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Abstract

Forest management shapes landscape patterns, and these patterns often differ significantly from those typical for natural disturbance regimes.
This may affect wildlife habitat and other aspects of ecosystem function. Our objective was to examine the effects of different forest management
decisions on landscape pattern in a fire adapted ecosystem. We used a factorial design experiment in LANDIS (a forest landscape simulation
model) to test the effects of: (a) cut unit size, (b) minimum harvest age and (c) target species for management. Our study area was the Pine Barrens
of northwest Wisconsin, an area where fire suppression has caused a lack of large open areas important for wildlife. Our results show that all three
management choices under investigation (cut unit size, minimum harvest age and target species for management) have strong effects on forest
composition and landscape patterns. Cut unit size is the most important factor influencing landscape pattern, followed by target species for
management (either jack pine or red pine) and then minimum harvest age. Open areas are more abundant, and their average size is larger, when cut
units are larger, target species is jack pine, and minimum harvest age is lower. Such information can assist forest managers to relate stand level

management decision to landscape patterns.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Landscape ecology aims to link disturbance processes to
landscape pattern (Turner, 1987; Turner et al., 2001) and has
demonstrated that landscape pattern strongly affects ecosystem
processes. For example, the probability of wind disturbance
increases as forest edges become more abundant (Franklin and
Forman, 1987), and tree species that are poor dispersers cannot
establish themselves in the center of large fire patches (He and
Mladenoff, 1999a). The importance of landscape pattern on
processes makes it essential to examine how human land
management changes disturbance processes and the resulting
landscape pattern (Foster et al., 1997). For example, fire
suppression may alter natural disturbance regimes, thereby
indirectly changing landscape pattern (Baker, 1994), however
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climate variability may often be a more important factor for
changing fire regimes than human activities (Johnson et al.,
1990). Forest harvesting affects landscape pattern directly
(Franklin and Forman, 1987; Gustafson and Crow, 1998),
resulting in landscape patterns that may be quite different from
those observed in the absence of forest harvesting (Mladenoff
et al., 1993; Wallin et al., 1996).

Some landscape ecologists have suggested using natural
disturbance regimes as a guideline for forest management by
trying to mimic their effects on landscape pattern when allocating
silvicultural treatments and harvests (Hunter, 1993; Cissel et al.,
1994, 1999; Wallin et al., 1994; Radeloff et al., 1999). For
example, clear-cuts may be appropriate in areas where extensive
crown fires were common, such as the boreal forest (Hunter,
1993), whereas selective cutting may be more appropriate in
areas where single-tree gap dynamics are prevalent, such as the
northern hardwood region (Lorimer, 1977).

This suggestion has intuitive appeal, but it has rarely been
implemented in forest planning. One reason is that the effects of
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forest management decisions on landscape pattern are not well
understood. The spatial patterns of managed forests depend on
the size of harvest units, the spatial allocation of harvest units,
the tree species-specific minimum harvest age, and the tree
species selected for forest regeneration. Quantitative informa-
tion on the relative importance of each of these management
choices, and their cumulative effects, on forest landscape
pattern is largely lacking.

Our goal was to estimate the effects of different forest
management decisions on long-term landscape patterns in the
Northwest Wisconsin Pine Barrens. We used a factorial design
experiment to test the effects of three different forest
management decisions on landscape patterns: (a) cut unit size,
(b) minimum harvest age, and (c) target species for manage-
ment. We did not examine spatial allocation of harvest units as
an additional variable. The model that we used operated in 10
year time steps, and that made it more straightforward to
simulate neighboring harvests via the cut unit size variable. Cut
unit size was hypothesized to have a strong effect on the size of
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open habitat areas. Minimum harvest age was hypothesized to
affect the total area of open habitat. The same was hypothesized
for the effect of target species, because the minimum harvest
ages commonly employed for jack pine and red pine are very
different.

2. Methods

2.1. Forest management challenge in the Northwest
Wisconsin Pine Barrens study area

The role of the spatial patterns of forest management in the
northwest Wisconsin Pine Barrens is debated by foresters and
wildlife biologists (Borgerding et al., 1995; Moss, 2000,
Fig. 1a). The northwest Wisconsin Pine Barrens is located on a
450,000 ha outwash plain with predominantly coarse, sandy
soils (Murphy, 1931; Radeloff et al., 1998, 1999). These soils
are prone to drought and lead to conditions that are conducive to
fires. This area experienced significant fire disturbance before
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Fig. 1. (a) The location of the Pine Barrens study area in Wisconsin (U.S.), (b) landtypes of the Pine Barrens, (c) initial forest conditions derived from a satellite
classification and (d) forest management areas. The southwestern corner of the study area is located at 45°34”N and 92°53"”W; the northeastern corner of the study

area is located at 46°47"N and 91°04"W.
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European settlement, but European settlement over the last 150
years has significantly altered disturbance processes and
landscape pattern (Radeloff et al., 1999). Local management
agencies are particularly interested in the effects of forest
harvests on landscape pattern in this area because of the decline
of open habitat wildlife species that persisted in fire generated
openings at pre-settlement times (Borgerding et al., 1995;
Moss, 2000).

Pre-settlement fire regimes were not uniform across this
region. In the northern part of the Pine Barrens (Fig. 1b,
landtype ‘Pitted outwash’), fire return intervals were longest
(300-500 years), forests were comparatively old and dense, and
white, red, and jack pine (Pinus strobus, resinosa, and
banksiana) occurred together (Radeloff et al., 1999). In the
central part of the Pine Barrens (Fig. 1b, landtype ‘Outwash
plain’), frequent crown fires (30-70 years return interval) were
common and jack pine dominated the forests, creating a shifting
mosaic of large openings intermixed with dense, regenerating
jack pine stands. In the southern Pine Barrens (Fig. 1b,
landtypes ‘Southcentral outwash plain’ and ‘Southwestern
outwash plain’), fire return intervals were as low as 5 years, but
fire intensity was much lower, permitting the establishment of
pin and burr oak (Quercus ellipsoidalis and macrocarpa) and
red pine savannas (Radeloff et al., 1998).

Since the 1850s, European settlers logged, farmed and
ultimately reforested the Pine Barrens region. The overall result
of the last 150 years of land management is a much lower total
area of open habitat in the current landscape, as well as smaller
areas of individual open-habitat patches (Radeloff et al., 1999),
which is detrimental to area-sensitive open habitat species, such
as sharp-tailed grouse (Tympanuchus phasianellus), bobolink
(Dolichonyx oryzivorus), and upland sandpiper (Bartramia
longicauda, Niemuth, 1995; Gregg and Niemuth, 2000) which
require large openings for breeding. The decline of these
species prompted the Wisconsin Department of Natural
Resources (DNR), local county forests, and the Chequame-
gon-Nicolet National Forest to initiate an adaptive landscape
management project for the Pine Barrens (Borgerding et al.,
1995; Moss, 2000).

2.2. Landscape modeling of forest management scenarios

Spatially explicit landscape models are in most cases the
only feasible scientific approach to study the effects of different
disturbance regimes on landscape pattern and to experiment
with different harvesting scenarios (Mladenoff and Baker,
1999). The scientific literature on landscape models has rapidly
grown in recent years, and we will review here only a few of the
models that focus on forest management (for a complete review,
see Mladenoff, 2004). Initial modeling attempts focused on a
single process, i.e., forest harvesting, sometimes even ignoring
forest regeneration (Franklin and Forman, 1987; Li et al.,
1993). A number of these models focused on the spatial
allocation of harvesting units and their size, a question that
arose in the Pacific Northwest during the controversy about the
harvest of old-growth forests and the population status of the
spotted owl. Model results suggested that aggregated clear-cuts

could preserve larger patches of interior forests (i.e., spotted
owl habitat) than the common management practice of
dispersed clear-cuts (Franklin and Forman, 1987). In order
to examine the effects of other spatial factors on forest
harvesting patterns, later models included data on road and
stream networks (Li et al., 1993) and digital elevation data
(Tang et al., 1997). Different spatial allocations of harvesting
units (clustered versus dispersed) exhibited strong effects on
forest interior and edge habitat (Gustafson and Crow, 1994,
1996; Gustafson, 1998; Borges and Hoganson, 1999). Land-
scape models of forest management developed further by
including rotation length in addition to harvest unit size and
spatial allocation (Wallin et al., 1994, 1996). Ultimately, these
management models became modules in more complex forest
landscape models which simulate numerous natural processes
and management actions plus their interactions (Mladenoff and
Baker, 1999; Gustafson et al., 2000; Klenner et al., 2000).

The inclusion of management modules into forest landscape
models allowed the examination of the effects of different
management scenarios on forest economics and wildlife
population dynamics (Liu et al., 1994, 1995; Liu and Ashton,
1995) making model results more relevant for management
decisions (Fall et al., 2004). Several Canadian companies are
now offering forest planning software based on forest landscape
models that include harvesting (e.g., Spatial Woodstock by
Remsoft, 2005, ALCES by Forem Technologies, 2005, and
Patchworks by Spatial Planning Systems, 2005). This trend
parallels a general increase of spatial components in the forest
planning process in recent years (Bettinger and Chung, 2004;
Bettinger et al., 2005). In forest science, wildlife habitat
consideration has been a particularly active area of research
using forest landscape models because area sensitive species
may not occur in a given landscape if their habitat occurs only
in small, disjunct patches (Andrén, 1994; Fahrig, 1997;
Akcakaya et al., 2004), and it appears that brood parasitism
by brownheaded cowbirds is elevated in fragmented forests
(Brittingham and Temple, 1983; Gustafson et al., 2002).

Despite all of these efforts to model forest management
spatially, much is still unknown about the effects of different
forest management decisions on landscape pattern. Only recent
developments in landscape simulation modelling, permit
simultaneous modeling of numerous ecosystems as well as a
wide range of silvicultural treatments (Liu and Ashton, 1998;
Gustafson et al., 2000, 2001, 2004; Shifley et al., 2000;
Gustafson and Rasmussen, 2002; He et al., 2002; Fall et al.,
2004; Fan et al., 2004; Garman, 2004; Mehta et al., 2004; Seely
et al., 2004; Scheller et al., 2005).

2.3. Landscape simulation model used

We chose the landscape model LANDIS for this study
(Mladenoff et al., 1996). LANDIS incorporates natural
processes (fire, windthrow, succession, and seed dispersal,
He and Mladenoff, 1999a), and forest harvesting, allowing
many different silvicultural treatments to be simulated
(Gustafson et al., 2000). The model has been tested in northern
hardwood (He and Mladenoff, 1999b), and central hardwood
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forests (Shifley et al., 2000; Fan et al., 2004), chaparral in
California (Franklin et al., 2001), and boreal forests in Finland
(Pennanen and Kuuluvainen, 2002) and Quebec (Pennanen
et al., 2004). For a more detailed discussion of model design
and implementation see Mladenoff and He (1999) and
Mladenoff (2004).

2.4. Input data preparation

Landscape simulations in LANDIS require several input
maps and parameter files for model initialization (Mladenoff
and He, 1999). All input raster maps were generated with 100 m
spatial resolution and total landscape extent of 450,000 ha.

2.4.1. Landtype map

Differences in environmental conditions, such as soil types
and climate, are incorporated into LANDIS via the landtype
map. Landtype determines the likelihood that a tree species will
grow (species establishment coefficient) at a given location and
is characterized by return intervals for fire and wind
disturbance. We divided the Pine Barrens into seven landtypes
(Fig. 1b) based on climate data, soil information (Radeloff
et al., 1998), tree species distribution at pre-settlement times
(Radeloff et al., 1999), and differences in fire frequency
observed between 1930 and 1990 (see below). We chose seven
landtypes to ensure relative homogeneity in terms of the
environmental factors mentioned above, while keeping the
number low enough so that parameterization for each landtype
was still feasible.

2.4.2. Stand boundaries map

The harvest module in LANDIS requires a stand boundary
map (Gustafson et al., 2000). Digital forest maps exist only for a
small portion of the study area, which is in public ownership.
This necessitated deriving stand boundaries from other data.
Our approach to stand boundary mapping incorporated both
forest conditions and size constraints. Based on available digital
stand boundary maps for national and state forests, the
minimum stand size is 2 ha and maximum size is 250 ha in our
study area. We conducted an unsupervised satellite classifica-
tion of a Landsat TM satellite image (28.5 m resolution,
recorded on May 19, 1995) to identify spectrally homogeneous
areas. The image was clustered into 30 spectral classes based on
spectral reflectance values in TM band 1-5 and 7. Areas that
were spatially contiguous and classified into one land cover
class were considered stands. Areas that were too small in size
to be considered separate stands were merged with neighboring
larger stands. All stands larger than 250 ha were subdivided
using a digital road data set derived from U.S. Census Bureau
TIGER data (Fig. 2).

2.4.3. Management areas map

The harvest module also requires a management area map to
implement, for instance, management strategies specific to soil
types (Gustafson et al., 2000). We used two management areas
in our simulations (Fig. 1¢). The majority of the study area is
located on sandy soils where forest management focuses on

Fig. 2. Forest stand boundaries superimposed on a Landsat TM satellite image
(channels 4, 5, and 3 shown in red, green, and blue) for a selected area in the
central portion of the Pine Barrens. Water bodies are depicted in black,
deciduous stands in pink and purple, red pine stands in dark red, jack pine
stands in dark blue/gray, and clear-cuts in light blue/turquoise. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of the article.)

clear-cuts of jack and red pine. The glacial moraine in the north
is dominated by hardwood stands managed by selective cutting
or group selection. No harvesting was simulated on the
moraine because these harvests have little effect on open
habitat.

2.4.4. Forest cover map

The stand boundary map derived from satellite data was also
used to derive an initial forest cover map (Fig. 1d). The
unsupervised classification assigned each stand polygon a class
value between 1 and 30. Each of these 30 classes was visually
assigned the major forest type it represented. Areas devoid of
forests were assigned to a class ‘open’. This class represented
121,000 ha, partly due to recent salvage cuts in response to a
jack pine budworm outbreak (Radeloff et al., 2000b). Forest
cover classes included jack pine, red pine, oak spp., aspen, and
sugar maple. Classes representing multiple tree species were
labeled accordingly (e.g., red pine/hardwood mix). In a second
step, summary forest inventory statistics for the entire Pine
Barrens region were obtained from the Forest Inventory
Analysis (FIA) database, providing an estimate of the area of
each of the five major forest types (aspen, oak, red pine, jack
pine, and maple-birch) in the study area. The FIA database
contains data for permanent sampling plots that are measured
on average every 10 years by the U.S. Forest Service, and
represents the most comprehensive forest inventory data
available across the United States (Chojnacky, 2001; Miles
et al., 2001; Vissage et al., 2004). However, we could not use
the FIA data as ground truth for our classification, or to identify
forest types for given stands and perform an accuracy
assessment, because we did not have access to the actual plot
locations but only to perturbed plot locations which are up to
1 mile offset. We ensured that the relative proportions of these
five forest cover types were maintained in the forest cover map,
by assigning spectrally ambiguous clusters to underrepresented
forest cover types.
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Table 1

FIA data on tree regeneration in the five major forest types in the Pine Barrens study area

Forest type Number of Hectares Most common Second most Third most Fourth most
plots species common species common species common species

Aspen 102 84,150 Quaking aspen Bigtooth aspen Red maple Red oak

Number of trees <4 in. 223 (40%) 187 (34%) 99 (18%) 48 (9%)

Oak Hickory 95 98,269 Red maple Red oak Bigtooth aspen Quaking aspen

Number of trees <4 in. 45 (50%) 19 (21%) 13 (14%) 13 (14%)

Red Pine 63 48,876 Red pine Jack pine Quaking aspen Pin oak

Number of trees <4 in. 68 (58%) 19 (16%) 16 (14%) 14 (12%)

Jack Pine 41 49,610 Jack pine Burr oak Red pine Quaking aspen

Number of trees <4 in. 125 (60%) 40 (19%) 30 (14%) 13 (6%)

Maple-Birch 32 26,607 Red maple Sugar maple Red oak Bigtooth aspen

Number of trees <4 in. 104 (50%) 53 (27%) 27 (13%) 23 (11%)

These five major types represent 333 out of a total of 371 plots in the timberland category of FIA.

LANDIS simulates presence—absence of tree species in
different age cohorts and uses input data of both primary and
secondary species. The FIA data were also used to provide
aggregate information on forest composition and age for the
five major forest types. We extracted data on secondary tree
species by examining the percentage of the four most common
tree species in the <4in. size class. Important secondary
species were identified by computing the percentage of the five
most important species in terms of tree volume (Table 1). Based
on the FIA data we also assigned the presence and absence of
age cohorts for both primary and secondary tree species in each
of the 30 classes.

2.4.5. Tree species data

LANDIS simulates seedling establishment under different
environmental conditions (landtypes) by a likelihood factor
(establishment coefficient) that a seed of a given tree species
will successfully establish (Mladenoff and He, 1999). In terms
of seed availability, we assumed that the two main commercial
species (jack pine and red pine) would either regenerate
naturally or be planted, and thus simulated no limits on seed
availability in clear-cuts. Tree species coefficients were derived
from pre-settlement vegetation data (Radeloff et al., 1999), soil
maps (Radeloff et al., 1998), and natural history information

Table 2
Natural history attributes of the tree species that were simulated

about the growing requirements of each tree species (Curtis,
1959; Burns and Honkala, 1990). Tree species coefficients vary
by landtype, whereas longevity and sexual maturity are
constant among landtypes in LANDIS (Table 2). Tree species
that occur only as subdominants, such as yellow birch, were not
simulated. Additional tree species data required to parameterize
LANDIS, such as seed dispersal distances, were obtained from
He and Mladenoff (1999b).

2.4.6. Fire frequency and fire size distribution

Fire was a frequent disturbance in the pre-settlement
landscape but is much less common now due to fire
suppression, which started in the 1930s (Radeloff et al.,
1999). We decided to simulate current fire cycles, rather than
pre-settlement conditions for two reasons. The first is that
human habitation in the study area makes it highly likely that
fire suppression will continue in the future (Radeloff et al.,
2001). The second reason is that our main objective was to
compare the effects of different forest management decisions
on landscape pattern. The simulation of pre-settlement fire
cycles would have confounded those results due to the effects of
fires on landscape pattern. The fire module in LANDIS was
parameterized using a Wisconsin Department of Natural
Resources (DNR) map recording all fires since 1930 for the

Species Longevity Sexual Shade Establishment coefficients for each landtype
maturity tolerance N - X
Bayfield Moraine Outwash Fringe Savanna Polk Hayward

Red maple 150 10 3 1 1 0 0 0 0 0
Sugar maple 400 40 5 0.5 1 0 0.5 0.2 0.2 0
Jack pine 90 15 1 1 1 1 1 1 1 1
Red pine 250 35 3 1 1 1 1 1 1 1
White pine 450 15 3 1 1 0.3 0.5 1 1 1
Aspen 120 15 1 1 1 0.3 1 1 1 0.8
Pin oak 300 35 2 1 1 0.5 0.5 1 1 1
Red oak 250 25 3 1 1 0 0 0.1 0.5 0.5
Herbaceous spp. 50 10 -1 1 1 1 1 1 1 1

Longevity and sexual maturity are reported in years, shade tolerance is a class value with 5 representing the highest shade tolerance. Species establishment coefficients
are scaled between 0 and 1, with 1 representing the highest likelihood that a seed will establish on a site if the light regime is favorable.
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Table 3

Fire return intervals in the different landtypes; observed fire return intervals
were derived from a map of fire boundaries from 1930 to 1960 (courtesy of the
Wisconsin DNR)

Landtype Observed fire return Fire return interval
interval (in years) (in years) after 500
1930-1990 model years

Pitted outwash 00 784

Kettle moraine 0 00

Outwash plain 355 399

Outwash plain fringe 387 424

Southcentral outwash plain 697 513

Southwestern outwash plain 306 341

Sandy river valley 1078 1940

southern 2/3 of the study area. Fire return intervals were
computed for each landtype (Table 3) and average and
maximum fire size was calculated for the entire study area
(334 and 7685 ha, respectively).

2.4.7. Forest management information

We obtained information of common forest management
practices in our study area from management guidelines
published by the U.S. Forest Service (Benzie, 1977), and the
Wisconsin DNR (Wisconsin DNR, 2005), as well as in
conversations with resource managers familiar with local
conditions (e.g., D. Zastrow, Wisconsin DNR State Silvicul-
turist; J. Halverson, Washburn County Forester).

Jack pine in our study area is solely grown for pulp wood
production not for saw timber. Jack pine stands are single-
species and even aged. Harvesting activities are limited to clear-
cuts, no selective harvesting or thinning occurs. Harvests are
scheduled at a stand age between 40 and 60 years. Both natural
regeneration and plantations are common, often accompanied
by soil scarification and herbicide treatments to limit
competition from hazel and oaks.

Red pine in our study is managed largely for maximum yield
of sawtimber (Wisconsin DNR, 2005). Red pine is grown in even
aged plantations, as natural regeneration is in most cases too
sparse. Red pine plantations require on average at least 100 years
to reach harvestable age, at which point plantations are clear-cut.
Two to three thinnings within this period are common.

2.5. LANDIS simulations

The approach to our modeling experiment was a factorial
design in which three variables (minimum age for harvest, cut
unit size, species of management interest) varied (Table 4)
resulting in 16 scenarios that were simulated over 500 years in
10 year time steps. We chose 16 scenarios that captured the
entire range of management options that are commonly
practiced and that influence landscape pattern. The minimum
age limit for clear-cuts in jack pine was either 40 or 60 years,
cut unit sizes were set at a mean of 4, 16, 65, or 259 ha, and the
standard deviation of the cut unit size was set to 1/4 of the mean
to mimic variability in cut unit size. The full range in cut unit
sizes can be observed in the current landscape; large cuts are
especially common after jack pine budworm defoliation when

Table 4
The 16 different forest management scenarios that were explored in the
LANDIS simulations

Scenario Minimum age for Mean cut Percent of the
number jack pine before unit size (ha) landscape managed
harvesting for red pine
1 40 4 0
2 40 16 0
3 40 65 0
4 40 259 0
5 40 4 50
6 40 16 50
7 40 65 50
8 40 259 50
9 60 4 0
10 60 16 0
11 60 65 0
12 60 259 0
13 60 4 50
14 60 16 50
15 60 65 50
16 60 259 50

salvage logging occurs (Radeloff et al., 2000b). Forest
managers are not restricted in terms of adjacency rules; new
cuts can be placed next to existing cuts. However, LANDIS will
not place a new cut next to an existing cut in the same time step
in the simulation if the result is that the total area of both cuts
exceeds the cut unit size limit.

Because the minimum harvest age for red pine is about twice
that for jack pine, this may significantly decrease the amount of
open area. One half of our management scenarios did not
include management for red pine, and all stands were eligible
for harvest when they reached the minimum stand age (see
above). The other half of our management scenarios included
red pine management on 50% of the landscape (Table 4). In the
red pine management scenarios, jack pine harvests left all red
pine >50 years old. This means that a jack pine harvest would
create a clear-cut if no red pine 50 years or older was present;
otherwise a red pine stand would remain. Red pine harvests
required a minimum age of 100 years and removed all species
when a harvest occurred. We did not simulate thinnings in red
pine because LANDIS does not track tree density, but rather the
presence of each tree species in each cell. Because thinnings
would not remove all red pine from a 100 m cell thinnings could
not be simulated. This was of relatively little concern for our
research question though, because thinnings do not affect the
amount and pattern of open areas.

Harvests were applied to entire stands. We parameterized the
harvesting algorithm in LANDIS to cut all stands meeting the
criteria in a given scenario at each decade. The harvested area
was not held constant among management scenarios. The
reason for this decision was that one of the response variables
we were interested in was the total area of open habitat created
under each management scenario. All else being equal, a
minimum harvest age of 40 will result in more frequent
harvests, and thus create more open area compared with a
minimum harvest age of 60. We would have not been able to
assess such differences had the harvest area been held constant.
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2.6. Statistical analysis

We calculated the total area where tree species were: (a)
dominant and (b) present as well as the area harvested for each
time step. The dominant tree species is defined in LANDIS as
the oldest species present in a given cell; LANDIS does not
estimate tree density. In addition to the overall abundance of
different cover classes, we were interested in the spatial patterns
of open habitat areas. Landscape patterns were quantified by
computing average, minimum, maximum, and standard
deviation of patch size for each tree species and for open
habitat using APACK (DeZonia and Mladenoff, 2002).

We conducted two separate statistical tests to examine which
management options are most strongly correlated with land-
scape pattern, and to determine which management scenarios
result in significantly different landscape pattern. Our statistical
analysis followed the approach established by Scheller and
Mladenoff (2005). Mixed linear regression models were used to
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test the significance of the different management decisions (cut
unit size, minimum harvest age, and target species for
management). Due to the limited range of management options
explored, each management option was treated as a categorical
variable. However, such an analysis precludes the use of either
coefficients or their signs for model interpretation. Separate
regression models were developed for each response variable:
the total area harvested, the average area of harvests, the total
area in open habitat (age 0-10), and the average size of
openings. Data from years 100, 110, 120, .. ., 500 was used as
the sample (n=41). Time series data can be temporally
autocorrelated. Therefore, we compared both autoregressive
(order one) models and models with an unstructured covariance
structure using decadal data (within scenario) as a repeated
measure within our mixed models (Littell et al., 1999). Because
of the small sample size, a robust standard error estimator
(Huber-White) was used (Maas and Hox, 2004). The auto-
regressive and the unstructured models were not significantly
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Fig. 3. Dominant forest type after S00 model years for management scenario (al) 1, (b1) 4, (c1) 13 and (d1) 16, and the age of the oldest age cohort present after 500

model years for management scenario (a2) 1, (b2) 4, (c2) 13 and (d2) 16.
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different indicating that temporal autocorrelation did not affect
our analysis, and we used an unstructured model for our final
results.

A second set of statistical tests was conducted to test for
significant differences among the 16 management scenarios for
the four response variables (the total area harvested, the average
area of the harvests, the total area in open habitat (age 0-10),
and the average size of openings). We used ANOVA for these
tests, examining least square differences at o =0.05 (Littell
et al., 1999).

Finally, we used hierarchical partitioning (Mac Nally, 2000)
to estimate the amount of variance explained by each of six
independent variables (minimum age of jack pine harvest, clear-
cut size, percentage of red pine management, plus three two-term
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interactions). Within hierarchical partitioning, all possible
multiple regression models, including sub-sets, are considered
for identifying the probable causal factors (Mac Nally, 2000).

3. Results

All three management choices under investigation (clear-cut
size, minimum harvest age, and target species for management)
affect forest composition (Fig. 3) and resulting landscape
pattern (Fig. 4). Legacies of the initial conditions persisted for
up to 100 years, but the remaining 400 model years exhibited
relatively constant landscape pattern (Fig. 6). Jack pine and red
pine dominated at least two-thirds of the landscape during the
last 400 model years (Fig. 5), and results will therefore focus on

8 9 0 11 12 13 14 15 16

(d) Management Scenario

Fig. 4. Differences in the mean of (a) the total harvested area, (b) the average patch size of harvested areas, (c) the total open area, and (d) the average size of openings
for the 16 different management scenarios. Management scenarios with the same letter indicated above the bar are not significantly different. Means and ANOVA
results are based on model years 100-500; error bars represent one standard deviation.
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Fig. 5. Total area dominant and total area present of different tree species over time for management scenario: (a) 1, (b) 4, (¢) 13, and (d) 16.

those two species. However, pin oak, aspen, and white pine (in
this order) were also present on substantial portions of the
landscape, albeit without reaching dominance (Fig. 5).

The ANOVA showed significant differences among all pairs
of management scenarios with only two exceptions: scenarios 5
and 13 were statistically identical in terms of the total area and
the average area of harvests and openings, as were scenarios 7

Table 5

and 15 (Fig. 4). The only independent variable differing within
these two pairs of management scenarios was the minimum age
for jack pine before harvesting.

The hierarchical partitioning regression analysis also high-
lighted the minimum age for jack pine before harvesting as
having on average the least effect among the three management
variables that were investigated (Table 5). Overall, the total area

The percentage of variance explained by different management decisions on the total area and the average patch size of harvests and openings

Predictor variable

Response variable in each of the four regression models

Average patch size

Total area of Average patch Total area

of harvests harvests size of openings of openings
Minimum age for jack pine before harvesting 1.1 10.8 2.6 5.6
Mean cut unit size 29.4 44.2 45.6 19.3
Percent area managed for red pine 2.7 29 6.5 22.2
Interaction: minimum jack pine age and cut unit size 21.2 28.0 29.8 11.3
Interaction: minimum jack pine age and percent red pine 23 4.1 52 18.6
Interaction: cut unit size and percent red pine 433 9.9 10.3 22.9

The results are from separate hierarchical partitioning models for each of the four response variables of interest; the sample consisted of data for 41 decades and 16

management scenarios.
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Fig. 6. Fluctuations in the total area of openings over time for management
scenarios 1, 4, 13, and 16.

and the average area of harvests and average open area size
were most strongly related with the mean cut size. The second
most important variable was the percentage of the landscape
area managed for red pine, which also explained the second
largest amount of variance in the model of the total area of
openings. Minimum age for jack pine before harvesting ranked
third for the model of the total area of harvest, otherwise it
explained less than 10% of variance and ranked lower than the
interaction term for cut unit size and percent red pine. In the
following, more detailed results for the three management
choices are presented in the order of their importance in terms
of impacting landscape pattern.

3.1. Clear-cut size

Clear-cut size had the most direct effect on landscape
pattern (Fig. 6). An increase in target clear-cut size from an
average of 4-259 ha (64.75-fold) under constant minimum
harvest age (40 years) and no red pine management resulted
in a 45-fold increase of the average harvest area and a 39-
fold increase in the average open patch size (scenarios 1 and
4, Fig. 4d). Red pine management increased the area of
harvests but decreased the size of openings (scenario 4 versus
scenario 8, Fig. 4b and d). Harvests in red pine stands 50
years or older effectively functioned as thinnings, because
they removed only jack pine, and left a canopy of mature red
pine until these reached the minimum harvest age of 100
years.

Increasing clear-cut size also affected the patch size of
dominant forest types. A 4-fold increase in clear-cut size
resulted in a doubling of the average jack pine patch size
(Fig. 7). However, further increasing clear-cut size to 259 ha
resulted in only slightly larger forest patches. Red pine patch
size and total area decreased in those scenarios that did not
include active red pine management (scenarios 1-4 and 9-12),
but increased otherwise (Fig. 7). However, red pine patches
reached on average only 50% of the size of jack pine patches.
Changes were again most pronounced when clear-cut size
increased from 4 to 16 and then to 65 ha, but leveled off
thereafter. The reason for this trend is that average harvest size
did not reach the goal of 259 ha because the patch size of jack
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Fig. 7. Average area dominated by jack pine or red pine in each management
scenario, and the average patch size throughout model years 100-500.

pine peaked at around 110 ha and was smaller than the clear-cut
size goal.

One surprising result was that scenarios with larger sized cut
units resulted in 2-3 times larger total areas being harvested
(Fig. 4a). The reason for this pattern is that when clear-cuts
were small and dispersed, there were simply less stands
available for harvesting. Once a cut is placed in a management
scenario with small cuts, then all stands in the direct vicinity of
this cut are effectively temporary ‘no-harvest’ zones because
their harvesting would result in an opening larger than the size
limit.

3.2. Red pine versus jack pine management

Setting the target for red pine to 50% of the landscape had
strong effects on landscape pattern. At smaller clear-cut sizes, red
pine management decreased the amount of openings and their
mean size roughly by a third. At larger clear-cut sizes, the effect
was more pronounced and decreases in the amount of open areas
and their mean size reached up to two-thirds (Fig. 4). As
expected, the abundance and the mean patch size of red pine
increased strongly under red pine management (Fig. 7).
However, red pine patches were on average only about half as
large as jack pine patches and jack pine remained more abundant.

3.3. Minimum harvest age

Increasing the minimum harvest age for jack pine from 40 to
60 years had only minor effects (maximum of £15% of all
response variables) when clear-cut sizes where limited to 4 or
16 ha (scenarios 1-4 versus scenarios 9-12, Fig. 4). However,
at the larger clear-cut sizes, the 60 year minimum harvest age
resulted in a reduction in the total area being harvested by about
a third and similar reductions in average size of openings (e.g.,
scenario 4 versus scenario 12, Fig. 4). The increase in minimum
harvest age for jack pine had practically no effect in those
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scenarios that incorporated red pine management in 50% of the
landscape (scenarios 5—-8 versus scenarios 13-16, Fig. 4).
Similarly, there were few changes in the landscape pattern of
the dominant forest types present when minimum harvest age
increased (Fig. 7).

4. Discussion

Forest management has become the dominant process
affecting landscape pattern in many forests throughout North
America. Our results demonstrate that substantial differences in
landscape pattern were generated by the different forest
management scenarios that we simulated. Among three
different forest management decisions (cut unit size, minimum
harvest age, and target species for management), cut unit size
clearly had a strong effect on landscape pattern, especially the
amount and the size of openings, which provide important
wildlife habitat. This finding is not surprising, and many forest
policies include cut unit size restrictions for aesthetic and/or
environmental reasons. Any attempt to create certain desired
landscape patterns via forest management will have to include a
careful choice of the cut unit size.

However, our results also indicate that focusing on cut unit
size alone does not suffice. For example, increases in the
minimum harvest age may prohibit the creation of large
openings, independent of the target cut unit size, simply
because there are no stands present that are large enough. In our
scenarios, a minimum harvest age of 40 with clear-cut size
limited to 65 ha created more open areas and openings that
were almost as large, as a 60 year minimum harvest age with
259 ha clear-cuts.

The most surprising result may be the strong effects of a
partial switch in management target species from jack pine to
red pine. Even though this change was only applied to 50% of
the landscape, and red pine was actively harvested, the amount
and the size of openings decreased by one to two-thirds. This
decrease was strongest for larger clear-cut sizes; red pine
management in half of the landscape decreased the average
patch size from a maximum of 182 ha (scenario 4) to 80 ha
(scenario 16).

Changes in the target species for forest management have
received comparatively little attention in the discussion on
forest management effects on landscape pattern. Target species
for management are commonly selected based on economics. It
is comparatively easy and common to limit clear-cut size via
regulation, compared to mandating management for certain tree
species. However, our results suggest that more research is
needed to fully understand the effects of changes in target
species on landscape pattern.

What do our results suggest for the management of
ecosystems such as the Pine Barrens? In the Pine Barrens,
there is a fairly unique situation where a lack of openings
constitutes the major environmental challenge (Borgerding
et al., 1995; Moss, 2000). Clear-cuts have been suggested as
an alternative disturbance process to replace the fires that
created large openings in the pre-settlement landscape
(Borgerding et al., 1995; Radeloff et al., 2000a). Our results

provide indication that the size of clear-cuts, the rotation
length, and the target species for management will all affect
the amount of the size of openings. However, clear-cuts only
partially mimic fires; they do provide canopy openings, but
they differ considerably in other aspects such as the
abundance of coarse woody debris (Niemuth and Boyce,
1998). Further research is needed on long-term changes in
soil fertility, herbaceous species diversity, and wildlife
communities, to identify to what extent clear-cuts, and
possibly prescribed burning of the slash after harvesting, can
mimic natural fire disturbance. However, initial monitoring
results for sharp-tailed grouse, one indicator species of open
habitat, suggest that large openings created by salvage cutting
after insect defoliation do indeed provide a landscape pattern
conducive for this species (Radeloff et al., 2000b; Akcakaya
et al., 2004).

Increasing the size of clear-cuts is the most important
management choice foresters can make if increasing the size
and abundance of large openings is intended. Minimum
harvest age for jack pine should be 40-45 years, which is also
economically most beneficial for pulp wood production (Rose,
1973; Benzie, 1977). However, such a low harvest age would
require much more active management on private non-
industrial holdings, which at present exhibit the lowest cutting
rates (Radeloff et al., 2000b). An increase in red pine
management via plantations would have strong impacts on
landscape pattern, and may not be prudent when open habitat is
one goal of forest management. Some timber industry
companies are managing for red pine on about half of the
holdings, partly to increase tree species diversity and thereby
decrease the likelihood of future jack pine budworm outbreaks
(Radeloff et al., 2000b). However, this will also have a very
strong effect on the abundance and the size of openings and
these ecological detriments may outweigh other considera-
tions. Ultimately, there will be tradeoffs between different
management goals. For example, the production of red pine
sawlogs conflicts with the goal to increase the size and
abundance of openings in the landscape. Our simulation
approach does not permit optimizing multiple management
goals (Hof and Joyce, 1992; Nevo and Garcia, 1996), but
results indicate how different management decision affect
landscape pattern.

One management suggestion was to use forest management
to mimic natural disturbance patterns (Radeloff et al., 2000a).
The assumption underlying this suggestion is that human
activities, most notably fire suppression, caused the decrease in
open habitat. We recognize that this may not necessarily be the
case, and that climate trends may be the actual cause for
changes in fire frequency. Forest fire behavior is determined
primarily by weather rather than fuels (Johnson et al., 1990;
Johnson and Larsen, 1991; Bessie and Johnson, 1995), and fire
suppression is by no means always successful as wildfires of
5300 and 4500 ha in 1977 and 1980 indicate (Radeloff et al.,
2000a). However, in general, fire suppression has been effective
in reducing fire return intervals in this region, and is one of the
major factors for the decrease in open habitat (Radeloff et al.,
1999).
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4.1. Model assumptions and possible effects on results

There were a number of modeling assumptions that affected
our results and have to be taken into account when interpreting
them. Management differences among landowners were not
simulated, even though clear-cut size and minimum harvest age
differs markedly between public and private holdings (Radeloff
etal.,2000b). We do not expect that a single management scheme
will be applied across all ownerships in the Pine Barrens in the
future. We did not model management differences among
landowners, to avoid confounding our experimental design. We
also assumed that stands available for harvesting will be
harvested, and did not hold harvest area constant. This
assumption is realistic for industrial forests, but may not always
apply to public lands. We also did not assess the effects of errors
in our input data (e.g., forest cover types, stand boundaries) on
final model results. We suggest that effects of the initial
conditions will not persist over 500 years, because our results
show that species composition and landscape pattern are fairly
constant throughout years 100-500, and an equilibrium appears
to have been reached (Figs. 5 and 6). Last but not least, we did not
conduct a sensitivity analysis, i.e., we did not alter model input
parameters, such as the species establishment coefficients to test
the robustness of our model results. A full sensitivity analysis
would be interesting, but was beyond the scope of our study given
the number of input parameters involved.

The current implementation of forest harvesting in LANDIS
is somewhat limited in that the removal of a given tree species is
not dependent on the forest structure present in a given cell
(Gustafson et al., 2000). However, this limitation had little
impact on our simulations, given that pine management in our
study area does not involve complex silvicultural treatments. It
may highlight though that a forest landscape model such as
LANDIS cannot, and should not, be used to identify stands for
harvesting over the next one or two decades. What landscape
models provide is a framework to experiment with different
management decisions and evaluate their long-term effects.
This is the modeling philosophy on which our simulation
scenarios were based, and this must be kept in mind when
interpreting and potentially implementing our findings.

Any simulation model represents a compromise between
model realism and generality (Levins, 1966), and our use of
LANDIS is no exception. More general results could have been
obtained by simulating idealized landscapes, rather than the
Pine Barrens landscape, but that would have diminished the
applicability of our results in the real world. Conversely, our
decision to report results after the first 100 years made results
less sensitive to initial conditions, and thus more applicable to
other areas, but it decreased model realism since more
management decisions are made on much shorter time
horizons. Again we stress that any interpretation of our results
must take the underlying model philosophy into consideration.

5. Conclusions

Forest management has become the dominant disturbance
process across a major portion of today’s landscapes. Forest

management decisions have strong effects on landscape
pattern, and thereby on ecosystem processes, but a thorough
understanding of these relationships is lacking. Our research
suggests that cut unit size is the most important factor
influencing landscape pattern, target species for management
the second most important, and minimum harvest age least
important. These findings are landscape specific and result from
the importance of large openings to the Pine Barrens
ecosystem, which is fire adapted.
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