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Abstract 

Timber harvesting affects both composition and structure of the landscape and has important consequences 
for organisms using forest habitats. A timber harvest allocation model was constructed that allows the input 
of specific rules to allocate forest stands for clearcutting to generate landscape patterns reflecting the "look 
and feel" of managed landscapes. Various harvest strategies were simulated on four 237 km 2 study areas in 
Indiana, USA. For each study area, the model was applied to simulate 80 years of management activity. The 
resulting landscape spatial patterns were quantified using a suite of landscape pattern metrics and plotted 
as a function of mean harvest size and total area of forest harvested per decade to produce response surfaces. 
When the mean clearcut size was 1 ha, the area of forest interior remaining on the landscape was dramatically 
reduced and the amount of forest edge on the landscape increased dramatically. The potential consequences 
of the patterns produced by the model were assessed for a generalized neotropical migrant forest bird using 
a GIS model that generates maps showing the spatial distribution of the relative vulnerability of forest birds 
to brood parasitism by brown-headed cowbirds. The model incorporates the location and relative quality of 
cowbird feeding sites, and the relation between parasitism rates and distance of forest from edge. The 
response surface relating mean harvest size and total area harvested to the mean value of vulnerability to cow- 
bird brood parasitism had a shape similar to the response surfaces showing forest edge. The results of our 
study suggest that it is more difficult to maintain large contiguous blocks of undisturbed forest interior when 
harvests are small and dispersed, especially when producing high timber volumes is a management goal. The 
application of the cowbird model to landscapes managed under different strategies could help managers in 
deciding where harvest activity will produce the least negative impact on breeding forest birds. 

Introduction 

Timber harvesting affects both composition and 
structure of the landscape and thus it has important 
consequences for organisms using forest habitats 
(Thompson et al. 1993). For example, forest interi- 
or conditions are thought to be important for many 
forest interior species (Karr 1982; Askins et al. 
1987; Temple and Cary 1988), and the distribution, 

size and shape of harvest operations such as clear- 
cutting obviously impact the amount and location 
of the remaining forest interior (Franklin and For- 
man 1987; Ripple et al. 1991; Pearson et al. in 
press). Openings created by clearcutting produce 
edge conditions within the forest, producing a dis- 
ruption in the continuity of forest interior habitat 
(sensu Lord and Norton 1990). Internal edges may 
have negative impacts on interior species by frag- 
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menting forest interior habitat and by providing 
improved habitat for generalist predators and 
brood parasites (Gates and Gysel 1978; Brittingham 
and Temple 1983; Kroodsma 1984; Small and Hun- 
ter 1988; Temple and Cary 1988). Fragmentation 
also has a temporal component. Sequential clear- 
cutting in a landscape produces a mosaic of succes- 
sional stages that may impact the development and 
persistence of avian communities (Freemark 1988; 
Crawford et al. 1981; Thompson et al. 1992). 

Resource planners and managers rarely examine 
the long-term ecological consequences of specific 
management actions or compare the impacts of al- 
ternative management approaches in both a spatial 
and temporal context because they lack the analyti- 
cal tools and basic scientific information to do so. 
Spatially-explicit models that incorporate change 
with time can help meet this challenge. We present 
such a model in this paper. 

Recent studies of brood parasitism by brown- 
headed cowbirds (Molothrus ater) provide the in- 
formation necessary to simulate the impacts of an 
"edge effect" under a variety of landscape condi- 
tions. The specific objectives of our study were: (1) 
to develop a model that simulates a range of forest 
harvest strategies in a spatially explicit way; (2) to 
examine the impact of variation in clearcut alloca- 
tion rules on forest spatial structure over an extend- 
ed time period; and (3) to assess the impacts of the 
simulated management strategies on the vulnerabil- 
ity of a generalized forest bird to brood parasitism 
by brown-headed cowbirds. 

Methods 

Timber harvest allocation model 

A timber harvest allocation model was constructed 
that allows the input of specific rules to allocate 
forest stands for clearcutting to generate landscape 
patterns reflecting the "look and feel" of managed 
landscapes. The model is simplistic in that it does 
not attempt to optimize timber production or quali- 
ty, nor does it predict the specific locations of fu- 
ture harvest activity. Instead, the model produces a 
stochastic implementation of broad management 

strategies, and incorporates a number of features 
that allow simulation of decisions typically made by 
resource managers. In our study, we considered 
only harvests that produce openings within the 
forest. Harvest by single-tree selection was not mo- 
deled since such methods usually maintain an essen- 
tially closed canopy, and have been shown to 
produce little change in breeding bird populations 
(Crawford et al. 1981; Medin and Booth 1989). 

The model was constructed to run within ER- 
DAS (Erdas, Inc.) Geographic Information System 
(GIS) software using ERDAS Toolkit routines for 
input and output. ERDAS is a grid-cell (raster) GIS 
that allows flexible display and manipulation of 
digital maps. Timber harvest allocations are made 
by the model using a digital stand map, where grid- 
cell values reflect the age (in years) of each timber 
stand. The model allows control of the distribution 
of harvest sizes, where each clearcut has a size ran- 
domly drawn from a normal distribution whose 
mean and standard deviation are provided as input 
to the model. Other inputs to the model are the total 
area of forest to be harvested and the rotation 
length (as given by the minimum age on the input 
stand map where harvests may be allocated). The 
two algorithms included in the model for determin- 
ing the spatial dispersion of allocations are random 
and clustered, where the number of allocations in a 
cluster is drawn from a normal distribution whose 
mean and standard deviation are provided by the 
user. The location of individual harvests are deter- 
mined by randomly generating x and y coordinates 
and determining if that location is in a stand of an 
appropriate age for harvest. Clusters are allocated 
by generating the location of the first harvest, and 
then for subsequent harvests in the cluster, an x,y 
offset from the location of the first harvest in the 
cluster is randomly generated. The model also al- 
lows control of buffers to be left between harvests 
and between harvests and non-forest habitats. The 
model allocates pixels to a harvest by expanding in 
concentric layers from the single, randomly located 
pixel until the randomly generated size is achieved. 
The model prevents pixels from being allocated 
were the stand age is too young, or within buffer 
zones. 
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Table 1. Indices of  pre-simulation landscape structure calculated for each study area. LRIV refers to the Lost River Unit,  PRUN the 

Pleasant Run Unit,  TELL,  the Tell City Unit, and PARK, the Parke Co. study area. 

Index LRIV PRUN TELL PARK 

% forest 86.81 77.31 72.97 45.47 

% short grasses 1.90 5.42 1.37 2.4 

% tall grasses 3.16 6.57 9.10 14.33 

% row crop 7.25 8.00 10.02 37.70 

Linear forest edge (km) 1014.33 1078.35 1132.80 869.76 

GlSfrag (kin) a 0.1755 0.1487 0.1254 0.0746 

Total forest interior (ha) b 7470.63 5964.03 4773.78 2516.94 

Mean interior block (ha) c 84.88 75.49 46.35 43.40 
Vulnerability to 

cowbirds d 15.98 31.93 46.68 43.44 

a GISfrag (Ripple et al. 1991) is the mean distance of all pixels to the nearest forest opening. 

b Forest interior is here defined as forest pixels >210 m from the nearest forest edge. 

~ Mean size of  contiguous blocks of  forest interior pixels. 

d Mean cowbird vulnerability value of  all forest pixels on maps produced by the cowbird model. 

Study areas and experimental design 

Various harvest strategies were simulated on four 
237 km 2 study areas, one in each of the Pleasant 

Run (PRUN), Lost River (LRIV), and Tell City 
(TELL) planning units, randomly selected from 
within 2 Ranger Districts of the Hoosier National 
Forest (HNF) in southern Indiana, USA, and one 
in a more agricultural landscape in Parke Co. 
(PARK), in west central Indiana. These study areas 

provided variation in proportion of forest, an im- 
portant factor in determining landscape spatial pat- 
tern (Gustafson and Parker 1992). Digital land 
cover maps were produced from 2 Thematic Map- 
per images (April 12, 1986; April 26, 1988) classi- 
fied with PC-ERDAS image processing software 
using supervised classification techniques (Lille- 
sand and Kieffer 1987). Polygons were digitized at 
randomly selected locations on the HNF clas- 
sification map (7966 points) and compared to 
reference data derived from color infra-red aerial 
photographs (1:40,000) taken in 1989. The overall 
classification accuracy was 92.0%, and the classifi- 
cation accuracy for forest was 97.4%. The Parke 
Co. map was evaluated using similar techniques 
(Gustafson et al. 1994), and had an overall classifi- 
cation accuracy of  96.0% and the classification ac- 
curacy for forest was 99.4%. Each study area con- 
tained varying proportions of  forest and agricultur- 

al land uses, and the spatial structure of the land 
cover in the study areas is summarized in Table 1. 

The study areas were used as samples of  existing 
landscapes within the region. Actual ownership 

boundaries were ignored, and the model was ap- 
plied to these landscapes assuming that all forest 
was under single ownership and management, and 
that it consisted of a single, mature age class. For 
each study area, the model was applied to simulate 
80 years of management activity. Each model run 
represented one decade of management activity, 
and after each model run the stand ages in the 
resulting stand age map were incremented by 10, 

simulating 10 years of  forest growth. The process 
was repeated to simulate 80 years of forest growth 

and management (i.e., a management run). Land 
use change (i.e., conversion of forest to cropland) 
was not included in our simulations. 

To determine the effect of variation in harvest 
size and total area harvested on the structure of  the 
forest landscape, model parameters were varied as 
follows: (1) mean harvest size ranged from 1 and 
100 ha, in 10 ha increments, with a standard devia- 
tion of 10% of the mean; and (2) total area harvest- 
ed per decade varied between 0 and 8% of  the forest 
area within each study area, in 1% increments. The 
rotation length was fixed at 70 years, so that only 
sites harvested in the first decade could be harvested 
again within a management run. These simulations 
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were conducted using the random dispersion and 
cluster dispersion algorithms, with a mean number 
of  harvests per cluster of  7.0, and a standard devia- 
tion of  1.0. To avoid correlation among model 
runs, the random number generator was seeded us- 
ing the computer system clock for each model run. 
Three replicates were simulated for each combina- 
tion of harvest size and total area of forest harvest- 

ed per decade. 
The resulting landscape spatial structure was 

quantified using a suite of landscape pattern met- 
rics. (1) The total area of forest interior was calcu- 
lated for each management run by tabulating the 

total number of  pixels >210 m from edge (Della- 
Salla and Rabe 1987; Andren and Angelstam 1988). 
Clearcuts > 50 years of age were considered to have 

returned to a closed-canopy condition that would 
support populations of most forest interior birds, 
and were not considered openings (Yahner and 
Wright 1985; Ratti and Reese 1988). Many forest 
interior bird densities reach normal densities in 
much younger stands (Thompson et al. 1992), but 

we used this conservative estimate in this study. 
(2) The total amount of forest edge was calculated 

by tabulating the number of  forest pixels adjacent 
to an opening and multiplying by the width of a 
pixel. (3) The level of fragmentation and the pro- 

duction of forest edge was measured using the GIS- 
frag index of Ripple et al. (1991), which is the mean 

distance of all pixels to the nearest forest opening. 
Contagion (O'Neill et al. 1988), another commonly 
used index of spatial pattern, was not used because 
it did not satisfactorily quantify the interspersion of 
stand ages since each clearcut allocated was sur- 
rounded by a buffer of  uncut forest, preventing 
clearcut pixels representing different ages from 

being adjacent to each other. 

GIS model o f  vulnerability o f  forest birds to cow- 

bird brood parasitism 

The potential consequences of the patterns 
produced by the model were assessed for a general- 
ized neotropical migrant forest bird (NTMB) using 
a GIS generated map showing the spatial distribu- 
tion of the relative vulnerability of  forest birds to 

brood parasitism by brown-headed cowbirds. Rates 
of cowbird brood parasitism of forest bird nests are 
primarily influenced by the amount and type of 
open land habitats in the vicinity of the nest site 
(Brittingham and Temple 1983; Robinson 1992), 
and the distance of the nest site from the nearest 
forest edge (Brittingham and Temple 1983; Yahner 
and Scott 1988). The model was developed to 
predict the spatial distribution of cowbird para- 

sitism rates from a land cover map. 
The model incorporates two facets of cowbird bi- 

ology. (1) Cowbird nest parasitism is generally 
limited to areas within up to 7 km of  feeding sites 

(Rothstein et al. 1984), although average commut- 
ing distances are usually much less (Thompson in 
press; Robinson et al. 1993). (2) Cowbirds tend to 

search for host nests near the edges of forests, and 
often use openings within the forest as focal points 

to begin searches (Brittingham and Temple 1983). 
Since female cowbirds are territorial (Dufty 1982), 
sub-dominant females are driven further into the 
forest when cowbird population densities are rela- 

tively high (Robinson 1992). 
Cowbird population densities are thought to be 

primarily limited by food resources, obtained main- 
ly in agricultural and short vegetation (<  15 cm) 
habitats. Thompson (in press) observed approxi- 
mately 80~ of feeding activity by radio-collared 
cowbirds in short-grass (grazed or mowed) habi- 
tats, 10070 in tall grass and old field habitats, and 
10070 in row crops. To estimate a measure of relative 
cowbird density within commuting distance of each 
pixel on the land cover map, a circular moving win- 
dow (radius = 2.5 kin) was passed over each land 
cover map, and a weighted total of feeding habitat 
pixels within the window (J) was tabulated for each 
cell of the map, where the weights represent the 
relative value of each land cover as feeding habitat 
for cowbirds (short grass = 8, long grass = 1, row 
crop = 1). The value of  f for each pixel was used 
as a surrogate for relative cowbird population den- 
sity within 2.5 km of the pixel. 

Also used was a GIS layer representing the dis- 
tance of each forest pixel from the nearest forest 
edge. In the analyses of potential cowbird para- 
sitism, only clearcuts _< 20 years old were assumed 
to function as openings for cowbirds searching for 
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Fig. 1. Response surface showing the area of forest interior (> 210 m from an opening or forest stand < 50 years of age) as a function 
of mean clearcut size and total area of forest harvested per decade. The PRUN results are not shown, but were very similar to LRIV 
and TELL. Annotation indicates the study area and the spatial dispersion algorithm used. 

host nests (F. Thompson, J. Probstpers. comm). A 
negative exponential function was derived from 
data collected in southern Wisconsin, USA, by 
Brittingham and Temple (1983) that measured the 
percent of  forest bird nests parasitized by cowbirds 
as a function of  the distance of  the nests from the 
nearest forest edge. Maps whose pixel values 
represent the relative vulnerability (v) of  forest 
birds to cowbird parasitism were produced by ap- 

plying a function relating cowbird parasitism rates 

to the values in the 2 input layers. This value was 
calculated for each pixel by relating the weighted- 
total of  feeding habitat value (f) and the distance 
(in meters) of  the pixel from forest edge (d) by the 
following relationship: 

v = f/fmax " 1 0 -  0,00138(d) 

where fmax -- the maximum possible weighted to- 
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Fig. 2. Response surface showing the total length of forest edge (forest adjacent to an opening or forest stand < 50 years of age) as 
a function of mean clearcut size and total area of forest harvested per decade. The PRUN results are not shown, but were very similar 
to LRIV and TELL. Annotation indicates the study area and the spatial dispersion algorithm used. 

tal  (when all pixels wi th in  the window = 8,) and  the 

cons tan t  was der ived f rom Br i t t ingham and  Tem- 

p le ' s  (1983) da ta .  

In  fores ted  landscapes ,  cowbi rds  are  a lmos t  cer- 

ta in ly  l imi ted  by  avai lab i l i ty  o f  feeding areas  in 

agr icu l tura l  hab i ta t s ,  and  their  numbers  do  not  

change in response  to t imber  harves t  ( T h o m p s o n  et 

al. 1992; Rob inson  et  al. 1993). The  mode l  as for-  

mu la t ed  here assumes that  cowbi rds  can r e spond  in 

an unl imi ted  way  to increases in edge. The  mode l  

was used to  assess changes in the  spat ia l  d is t r ibu-  

t ion o f  relat ive vu lnerab i l i ty  to  cowbi rd  pa ras i t i sm 

values p r o d u c e d  by d i f ferent  pa t t e rns  o f  openings .  

The  metr ics  o f  l andscape  spat ia l  pa t t e rn  were 

p lo t ted  agains t  the harves t  m a n a g e m e n t  pa rame te r s  

to p roduc e  response  surfaces showing the effects o f  

va r i a t ion  in m a n a g e m e n t  s trategies.  The  maps  o f  

vu lnerab i l i ty  o f  N T M B s  to cowbi rd  pa ras i t i sm were 
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Fig. 3. Response surface showing the relative vulnerability of forest birds to cowbird brood parasitism as a function of mean clearcut 
size and total area of forest harvested per decade. Vulnerability is expressed as the mean value of all forest pixels on maps produced 
by the cowbird model. Higher values reflect a prediction by the model that cowbirds will parasitize a relatively higher proportion of 
forest bird nests across the landscape. The PRUN results are not shown, but were intermediate between LRIV and TELL. Annotation 
indicates the study area and the spatial dispersion algorithm used. 

quantified by calculating the mean vulnerability 
value (~) of  all the forest pixels on each map and 
plotted to produce response surfaces. 

Results 

The area o f  forest interior remaining on the land- 

scape was dramatically reduced when the mean 
clearcut size was 1 ha, even with low amounts o f  to- 
tal harvest (Fig 1). Aggregating clearcuts produced 
a less marked decrease in forest interior when com- 
pared to a random dispersion of  1 ha cuts, but the 
difference became negligible as harvest size in- 
creased. Increased total area harvested produced 
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Fig. 4. Map of the spatial distribution of  vulnerability to cowbird parasit ism values in the Lost River Unit ,  when 3% ~f the forest was 

harvested per decade, using a mean harvest size of  1 ha  and a random dispersion of  clearcuts. 

Fig. 5. Map of the spatial distribution of  vulnerability to cowbird parasitism values in the Tell City Unit,  when 3% of the forest was 

harvested per decade, using a mean harvest size of  1 ha and a random dispersion of  clearcuts. 
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Fig. 6. Map of  the spatial distribution of  vulnerability to cowbird parasitism values in Parke Co.,  IN, when 3 % of  the forest was harvest- 

ed per decade, using a mean harvest size of  1 ha and a random dispersion of  clearcuts. 

Fig. 7. Map of  the spatial distribution o f  vulnerability to cowbird parasitism values in the Pleasant Run Unit,  when 3~ of  the forest 
was harvested per decade, using a mean harvest size of  1 ha and a random dispersion of  clearcuts. 
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what appears to be a negative exponential decline in 
area of  forest interior. Response surfaces relating 
mean harvest size and total area harvested to GIS- 

frag are not shown, but their shapes were virtually 

identical to those in Fig. 1. 

The most dramatic increase in amount  of  forest 

edge were produced when mean harvest size = 1 ha 

(Fig. 2). Aggregating small clearcuts produced 

slightly less edge when compared to a random dis- 

persion due to a higher likelihood that openings 

<50  years old would coalesce. Coalescence of  

openings also explains the decline in the amount  of  
edge when the total area of  forest harvested was 

> 7% per decade. 

Note the similarity between the response surfaces 

relating mean harvest size and total area harvested 

to the mean value of  vulnerability to cowbird brood 
parasitism on the landscape maps produced by the 

cowbird model (Fig. 3), and the response surfaces 

showing forest edge (Fig. 2). Since the amount  of  

cowbird feeding habitat remained constant on each 
study area among harvest treatments,  the differ- 

ences in cowbird response to the spatial patterns 
produced by harvesting were related to the in- 

troduction of edge within the forest. 

The variability of  the spatial pattern indices was 

not constant throughout each response surface. 

Although the variability is not shown on the plots, 
relative amounts of  variability can be inferred f rom 

the smoothness or roughness of  the response sur- 
faces, in that smooth portions of  a response surface 

reflect low variability, and rough portions reflect 
higher variability. The variability of  the spatial pat- 

tern indices was lowest when harvest were allocated 
randomly. In random dispersions, the spatial pat- 
tern is determined by the independent placement of  

a large number of  openings, while in clustered dis- 

persions, the spatial pattern is determined more by 
the placement of  each cluster, and there are far few- 
er clusters than random openings for a given total 
harvest level. Large harvests also produced greater 
variability for similar reasons; when mean clearcut 
size was high there were fewer harvest allocations, 
and each allocation had a greater individual impact 
on the resulting pattern. 

Examples of  the spatial distribution of relative 
levels of  vulnerability to cowbird parasitism for 

each of the study areas are shown in Figs. 4 - 7 .  
Note in Fig. 4 that the model predicts that clearcuts 

near the lower left corner will produce little in- 

creased vulnerability to cowbird parasitism since 

that area is sufficiently distant from cowbird feed- 
ing areas so that cowbirds are not likely to search 

in that area. Vulnerability to cowbird values are 
highest around the open areas on the right edge of 

the map since there is more habitat with high food 

value in that area. 

Discussion and conclusion 

An interesting finding of our study is that the 

shapes of  the response surfaces were similar among 

study areas, even though the pre-simulation spatial 
structure of  these landscapes differ (Table 1). The 

slopes of  the response surfaces are steepest when 

mean harvest size is relatively small, indicating that 

the most significant gains in forest interior can be 
achieved by eliminating clearcuts < 10 ha, and to 

a lesser extent, by aggregating clearcuts. These 
response surfaces also provide insight into the mean 

harvest size necessary to allow harvesting of a cer- 

tain percentage of  the timber base and still retain a 
specific amount  of  forest interior. For example, if 

a goal were to retain at least 4000 ha of forest interi- 

or in the Lost River study area, < 1% of the timber 
base could be harvested per decade if mean harvest 
size = 1 ha and if harvests are distributed randomly 

across the landscape, but approximately 3% could 
be harvested per decade if mean harvest size = 
30 ha, and > 4~ if mean harvest size = 100 ha (see 
Fig. 1). I f  1 ha harvests are clustered, approximate-  
ly 1 ~ of  the timber base could be harvested per de- 

cade and still preserve 4000 ha of  forest interior. 

Forest managers are facing increased public pres- 
sure to reduce the size of  clearcuts and to reduce 
the total area of  forest managed by clearcutting 
(Franklin and Forman 1987; Crow 1989). Some of 
the impetus for change is for aesthetic reasons 
(Schroeder and Daniel 1981; Gobster  and Cheno- 
weth 1989), but much of it comes f rom the per- 
ception that clearcutting degrades wildlife habitat 
and that it enhances few resource values (Franklin 
and Forman 1987; Vinning 1991). Declining popu- 



lations of many NTMBs are a cause of concern for 
both professional biologists and the public (Ter- 

borgh 1992), and since many NTMBs as well as 
other species require undisturbed, interior forest 
habitats, reducing the application of clearcutting 
has been advocated as a means to reduce forest 
fragmentation and to maintain large blocks of con- 
tiguous forest (Solheim et al. 1987; Alverson et al. 

1988). 
The results of our study suggest that it is more 

difficult to maintain large contiguous blocks of un- 
disturbed forest interior when harvests are small 
and dispersed, especially when producing high tim- 
ber volumes is a management goal. This argues 
against a strategy of dispersing large numbers of 
small cutting units (e.g., group selection) through- 
out the forest. If the rate of harvest is rapid com- 
pared to the rate of  recovery, these small openings 
"pe r fo ra t e"  the landscape with high contrast 
patches embedded within a largely homogeneous 

forested matrix. Forest openings as small as 1 or 2 
ha can provide loci for cowbird invasion, especially 
when they are close to open habitats such as agricul- 
ture fields or pastures (Brittingham and Temple 
1983). It is theoretically possible to maintain specif- 
ic levels of  timber volume production and maintain 
certain amounts of undisturbed forest interior habi- 
tat simply by harvesting large blocks, and clustering 
those blocks in a portion of the landscape. Our 
results support a strategy of  designing landscapes to 
provide a mix of commodity and non-commodity 

outputs by clustering or zoning management activi- 
ties (Solheim et al. 1987; Probst and Crow 1991; 
Thompson et al. 1993). 

The application of the cowbird model to land- 
scapes managed under different strategies could 
help managers in deciding where harvest activity 
will produce the least negative impact on breeding 
forest birds (see discussion in Robinson et al. 1993; 
Thompson et al. 1993). Mathematical models that 
produce visual outputs such as the maps in Figs. 
4 - 7  provide a valuable tool to planners and 
managers for evaluating alternative management 
strategies. For example, the question whether it is 
better to harvest in areas where cowbird impacts are 
high and breeding bird success is already low, or to 
concentrate harvests in areas out of range of cow- 
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bird populations (but resulting in less forest interior 
habitat) can be addressed with the cowbird model. 
Likewise, the importance of landscape context (i.e., 

the composition and structure of  the matrix) when 
evaluating "edge effect"  can be easily visualized 
under a range of conditions (e.g., different relative 
amounts and configurations of forest and farm 
lands) using this model. 
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