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Simulation Model
A new model that generates defoliation patterns in forest landscapes was 
used in the study. Detailed description, demonstration, and verification of 
the model are described in earlier research by the authors. The model was 
programmed in C++ for use on desktop computers running the Windows™ 
operating system. Three files provided input into the model, including an 
ASCII raster file depicting the configuration of forest susceptible to 
defoliation, a text file listing the locations of FHM plots, and a text file of 
values for model parameters. The model started with the selection of an 
outbreak zone, which was the area bounding the defoliation. Zones varied 
in size, shape, amount of forest, configuration of forest, and amount of total 
defoliation, all of which the user specified. The model then proceeded to 
place defoliation patches, which are contiguous areas of defoliation. 
Patches varied in size, shape, and orientation. Random deviates for these 
variables were generated for each patch from user specified distributions. 
Patches were placed until total defoliation area met or exceeded the 
amount specified by the user. The entire process was repeated resulting in 
multiple realizations of an outbreak. Model output included three text files, 
a list of outbreak zones, a list of defoliation patches, and a list of FHM plots 
falling in defoliation patches. 

Study  Area
As just one of two states known to have intensified the FHM grid, 
Minnesota provided a unique opportunity to study two different grid 
intensities. Results for the analysis for the base FHM network are 
presented here. The number of plots in Minnesota was based on locations 
provided by the USDA Forest Service (Figure 2). There were 335 plots on 
the base FHM network that intersected Minnesota boundaries.

Forest Cover
Data on the extent and pattern of forest in the state were derived from GAP 
Land Cover data (Lillesand 1996). The GAP coverage was selected on the 
basis that it provided uniform coverage of the entire state, coincided with 
the time in which FHM was established in the state, and was of sufficient 
resolution (30 m). The simulation area encompassed the entire state of 
Minnesota. A model resolution of 120 m was used. The 120 m simulation 
grid was lined up with the 30 m land cover grid. The amount of forest in 
each of the cells in the 120 m grid was tallied and saved in an ASCII raster 
format file. The resulting data set is displayed in Figure 3.

Experimental Design
Seven outbreak variables were selected for analysis, including four 
variables characterizing the outbreak zone and three variables 
characterizing defoliation patches. Descriptions of the variables are 
provided in Table 1. Latin Hypercube sampling (Santner et al. 2003) was 
used to generate values for 100 different outbreaks. Limits on the variables 
were based on an examination of 13 outbreaks that occurred in Minnesota 
during the period 1997-2003. Uniform distributions were used for each 
variable. A total of 12,000 simulations of each of the 100 outbreaks were 
run. 
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Figure 2. Location of 335 
plots, marked by blue 
circles, on the base FHM 
network in Minnesota. 

Variable Name Purpose Distribution

Zone defoliation area (ZDA) Light to heavy outbreaks (thousand ha) U(1, 100)

Zone forest area (ZFA) Lightly to heavily forested area (thousand ha) U(5, 500)

Zone total area (ZTA) Localized to widespread outbreaks (thousand ha) U(10, 1000)

Zone shape (ZS) Square to rectangular outbreak shapes U(0.7, 1.3)

Patch forest area scale (PFASC) Mean size of defoliation patch area (ha) U(25, 425)

Patch axis ratio scale (PARSC) Scale parameter of the Weibull distribution characterizing patch shape U(0.74, 1.46)

Patch axis ratio shape (PARSH) Shape parameter of the Weibull distribution characterizing patch shape U(0.96, 1.86)

Data Analysis
The model reported the list of plots falling in each simulated outbreak. The classification of the plots as forested was based on the amount of forest in the cell where a plot was 
located. Once the list of forested plots was available, all of the non-forested plots were removed from the model output and the data summarized. Multiple regression was used to 
explore the relationship between the average number of plots defoliated and outbreak characteristics. The response variable was the simulation average. Weighted least squares 
was used with weights equal to the reciprocal of the simulation variances. The Box-Cox procedure was used to see if the response variable should be transformed. Added 
variable plots were used to suggest whether any of the predictor variables being added to a model should first be transformed. At each step, plots of standardized residuals 
versus fitted values and normal probability plots were used to examine underlying assumptions. Residual standard error and coefficient of determination were used to compare 
models. 

Results

Figure 1. Dead and declining white spruce in northern Minnesota following defoliation by the eastern 
spruce budworm (Photographer Steven Katovich, USDA Forest Service, http://www.forestryimages.org.)

U. S. Department of Agriculture Forest Service Forest Health Monitoring (FHM) is a national program aimed at 
assessing the health of the nation’s forests. An important activity of FHM is the collection of data for use in 
statewide, regional, and national assessments of forest health. An important source of data is the FHM plot 
network where indicators of forest health are measured. On these plots crowns of trees are examined for 
premature dieback, plants are checked for ozone injury, numbers of lichen species are counted, and the 
presence of erosion is noted, to name just a few of the types of measurements that are made. 

A significant type of disturbance agent in terms of both extent of area and economic impact is insects and 
pathogens. Dale et al. (2001) estimate the total annual impact of insects and pathogens on U. S. forests at tens 
of millions of ha and billions of dollars, far surpassing the costs of fires, hurricanes, tornados, ice storms, or 
landslides. Outbreaks of foliage feeding insects can defoliate large areas of forest, resulting in reduced 
photosynthetic capacity, top-kill, and mortality (Figure 1).

The simulations took approximately 300 hours, requiring the use of 30 computers over two days. Of the 100 simulation experiments, 88 ran successfully. A broad range 
in zone conditions were generated by the Latin Hypercube sample and the 12 simulation experiments that were infeasible specified large, heavily forested zones of a 
type not present on the landscape. The analysis reported here was based on data from the 88 successful simulations. An example of a simulated outbreak is displayed in 
Figure 4.
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Probability Model
Simulation model results were compared to results from a probability model. The monitoring network was viewed as a simple random sample of 1-ha plots from a 
population of 1-ha plots where a proportion of the population was defoliated. The model used was the binomial probability model, which has probability mass function 
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where n was the number of plots sampled, p the proportion of the population defoliated, and x the number of defoliated plots in the sample of n plots. 

Table 1. Description and distribution of outbreak variables used in the simulation experiment.
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A surprising result is the lack of a relationship between the average number of plots defoliated and average size of defoliation patches. None of the defoliation patch 
variables are significantly related to the simulation averages for the base network once the zone variables are taken into account. Results for the intensified network (data 
not presented here) suggest that simulation averages are expected to be less when there is greater variability in patch shapes, as expressed by the variable patch axis 
ratio scale (PARSC). An emerging hypothesis is that patch characteristics become important as the density of the grid intensifies. Future research plans include an 
analysis of the Forest Inventory and Analysis Phase 2 plot network, which is substantially more intensive than the base FHM plot network. 
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The FHM plot network is perhaps the most important source of data on forest health in the nation. The data from the network are used in statewide, regional, and national 
assessments, all of which inform policy makers, resource managers, scientists, and the public at large as to the overall health of the forest resource. It is therefore 
important that the limitations of the plot network be identified. The research conducted here demonstrates that the network is insensitive to many types of defoliation 
outbreaks. It is unlikely that defoliation outbreaks in the range 1 – 100 thousand ha are going to defoliate more than a handful of plots on average regardless of the 
whether the outbreak is light or heavy, localized or widespread, or made up a few large patches or many small patches. It appears that the real utility of the network is in 
monitoring forest health conditions in the presence of processes that affect very large areas (hundreds of thousands to millions of ha). In this regard, the FHM network 
may prove most valuable.
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Figure 5. Frequency of 
defoliation of 93 forested 
plots on the base FHM 
network. Colors 
transition from dark 
green, representing a 
small frequency of 
defoliation, to dark red, 
representing a high 
frequency of defoliation. 

Figure 4. An example of a simulated outbreak (R025 S00003). 
The outbreak was small to moderate sized (25,308 ha of 
defoliation), spread out over a large area (565 thousand ha), 
and in an area that was lightly to moderately forested (29% -
34%). A total of two FHM plots fell in the simulated outbreak. 
Colors change depending on the amount of forest, with non-
forested areas light in color and heavily forested areas dark in
color. FHM plots are shown as blue circles with the two FHM 
plots falling in a defoliation patch marked by the numbers 1 and
2. The large non-forested area in the upper right is Lake Mille 
Lacs.

Figure 6. Relationship 
between the average 
number of plots 
defoliated on the base 
FHM network and total 
outbreak area. Sample 
size equals 88.

Plots in cells more than one-half forested were defined as forested and 
all others as non-forested. Using this threshold, 93 of 335 plots on the 
base FHM network were classified as forest. Of the 93 plots, 92 were 
defoliated by at least 1 of the 1,056,000 (88 x 12,000) simulated 
outbreaks (Figure 5). The one plot not defoliated was in south central 
Minnesota on the border with Iowa. Simulations in heavily forested 
zones tended to concentrate in far northeastern Minnesota where forest 
levels were high. Simulations in lightly to moderately forested zones 
often occurred outside northeastern Minnesota, with many in the 
central to north-central section of the state.

Correlation between the average number of plots defoliated and total 
outbreak area (ZDA) was near one, suggesting the existence of a 
strong linear relationship between the two variables. More moderate 
levels of correlation, about 0.35, were observed between the average 
number of plots defoliated and the zone variables total forest area 
(ZFA) and total zone area (ZTA). Correlations between the average 
number of plots defoliated and zone shape (ZS) and the patch 
variables were near zero.

Modeling started with the regression of the average number of 
defoliated plots on total outbreak area (ZDA). This simple model 
explained more than 98% of the variability in the average number of 
defoliated plots (Figure 6). Outbreaks of 1, 50, and 100 thousand ha 
were expected to defoliate 0.00, 0.84, and 1.68 plots on the base 
network on average, respectively. The model of the average number of 
defoliated plots on total outbreak area (ZDA) and total zone area (ZTA) 
was the only other model to explain significant amounts of variability in 
the average number of plots and be both parsimonious and heuristic. 
The probability model also predicted a strong linear relationship 
between the average number of plots defoliated and total outbreak area 
(ZTA).
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The objective of this research is to understand how the number of defoliated plots on the FHM network varies by 
type of outbreak. The basic premise is that outbreaks are spatial processes and it is reasonable to think that the 
number of defoliated plots varies depending on whether 1) the total area defoliated is small or large, 2) the 
outbreak is localized or widespread, 3) the area where the outbreak occurs is lightly or heavily forested, and 4) 
defoliation patches are small or large. A new model developed specifically for this project was used to simulate 
outbreaks. Computer simulation experiments were generated using a Latin Hypercube design. The model was 
run and the relationships between the average number of defoliated plots and outbreak characteristics were 
examined via multiple regression. Simulation results were compared to results from probability theory.

Research Objective

Results point to a network that is insensitive to individual outbreaks 
ranging from 1 – 100 thousand ha. The results are based on one forest 
configuration, the configuration present in Minnesota in the early 
nineties. A successful model explaining 99% of the variability in the 
average number of defoliated plots predicts that outbreaks must 
approach 60 thousand ha before one plot is expected to be defoliated. 
Although not modeled directly, an extrapolation of the statistical models 
suggest that only disturbances ranging from hundreds of thousands to 
millions of ha affect more than a handful of plots on the base FHM 
network. Widespread outbreaks are expected to average more 
defoliated plots than localized outbreaks for a given total outbreak area. 
The systematic nature of the grid is such that large zones encompass 
more plots than small zones thereby increasing the opportunity that 
more plots will be defoliated.

Area of Detail

Figure 3. Distribution of 
forest in Minnesota as 
expressed by the GAP 
Land Cover classification 
of the early 90s. Colors 
change depending on the 
amount of forest, with 
non-forested areas light 
in color and heavily 
forested areas dark in 
color. 


