can theoretically disperserocesses in LANDIS are described and tested in detait else
from any cell on the map that contains sexually mature agewhere (He et al. 1996; Mladenoff et al. 1996; Mladenoff and
classes. Whether the seed will successfully establish on e 1999). The harvest module is currently being extensively
different cell depends on distance from seed source, thtested. Similar algorithms in another model (HARVEST)
characteristics of trees already at the site, the shade toleranB@ve been shown to reproduce statistically similar spatial
of the dispersing species, the land type, and a random probg&atterns to those produced by management activity on the
bility. Model design and behavior, as well as model test re Hoosier National Forest (Gustafson and Crow 1999).
sults, are described elsewhere (He et al. H99e and
Mladenoff 1999; Mladenoff and He 1999). Description of the harvest module
The LANDIS model simulates wind and fire disturbance
regimes based on user-specified return intervals for windverview
and fire events. These return intervals are spatially imple Harvest activities are applied in the context of management
mented on the landscape using a stochastic algorithm thatreas. Management areas are spatial zones (not necessarily
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Fig. 2. Flow chart of the LANDIS harvest module. removed are specified by species and age class in the pre
scription. Prescriptions may specify harvest size distribution,
Begin LANDIS harvest module, time ¢ allowing a single harvest event to cut a portion of a stand or

multiple stands.

Forest management is implemented in LANDIS as a se
ries of nested processing loops (Fig. 2). In the outer loop,
LANDIS sequentially visits each management area. Within
this loop, each harvest prescription specified for the manage
ment area is applied. For each prescription, a list is gener
ated of stands within the management area that meet
Y harvest-eligibility requirements. Eligibility criteria are stand
age (must be greater than minimum age specified in the pre
scription) and adjacency (user defines how conditions en ad

All MAs
processed?

All prescriptions
processed ?

N jacent stands (e.g., when last cut) affect eligibility). The
Read i . specific stands to be treated by the prescription are selected
ead in harvest prescription . L . : .
. from the list of eligible stands using the ranking algorithm
* cutting system specified in the harvest prescription. The algorithm ranks all
* stand ranking method the eligible stands in the management area for harvest-prior
* minimum stand age to be cut ity, and stands are harvested in rank order until the target
e mean harvest size & standard dev. area has been harvested. Cells within a selected stand are
* total area to be cut (target) visited using a random spread algorithm and harvest is-simu
(] lated by removing the species and age cohorts specified in

the prescription. These rules together define a harvest event
that is implemented using object-oriented programming
techniques. Complete user control over the species and age
cohorts removed in each harvest operation and over the
spatial distribution of harvested cells within a stand allow
simulation of a wide range of management prescriptions in-
cluding thinning, single-tree selection, clear-cutting, or even
prescribed burning.

This flexibility comes at the price of added complexity in
Find the next highest ranking stand the specification of model runs. Each prescription for each

and perform harvesting management area must specify the species and age cohorts

to be removed, the proportion of cells to be treated, a mini-

Rank stands within the MA

Is the harvest area
target met?

mum age, and other information described below. However,
> Update harvest log files and maps because LANDIS reads harvest parameters from an input
¥ file, once this file is created, it can readily be modified to

generate new harvest scenarios.

End LANDIS harvest module, time ¢

Harvest prescriptions

contiguous) with specific management objectives (e.g.,-max Harvest prescriptions are implemented by LANDIS at the
imize volume production, maintain closed-canopy forest, enstand level, and have a spatial, a temporal, and a cohort-
hance wildlife habitat). For each management area, the useemoval component. The spatial component determines how
develops any number of management (harvest) prescriptiorsmulated harvest activity responds to stand boundaries and
to achieve these objectives. For example, one managemeatiows LANDIS to create user-specified, harvest-size distri
area may be dedicated to fiber production and feature pributions. In stand-constrained harvests, every cell in a single
marily a clear-cutting prescription, while another dedicatedstand is treated, and the harvest size is equal to the stand
to quality sawtimber production might prescribe both single-size. In area-constrained harvests, harvests spread out around
tree and group-selection harvests (i.e., removal of groups adn initial cell chosen at random from within the stand, and
trees, 0.1-0.8 ha in size). In the latter case, only one prehis spread (to adjacent cells) stops when a target harvest
scription is applied to any individual stand, but both -pre size is reached. The target size is randomly drawn from a
scriptions are applied within the management area. Withimormal distribution having a mean and standard deviation
each management area, the landscape is divided into stansigecified by the user in the prescription. The sizes of area-
whose boundaries remain fixed. Stands are represented lopnstrained harvests are independent of stand sizes; in some
contiguous grid cells having a common stand identifier.cases, harvests may be smaller than the stand, and in others,
LANDIS implements prescriptions by selecting stands forthey may be much larger than a single stand. If, as these har
treatment, visiting cells within the stand, and removing se vests spread, they fill the initial stand without reaching the
lected age cohorts of selected tree species from the cell. Tharget size, the harvest spills into the highest ranked adjacent
order in which stands are treated is determined by one dadtand, and the harvest begins to fill that stand. This process
four ranking algorithms that prioritize stands by criteria, continues until the specified harvest size is reached. In the
such as stand age or economic value. The age cohorts to leeent that no adjacent stands are eligible for harvest during
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Table 1. Silvicultural activities simulated by the six spatiotemporal cutting systems available in

LANDIS.
Area constrained Stand constrained
One entry Change patch sizes, e.g., clearcut Maintain patch sizes, e.g., clearcut
Two entry Change patch sizes, e.g., shelterwood, Maintain patch sizes, e.g., shelterwood,
seed tree seed tree
Periodic entry Change patch sizes, e.g., group selectioniaintain patch sizes, e.g., single-tree
patch cutting, single-tree selection selection, strict rotation forestry

this process, the expansion of that harvest unit is truncatechontraditional management strategies and to allow compari
This capability allows investigation of how the scale of son of the consequences of specific management alternatives
patchiness might be modified by management activity. Anin a decision-making environment.
additional specialized spatial harvest pattern is patch cutting,
where disjunct openings are scattered randomly throughout Ranking algorithms
single stand. This feature was developed primarily to model Within a management area, stands to be harvested under a
group-selection harvests and requires an input map witlgiven prescription are selected at each time step using one of
cell size less than or equal to the smallest opening to béour ranking algorithms chosen by the user. Ranking may be
simulated. based on stand age (oldest stands first), economic inpor
The temporal component of the harvest prescription altance (most valuable stands first), age-class distribution (at
lows simulation of multiple-entry silvicultural treatments. A tempts to produce an even distribution of age-classes), or
prescription may be implemented as a single-entry, two¥andom order. A value is calculated for each stand in the
entry, or periodic-entry prescription. A single-entry prescrip management area based on the criteria of the ranking algo
tion is applied at a Single time step. Two-entry prescriptiong’ithm, and this value is used as a rank. Because stands are
involve an initial treatment followed by a second treatmentranked independently for each prescription, different ranking
at some specific time interval following the first. Speciesalgorithms can be applied to different prescriptions within a
and age cohorts to be removed can be specified separatdj@nagement area. Prescriptions are applied to stands in rank
for each entry. This allows simulation of common silvi- order until the target harvest area for the prescription is
cultural treatments such as seed tree and shelterwood cuttiigached. The process repeats for every prescription in every
systems where some of the trees are harvested in the first ellanagement area. Ranking algorithms are implemented as
try, and the remainder is removed in a later entry. A periodicSeparate modules, allowing addition of other algorithms in
entry prescription involves a treatment that is repeated at #ie future.
specific time interval. This feature allows simulation of har- The economic importance algorithm requires the user to
vests on a strict rotation or of group selection harvests whergupply a relative value and age of silvicultural maturity for
a stand is revisited on a fixed interval to harvest relativelyeach species. The economic valug 6f a stand is calcu
small patches of trees. The combination of the spatial anéfted by summing the value of each specig( each cell
temporal components result in six spatiotemporal cutting®) in the stand using the formula
systems (Table 1). At each time step the scheduled harvest 0 0
re-entries required by two-entry harvest prescriptions are im V = z P x af Oa that exist for species
plemented prior to ranking stands for new harvests. = 4 50O
The cohort removal component of harvest prescriptions
specifies the age cohorts of each species that will bvherep, is the value per unit weight of specigsm is the
removed in each harvest operation. Removal is specifiedge at which speciédsbecomes merchantablejs the age of
uniquely for each prescription. For example, a simulatedhe cohort in decades, ahds the minimum age for harvest.
prescribed burning might specify that the youngest cohort of The age-class distribution algorithm is based on the fre
all species be removed. A simulated clear-cutting mighiquency distribution of stand ages across the management
specify that all cohorts of commercially valuable species bearea. The objective of the algorithm is to increase the likeli
removed. A simulated shelterwood might specify that all buthood of cutting stands of ages that are over-represented in
the older cohorts of one or two species be removed duringhe frequency distribution while also favoring harvest of the
the first entry, and that the older cohorts be removed duringldest stands. The algorithm requires that the frequency dis
the second entry. A simulated single-tree selection harvestibution of stand agesa( defined as age of oldest cohort
might specify the removal of only those cohorts older thanwithin stand) be tabulated in a vectdrgq). Relative rank

i on cellc

100 years. (R) for standj is calculated by
An almost infinite variety of harvest prescriptions can be .
specified using different combinations of the spatial, tempo R = _efreq() Va = minimum age for harvest

ral, and species- or cohort-removal components of harvest > efreq(q)

specification. Prescriptions can be tailored to the charaeteris

tics of the species found on the landscape and to localvherej represents the age of oldest cohort of the current
silvicultural practice. This flexibility is important to allow stand,a indexes the ages of all stands in the management
the use of LANDIS to explore research questions involvingarea, and e is the base of the natural logarithm.
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Table 2. Summary of the three harvest and natural disturbance regimes compared using LANDIS.

Harvest regime

Criteria No harvest Even aged Uneven aged
Method of harvest na Clearcut entire stands Group selection applied to all stands;
opening size 0.2 = 0.33 ha (mean = SD)
Area harvested per decade 0 10% of landscape 8% of each stand
Minimum harvest age (years) na 20 20
Stand selection criteria na Oldest first All stands
Mean interval between repeat 300 300 300
fire damage (years)
Mean interval between repeat 800 800 800

wind damage (years)

Note: na, not applicable.

Because stand age is calculated by averaging the age Gase study
the oldest cohorts in each cell within the stand, the ranking
algorithms that use age work generally well when forests arélethods
even aged. For management areas composed of primarily We demonstrated application of the LANDIS harvest
uneven-aged stands, ranking algorithms that do not use stamaodule by simulating three harvest disturbance scenarios on
age may be preferred. a southeastern Missouri (U.S.A.) landscape. The landscape
was previously mapped and inventoried as part of the- Mis
souri Ozark Forest Ecosystem Project (MOFEP) (Brookshire

Specification of prescriptions : ; : g
The design of the algorithms to simulate harvest activityand Hauser 1993; Brookshire and Shifley 1997). This land-

s . scape consists of 836 ha that correspond to compartments 7
allows the user to explicitly control most of the details Of&}nd 8 of the MOFEP study (Brookshire et al. 1997). The

forest management. The user may specify any number q . : ;
harvest prescriptions to be_z .applied to the landscape. In ea gsstt-fa%?gosni d?g:ggg:'gg& tg??ﬁe('\g'rt;r) 1?}2%22955?;;?‘ g
pr_escnpuon.the user specifies the management area wheres||1de slopes (26%), ridgetops (15%), and 'upland drainages
will be applied, the total number of cells (or proportion) to (8%). The area was previously mapped into stands for man-

be treated, the size distribution of harvests (for area gement, and stand boundaries were delineated so that they

c:nstrali(rjed r}arv_eﬁts), trg)e cuttigg ﬁystem (e.9., Single enr;[rygid not cross ecological land-type boundaries. This land-
the ranking algorithm to be used, the species and age CONOIR e s forested with mature, upland mixed oak forestin the
to be removed, the time steps in which the harvests will beBO- qo 90-year age-classes. 'fheparea has been largely undis-

implemented, the time interval for any re-entries, and thq rbed by harvest and fire for the last 40 years. Basal area

number of decades until adjacent stands can be harvesteg./ o
When multiple stands have the same rank, the tied stands a erages 21 fha. Three fourths of the basal area is in a

Mixture of black oak Quercus velutindLam.), scarlet oak

harvested in the order of their stand identifier value. Thes%EPuerCUS coccineMuenchh.), white oakQuercus albal.),

identifiers need not be assigned based on the spatial locati :
of a stand. For example, if the list of sequential numbers iiégd post oak Quercus stellatawangenh.). Shortleaf pine

assigned to stands at random, tied stands will be selected |nu|s echinata\élill.) relpr?(sentsban adtiitiondal 6-10% of tlhe
- . - sal area. Red maplé¢er rubrumL.) and sugar maple
random with respect to spatial location. (Acer saccharumMarsh.) account for less than 1% of the

basal area.

Performance We used LANDIS to simulate three harvest scenarios for
The performance of LANDIS harvest makes it feasible tothis landscape over a 100-year period (Table 2). The first
simulate management activity over long time periods on acenario simulated no timber harvest on the landscape. The
large land base. For example, simulations spanning 10 desecond simulated even-aged management by clear-cutting
cades of even-aged stand management for our 837-ha caaeross the entire landscape. Ten percent of the area was har
study (0.09-ha pixel size and 136 stands) required approxivested each decade, and stands were ranked for harvest so
mately 1.3 min on a Unix workstation (233 MHz). A compa that the oldest stands were harvested first. The third scenario
rable simulation for a 129 000 - ha landscape (0.09-ha pixesimulated uneven-aged management by group selection over
size and 18 848 stands) requires about 3.5 h of computehe entire landscape. Group openings covered 8% of the area
time. In a separate test of the model we simulated manageach decade, and group opening sizes averaged 0.2 ha. We
ment of 25 143 stands on a map representing 262 080 hgarameterized the model to have severe wind disturbances

(60-m cell, 728 000 cells). We carried 23 tree species withiroccur with an 800-year return interval. We simulated fire
the model, and when we applied six prescriptions to sixwith a 300-year mean return interval and low severity; these
management areas within this landscape, a simulation afonditions are characteristic of the Ozarks during the last
500 years (50 time steps) took about 6 h using a 450-MH20 years (Westin 1992; Guyette 1995). We adjusted fire-
Pentium processor. Significant performance improvementseverity parameters so that forests less than 30 years and
can be realized by carrying fewer species in the model. greater than 150 years in age had greater fire damage,
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because we expected those forests to have relatively higihe landscape over the course of a 100-year simulation. Spa
volumes of downed wood (Jenkins and Parker 1997; Shifleyial patterns of fires are reflected in the spatial patterns of
et al. 1997). the vegetation under all three scenarios (Figs. 3 and 4). The
Four maps were required to initialize the simulations:effects of harvest are clearly visible in the two harvested
management areas, land-type units, stands, and initial vegandscapes. The even-aged harvest scenario resulted in a
tation conditions. All maps were based on a 30 x 30 m celpatchwork of age-classes that generally followed stand
(i.e., pixel size). We placed the entire landscape in a singl®oundaries. The scenario for uneven-aged management by
management area for this example. Note, however, that it igroup selection resulted in a landscape characterized by
possible to specify multiple management areas on a-landsmall (e.g., 0.1-0.3 ha) clusters of forest vegetation of dif
scape and have them receive different harvest treatmentsring ages. Wind and fire disturbances maintained 1-3% of
during a single simulation run. We used the previouslythe no-harvest landscape in the seedling, sapling, and pole
mapped ecological land types to define eight land units, angize classes.
we used the existing stand boundary maps. We representedThe spatially explicit simulation approach permits com
the forest vegetation with four species groups during theparison of many landscape characteristics among scenarios
simulation: black oak (included black and red oak), white(Table 3). The different cutting practices resulted in some
oak (included white and post oak), shortleaf pine, and mapleariation in the predicted species composition across the
(included red and sugar maple). For each cell within eachandscape. Compared with the harvested landscapes, the no-
stand (i.e., for each®m x 30 mpixel) we assigned one of harvest scenario resulted in more mixed oak (which is-com
these four species groups. Species groups were randomly gsosed of the relatively long-lived white oak species), more
signed to individual cells within each stand subject to theshortleaf pine, and less oak—pine. Oak—pine sites occur when
constraint that the total abundance of each species grougak and pine become established on the same cells. This oc
within a stand be proportional to abundance of that speciesurred on up to 14% of cells on the harvested landscapes. As
group as inventoried in 1992. The oaks were initialized inanticipated, uneven-aged management produced the greatest
the 80-year age-class, and shortleaf pine was initiated inumber of patches by size class. As used here, a patch is a
the 90-year age-class. Maple cells were initialized in the 20eontiguous group of cells (pixels) that touch on one side or
year age-class with an overtopping black oak in the 80-yeapne corner and have the same value for a characteristic of
age-class. interest (e.g., same age, same forest species type, or same
Maps produced at each decade in the simulation show firéorest size class as defined in the Methods). With 1560
disturbance, wind disturbance, type of harvest, forest agepatches averaging 0.5 ha in size, the uneven-aged scenario
and species presence for ea¢hr8 x 30 mcell. To facilitate  created nearly four times as many patches as the no-harvest
interpretation of results we also created maps of forest typand the even-aged harvest scenarios. The no-harvest sce-
(i.e., mixed—white oak, black—scarlet oak, pine, oak—pine, onario had the largest mean patch size at 2.1 ha, predomi-
maple) and forest size or structure classes recognized by lmantly because of the large extent of the sawlog size class.
cal managers (i.e., seedling, age 0-9 years; sapling, age 1®n average, the mean patch size for the even-aged scenario
29 years; pole, age 30-59 years; sawlog, ag€ years; un- was almost as large as that of the no-harvest scenario.
even, ages span three or more size classes). A cell-is agTable 3). The simulated clearcuts under the even-aged sce
signed to the size class represented by at least 80% of theario had the effect of resetting all pixels in each harvested
cohorts of all species. When 80% of the cohorts fall in twostand to the same size class and creating relatively uniform
consecutive size classes, the class with the larger proportigmatch sizes. For most size classes the uneven-aged scenario
is assigned. When no two consecutive size classes include also produced from 4 to 10 times as much edge habitat as
least 80% of the cohorts, the cell is called uneven aged. Wehe other harvest scenarios (Table 3).
further analyzed some of these maps to obtain spatial statis At the end of the 100-year simulations, the harvest treat
tics. The LANDIS simulations have the capacity to create aments had been implemented across nearly the entire land
prodigious quantity of output. Most simulation results can bescape, and the overall pattern of size classes would change
displayed as maps or summarized as spatial statistics: Gefittle if the management practices were continued through
graphic information systems provide a ready means to readditional decades of simulation. However, the process of
classify results into broader age-classes or forest sizeehange from the initial 80-year-old undisturbed forest fand
structure classes. Such reclassifications often make it easigtape to an intensively managed forest results in decades of
to interpret temporal trends and spatial patterns across larggansition where part of the landscape has been harvested
landscapes or to summarize results in terms that are familiaind part has not (Fig. 3). These landscapes provide various

to resource managers. mixtures of old forest and newly regenerated forest.
Expressed as a percentage of the mean acres disturbed,
Results variation across decades was much greater for wind and fire

events than for harvests (Table 4). Although wind distur

Some of the most striking differences among the managebance was small, fires disturbed one third to one half of the
ment alternatives are visible in maps of the simulated vegearea disturbed by harvest each decade. Because we had
tation age structure of the landscapes under differenspecified that forests less than 30 years of age and greater
harvesting practices (Fig. 3). For the scenario with no harthan 150 years of age would have greater fuel loads and be
vesting, the variation in the forest age was caused by stamost susceptible to fire damage, the even-aged and the un
chastic fire and wind events. Based on our parameterizatioaven-aged harvest scenarios resulted in greater fire damage.
of the model, fire was expected to affect about one third ofOn average, they had more hectares in susceptible categories
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Fig. 3. Missouri study area landscape under three different harvest practices. Landscape is 836 ha with pixel size of 0.09 ha (30 x 30 m). The panéhstidlutirass
age-classes for all simulations; final age-classes after 100 years with no harvest; and forest age-classes at years 20, 40, 60, 80, and 106t fobrihé¢hsiratdation show-
ing how the landscape changes over time with the implementation of the even-aged and uneven-aged harvest scenarios.
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Fig. 4. Missouri study area landscape under three different harvest practices showing (A) Cumulative wind disturbance over 100 years
under the no-harvest scenario. (B) Cumulative fire disturbance over 100 years, no-harvest scenario. (C) Cumulative fire disturbance
over 100 years, even-aged harvest scenario. (D) Cumulative fire disturbance over 100 years, uneven-aged harvest scenario. The effects
of fire disturbance are visible in the age-class patterns of the managed and the unmanaged landscapes shown in Fig. 3. Location of in
dividual wind and fire events is randomly determined subject to user-specified constraints on disturbance size and severity. Conse
quently, multiple simulation runs for a given landscape will result in different spatial patterns but comparable total impact.
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than did the no-harvest simulation. Toward the end of thehe spatial and compositional impacts of forest-management
simulation period, however, the majority of the no-harvestalternatives. Previous harvest-simulation models have a lim-
landscape moved into the higher (>150 years) age-classé®d suite of harvest treatments that can be applied to a land-
and increased in susceptibility to fire damage. scape, and the treatments are relatively inflexible. These
models have limited ability to implement alternative deci-

. . sion rules to determine how harvests are allocated on the
Discussion landscape. Nevertheless, because these models have limited
arisordata requirements they are suited to broad, strategic manage

of management alternatives. Interesting alternatives for thid'€nt questions related primarily to spatial pattern of epen
Ings. LANDIS now incorporates much more detail about

landscape would include retention of larger areas with old R .
stand structure and composition in the algorithms for-allo

forest characteristics by restricting harvest activities in-por > h Ki Il suited f lori
tions of the landscape. In the presentation of these example€ating harvests, making LANDIS well suited for exploring
ore detailed questions about the interaction through time

we focused on comparison of forest size classes. Maps a ¢ stand aiti ic f d
related statistics can also be produced for species compog]' CUIent stand conaitions, economic forces, and manage

tion, forest type, forest age, or harvested openings. The sp&'€nt strategies. Furthermore, LANDIS is able to simulate
tially explicit modeling approach also provides Opportumtiessuccessmn as a consequence of disturbance by vegetatien man

to link other resource values to the landscape, such as wild®dement, providing insight into changes in both spatial pattern
life habitat quality for selected species, distance of harveste@nd forest composition produced by management alternatives.
stands from roads, or visual quality. One of the strengths of The algorithms we have developed for modeling forest-man
this modeling technique is the ability to both visually andagement in LANDIS include a number of novel approaches
analytically monitor changes in the landscapes over time anthat enhance flexibility and allow additional or modified capa
observe changes by decade. In addition to providing the bablilities to be added with minimal code changessgstem re
sis for spatial analyses, the maps provide an important medesign. The use of independent ranking algorithms to select
dium through which resource managers and the public caftands for harvest allows new ranking algorithms to be de
view and discuss patterns of landscape change over time. veloped to allow other management goals to be incorporated
The capabilities of LANDIS now provide a tool to more into LANDIS. Because the timing, the spatial arrangement,
fully investigate ecological response to forest managemertnd the cohorts to be removed can all be specified independ
than was possible with other harvest simulation models. Beently, a large number of harvest prescriptions can be de
cause LANDIS does not simulate individual trees and lacksigned to implement specific management scenarios.
stand-density information, it is not a project-level harvest We have identified some future enhancements to the harvest
scheduling tool, but it does provide important insight into algorithms in LANDIS. The rules for removal of species and

The model framework invites evaluation and comp
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Table 3. Initial and final landscape characteristics for three management scenarios applied
to an 836-ha landscape in southeastern Missouri.

Management scenario

Initial No harvest Even aged Uneven
Landscape for all after after aged after
characteristic simulations 100 years 100 years 100 years
Forest composition (%)
Black—scarlet oak 56.2 52.3 63.9 60.5
Mixed oak 33.3 34.1 16.7 23.9
Oak—pine 0.0 1.4 13.7 8.6
Shortleaf pine 10.5 12.0 5.7 7.0
Maple* 0.0 0.2 0.0 0.0
Size class (%)
Seedling 0.0 1.3 16.8 14.2
Sapling 0.0 3.2 27.1 18.2
Pole 0.0 1.2 18.4 10.5
Sawlog 98.8 91.6 37.6 55.7
Uneven 1.2 2.7 0.1 1.4
No. of patches
Seedling 0 50 147 494
Sapling 0 68 84 476
Pole 0 61 123 415
Sawlog 1 4 48 60
Uneven 110 215 8 115
All 111 398 410 1560
Mean patch size (ha)
Seedling 0.0 0.2 1.0 0.2
Sapling 0.0 0.4 2.7 0.3
Pole 0.0 0.2 1.3 0.2
Sawlog 832.4 192.9 6.6 7.8
Uneven 0.1 0.1 0.1 0.1
All 7.6 2.1 2.0 0.5
Mean patch size (ha)
Black—scarlet oak 175 8.6 20.7 26.8
Mixed oak 0.7 0.8 0.2 0.3
Oak—pine 0.0 0.1 0.2 0.1
Shortleaf pine 0.2 0.2 1.1 0.1
Maple 0.0 0.1 0.0 0.1
All 0.8 0.8 0.6 0.5
Length of edge (km)
Seedling 0.0 10.2 66.6 108.5
Sapling 0.0 21.8 92.6 132.0
Pole 0.0 11.1 71.3 87.1
Sawlog 12.8 63.7 79.3 226.7
Uneven 12.8 28.7 1.0 14.3

Note: Age-classes were grouped into broad forest size classes for these summaries: seedling, 0-9
years; sapling, 10-29 years; pole, 30-59 years; savd6@,years; uneven, ages span three or more size

classes (e.g., sapling and sawlog).

*Species composition is based on the dominant species group for each cell. Although maples were
present on the initial landscape, they always occurred beneath older oaks. Hence, no maples are
reported in the forest composition summary for the initial landscape.

age cohorts are not dependent on the species and coherts agcay be applied when they are not appropriate, given condi
tually present on the cell. In reality, a forester making eeci tions within a management area. Perhaps dynamic rules can
sions about what to cut on a site, looks at the compositioroe developed to trigger (prescribe) harvest events when cer
present and chooses what to remove based on what is thetain conditions within the management area are true. These
We envision rules that will function in a similar way, using capabilities would allow study of the interaction of land
algorithms to specify the removal rules on a cell by ceH ba scape conditions and the behavior of managers (rules) and
perhaps provide more realistic simulation of vegetation-man
Harvest prescriptions are now static, and prescriptionggement. However, for many immediate research needs,

sis, implementing the prescription in a dynamic way.
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Table 4. Simulated disturbances by harvest, wind, and fire for  Dale, V.H., Doyle, T.W., and Shugart, H.H. 1985. A comparison of

three management scenarios. tree growth models. Ecol. ModelR9: 145-169.
- Franklin, J.F., and Forman, R.T.T. 1987. Creating landscape pat
Management scenario terns by forest cutting: ecological consequences and principles.
Disturbance type No harvest Even aged Uneven aged Landscape Ecoll: 5-18.
Greer, K.D. 1997. Spectrum: a decision support tool for ecosystem
H.arvest (ha/decade) 0 88 (3) 66 (0.4) planning.In Proce?edings of the 1996 SOEiF():,‘ty of American -)llzor
Fire (ha/decade) 11 (10) 31 (22) 25 (18) esters National Convention, 9-13 Nov. 1996, Albuquerque, N.M
Wind (ha/decade) 2 (3) 1(0.4) 1(1) ' : ! o

Society of American Foresters, Bethesda, Md. pp. 283-288.
“Note: Values are mean per decade over a 100-year simulation, with SDGustafson, E.J., and Crow, T.R. 1994. Modeling the effects of for
given in parentheses. est harvesting on landscape structure and the spatial distribution
of cowbird brood parasitism. Landscape Ec&il.237-248.
Gustafson, E.J., and Crow, T.R. 1996. Simulating the effects-of al
LANDIS provides the generality necessary to answer gues ternative forest management strategies on landscape structure. J.
tions related to timber management and the resulting Environ. Manage46: 77-94.

changes in forest composition and spatial pattern. Gustafson, E.J., and Crow, T.R. 1999. HARVEST: linking timber
harvesting strategies to landscape pattdm&andscape ecoleg
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