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ABSTRACT

Although the vast majority of contemporary wildfires in the Upper Midwest of the United

States have a human origin, there has been no comprehensive analysis of the roles played by

abiotic, biotic, and human factors in determining the spatial patterns of their origins across the

region. The Upper Midwest, a 2.8 x 105 km2 area in the northern, largely forested parts of the

states of Minnesota, Wisconsin, and Michigan, contains regions of varied land cover, soil

type, human settlement densities and land management strategies that may influence

differences in the observed spatial distribution of wildfires. Using a wide array of satellite-

and ground-based data for this region, we investigated the relationship between wildfire

activity and environmental and social factors for more than 18,000 reported fires of all sizes

between 1985 and 1995. We worked at two spatial scales to address the following questions:

(1) Which abiotic, biotic, and human variables best explained decade-scale regional fire

activity during the study period? (2) Did the set of factors related to large fires differ from the

set influencing all fires? (3) Did varying the spatial scale of analysis dramatically change the

influence of predictive variables? and (4) Did the set of factors influencing the number of fires

in an area differ from the set of factors influencing the probability of the occurrence of even a

single fire?

These data suggest that there is no simple “Lake States fire regime” for the Upper Midwest.

Instead, interpretation of modern fire patterns depends on both the fire size considered and the
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measurement of fire activity. Spatial distributions of wildfires using two size thresholds and

viewed at two spatial scales are clearly related to a combination of abiotic, biotic, and human

factors: no single factor or factor type dominates. However, the significant factors for each

question were readily interpretable and consistent with other analyses of natural and human

influences on fire patterns in the region. Factors seen as significant at one scale were

frequently also significant at the other, indicating the robustness of the analysis across the two

spatial resolutions. The methods for conducting this spatially explicit analysis of modern fire

patterns-- generalized linear regression at multiple scales using long-term wildfire data and a

suite of environmental and social variables-- should be widely applicable to other areas.

Results of this study can serve as the basis for daily, seasonal, or interannual studies as well as

the foundation for simulation models of future wildfire distribution.

Keywords:
Fire; Wildfire; Minnesota; Wisconsin; Michigan; Midwest; Spatial Analysis; Generalized

Linear Regression; Landscape Patterns; Risk; Scale; Forest.

Key Phrases:

Human factors must be considered in assessments of modern fire regimes; origins of recent

fire patterns vary by fire size and analysis scale; factors influencing fire were consistent across

two analysis scales; this methodology can be extended to other questions and regions.
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INTRODUCTION

Wildfire risk has become a major concern in recent years, particularly where humans live in

close proximity to forests (Goldammer 1991, USDA 1996, Greenberg and Bradley 1997,

Lavin 1997). The Upper Midwest of the United States has a history of large, costly fires (e.g.,

Sando and Haines 1972, Simard et al. 1983, Baumgartner and Marty 1988), but no

comprehensive study has been made of the factors in the region that influence wildland

fires—uncontrolled, wild, or running fires on forest, marsh, or other non-structural property

(Wisconsin 1997). This study assessed the significance of environmental and social factors

that may influence the presence and number of wildfires throughout the northern, largely

forested parts of Minnesota, Wisconsin, and Michigan.

In much of the upper Midwest, lightning-caused fire and burning by Native Americans played

a large role in forest processes during the presettlement period, driving succession and

hindering the development of fire-intolerant species (Curtis 1959, Vogl 1971, Frissell 1973,

Heinselman 1973, Whitney 1986, Loope 1991, Loope and Anderton 1998, Zhang et al. 1999).

Evidence of fire has been found even in areas where fire was not the dominant disturbance

(Frelich and Lorimer 1991). Historical patterns of Native American occupancy are often

consistent with fire history patterns (e.g., Batek et al. 1999). In one study, ignition by humans

was considered to account for more than half of the presettlement fires (Loope and Anderton

1998). However, the relative influences of climate, fuels and cultural patterns on presettlement

fire regimes in eastern North America, including the Upper Midwest, remain relatively poorly

understood due to a lack of relevant historic or paleoecological data (Clark and Royall 1996).
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Whereas wildfire origin locations may once have been determined largely by environmental

factors, ample evidence indicates that fire occurrence and size are strongly influenced today

by human settlement and activity (Main and Haines 1974, Harrington and Donnelly 1978,

Stocks et al. 1996). Though lightning remains a major cause of wildfire in the western U.S.

(Marsden 1982, USDA 1987), it plays only a small role in the modern fire regime of the

forested region of the Upper Midwest (e.g., Haines et al. 1975). For example, 93% of all fires

> 4 ha on National Forests of Minnesota, Wisconsin, and Michigan in 1986 were caused by

humans, compared to only 47% of such fires in the full set of U.S. National Forests (USDA

1987). Active fire suppression, another major human activity influencing fire sizes and

patterns, limits the area burned, can change the overall fire frequency (Clark 1990, Frelich and

Lorimer 1991, Kronberg et al. 1998), and may allow species combinations to change

(Heinselman 1973, Swain 1980). The pervasive influence of humans on wildfires in the Upper

Midwest is best summarized by Heinselman (1981), who said that human impacts of all kinds

have “so greatly lengthened and modified natural fire cycles, that they are no longer relevant”

except to understand presettlement ecosystems and to work with nature reserves.

Attempts to assess wildfire risk in other parts of the world have typically been implemented as

GIS-based overlays (Burgan and Hartford 1988, Chuvieco and Congalton 1989, Julio 1990,

Chou et al. 1993, Castro 1994, Salas and Chuvieco 1994, Carapella 1996, Gonzalez-Alonso et

al. 1997). However, we chose not to duplicate these methods for the Upper Midwest, as such

studies usually are performed at only a single scale using subjective assessment of the

influence of local fire factors. In the Upper Midwest and elsewhere, empirical models of

wildfire prediction have used weather information to predict variation in fire occurrence per

day (Haines and Main 1978, Haines et al. 1983, Martell et al. 1987, 1989, Todd and Kourtz
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1991, Garcia Diez et al. 1994), per month (Harrington et al. 1983, Flannigan and Harrington

1988), or per year (Balling et al. 1992).

A few studies have sought to quantify and assess social factors that may also influence fire

activity. Donoghue and Main (1985) found that non-metropolitan population density, a law

enforcement measure, and a latitude variable explained about half the annual variation in fire

occurrence in an analysis of monthly wildfire frequency in National Forests across the eastern

USA. Vega Garcia et al. (1995) explored the influence of both geographic and weather-driven

variables in a logistic regression that predicted human-caused forest fires in the Whitecourt

Forest of Alberta. Although they found that many of their human factors, such as the distances

to roads, towns, and campsites did not significantly explain variation in the daily occurrence

of human-caused forest fires, their method of multiple logistic regression provided a useful

framework for analyzing and assessing the influence of environmental and social variables on

measures of fire activity.

This paper presents the first quantitative investigation of biotic, abiotic and human factors

influencing wildfire activity in the northern Great Lakes region between 1985-1995. In

particular, we had the following objectives during this study: (1) to determine which abiotic,

biotic, and human variables best explained decade-scale fire activity during the study period;

(2) to assess whether the set of factors related to large fires differed from the set influencing

all fires; (3) to judge whether varying the scale of analysis dramatically changed the influence

of predictive variables; and (4) to determine whether the set of factors influencing the number

of fires in an area differed from the set of factors influencing the probability of the occurrence

of even a single fire.
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METHODS

Study Area

The 2.8 x 105 km2 study area centered on the northern, forested region in the states of

Minnesota, Wisconsin, and Michigan (Figure 1). It included the part of those counties

containing or north of the boundary of the Laurentian Mixed Forest Province (Bailey 1995)

where the appropriate state agency or the USDA Forest Service had primary attack

responsibility for wildfires. Nearly all forests of the Laurentian Mixed Forest Province have

been logged at least once (Pyne 1982). Vegetation includes upland conifer forests, peatlands

and conifer swamps in northern and eastern Minnesota; aspen parkland and prairie in

northwestern Minnesota; and northern hardwood forests, white pine / red pine forests and jack

pine barrens in northern Wisconsin, the Upper Peninsula of Michigan, and the northern Lower

Peninsula of Michigan (Albert 1995).

Database Development

Two new data sets were used in this study. The first, the Lake States Fire Database (Cardille

and Ventura in press), was made from recent fire records (1985-1995) recorded in state and

federal databases. The second, the Fire Factor Database, consisted of environmental and social

characteristics we believed to be associated with fire probability and frequency. Observed

spatial patterns and the relationships between pattern and process are strongly dependent upon

the spatial scale of analysis (Allen and Starr 1982, O'Neill et al. 1986, Turner 1989, Turner et
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al. 1989, Levin 1992, O'Neill et al. 1996). For example, rare elements on the landscape

typically become less well represented as resolution decreases and the representation of spatial

complexity may decrease (e.g., Turner et al. 1989, Moody and Woodcock 1995, Cain et al.

1997). Therefore, our study was conducted using data at two resolutions: a “coarse” grid of 10

km square cells; and a “fine” grid of 5 km cells. The gridded framework permitted the co-

registration of a large amount of spatial data; grids at two different resolutions allowed us to

determine whether results were robust across these scales. These scales also represented a

reasonable level of resolution for a study area that covered such a large spatial extent.

Lake States Fire Database.—The Lake States Fire Database was produced by combining

computerized fire records from the Departments of Natural Resources from Minnesota,

Wisconsin and Michigan with fire data from the USDA Forest Service. This database records

the origin point, reported date of origin, and cause of each wildland fire that occurred within

the study area between 1985 and 1995. The point of origin of each fire was recorded to the

nearest 1.6 km in the database; it contains more than 18,000 records for fires of all sizes.

Since factors influencing all fires might be different from factors influencing only large fires,

we used fire size to consider separately those fires larger than two size thresholds. The size of

each wildfire was used to stratify the fire database such that the “all-fire” set contained all

fires with final burned area greater than or equal to 0.4 ha, while the “large-fire” set contained

those larger than or equal to 40 ha.

Using the two analysis grids, we constructed eight spatially explicit fire data sets, which

together represent broad-scale patterns of wildfire activity in the study area during the entire
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study period. Of these eight, four "fire occurrence" data sets were constructed using the

following method: for each cell of a given analysis grid, we determined whether one or more

fires larger than or equal to a given size threshold (i.e., 0.4 ha or 40 ha) originated within that

cell's boundaries between 1985 and 1995. Cells with at least one such fire were considered

"fire cells" for that grid and size threshold; this created a set of four binary maps. The

remaining four fire data sets were formed by counting the number of fires that originated

within each grid cell's borders and satisfied a given size threshold. This created a set of four

"fire counts" maps with grid cells having values greater than or equal to zero.

Although lightning is still an important cause of fires in other parts of the United States (e.g.,

USDA 1987), Cardille and Ventura (in press) found that the vast majority of wildfires

recorded in the Lake States Fire Database were human-caused. Lightning was the cause of

only 2.8% of all fires recorded and the cause of only 3.4% of large fires during the study

period. Thus, although they may be driven by different factors from human-caused fires,

lightning-caused fires were not considered separately for this study.

Fire Factor Database.—Factors influencing the ignition and growth of wildfires have been

very well studied (e.g., Deeming 1977), and we made no attempt to expand upon the rich body

of work that seeks to model the behavior of individual fires. To determine which factors

should be incorporated into a decade-scale model of fire occurrence and fire counts, we used a

conceptual model of wildfire development in the Upper Midwest, including ignition potential

and frequency, fire development and spread, probability of a fire being reported, and

probability of fire suppression and methods used (Figure 2). In this conceptual model, the

ignition potential of wildfires is related to both the probability of ignition by natural causes

and to human use and access. Fire development and spread are related to fuel abundance and
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connectivity, soil and vegetation moisture, and weather and climate patterns. We expected that

the probability of a fire being reported varies by reporting organization and accessibility of the

area, while fire suppression and methods vary by the different management objectives of land

ownership in the region, accessibility of land to fire fighting equipment, and the threat to

people and structures.

Since the data we sought to predict were the decade-scale spatial patterns of wildfire

occurrence and counts, we chose to focus on those factors that

(1) were directly measurable in the landscape across the entire study area;

(2) could represent, as a single value in each cell, the decade-scale status of some

environmental or social variable;

(3) varied substantially across the study area at the two analysis scales;

(4) were plausible influences on the ignition potential, growth potential, reportability, or

suppression of wildfires; and

(5) were not highly correlated in the study area with any other factors.

Elements of the Fire Factor Database were used to represent the influences on wildfires

(Figure 2). The same factor may influence, for example, both fire ignition potential and the

probability of fire suppression (Figure 2); to avoid repetition we present each factor below

according to whether it is a biotic, abiotic, or human factor.

Biotic Factor



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

11

Current Land Cover: because some forest types in the Upper Midwest have been associated

with higher incidence of fire (e.g., Whitney 1986), and because several studies of fire

patterns (e.g., Chuvieco and Congalton 1989, Chou et al. 1993, Castro 1994, Salas and

Chuvieco 1994) have included land cover as a factor influencing fire risk, we incorporated an

assessment of land cover. Expecting that the land cover would influence wildfires by

influencing fire development and spread primarily through variations in fuel abundance and

connectivity (Figure 2), we obtained the USDA Forest Service forest classification data set

(Powell et al. 1992). Derived from NOAA Advanced Very High Resolution Radiometer

(AVHRR) images and ancillary data, this data set classifies each one kilometer (1 km) pixel

into one of the following categories: White-Red-Jack Pine; Spruce-Fir; Oak-Hickory; Elm-

Ash-Cottonwood; Maple-Beech-Birch; Aspen-Birch; Nonforest; and Water. The coarse and

fine grids were populated with Current Land Cover data following Cardille and Ventura (in

press) (Table 1).

Abiotic Factors

Available Water Capacity (AWC): this factor is defined as “the volume of water that should

be available to plants if the soil, inclusive of rock fragments, were at field capacity” (Miller

and White 1998). We expected AWC to play a role in fire development and spread through

its influence on soil and vegetation moisture (Figure 2). Soil moisture conditions have been

linked to wildfires in the Upper Midwest (Vogl 1971, Heinselman 1973, Whitney 1986,

Loope 1991) and elsewhere (Carapella 1996). In the Upper Midwest, Loope (1991) found

that areas with coarser soils (and thus lower AWC) were linked to land covers and surface

conditions favoring greater fire frequency. We expected that soils with greater AWC would

tend to allow fuel buildup to a point where a larger fire was more probable during the study

period. We estimated the Available Water Capacity value to a depth of 1 m for each
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STATSGO map unit (USDA 1994) following Miller and White (1998). The derived map unit

coverage was weighted by area to determine the value of each pixel in both the coarse and

fine analysis grids (Table 1).

Lake Density: because parts of the study area have a very high density of lakes, we expected

that this factor would affect fire development and spread through its influence on fuel

connectivity throughout the study area (Figure 2). Because of the several very large lakes in

the study area, furthermore, we believed that cells with very high Lake Density values would

witness fewer fires as well as fewer large fires. Using the United States Geologic Survey’s

(USGS) 1:100,000 Digital Line Graphs (DLGs), a lake coverage was created for Minnesota,

Wisconsin, and Michigan. For each grid size, a Lake Density data set was then created in

which the density value in a cell represented the proportion of each cell’s area that had been

classified as a lake (Table 1).

Stream Density: we expected that the density of streams in the study area, like the density of

lakes, would influence fuel connectivity and might also be an important correlate of typical

soil moisture (Figure 2). Using USGS 1:100,000 DLGs, a line-based stream coverage was

produced. A Stream Density data set was then produced using each analysis grid to

determine the total length of stream in each grid cell (Table 1).

30-year Mean Climate Data: daily weather patterns, while reasonable predictors of daily fire

activity, may be temporally too fine for a decade-scale study. Daily high temperatures, for

example, on adjacent days in an area are very highly correlated and would disrupt the

reliability of the regression models; furthermore, variability inherent in the sheer volume of
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daily data would likely dwarf the explanatory power presented by the other factors in a

model.

To match the scale of weather and climate patterns to our decade-scale questions, we used

climate variables representing mean monthly values in the study area. The ZedX Corporation

(Boalsburg, PA) provided gridded data at 1 km spatial resolution for monthly historical

climate indicators for the study area. This information was produced as a set of twelve

monthly means for 1961-1990 and included Mean Maximum Temperature, Mean Minimum

Temperature, and Mean Precipitation. With data for each of twelve months and each of three

indicators (e.g., Mean Maximum Temperature for July), this resulted in 36 gridded data sets

at each analysis scale.

A factor analysis (Venables and Ripley 1997) of these 36 potential variables indicted that

95% of the climate data variability could be represented by three nearly orthogonal,

biologically meaningful climate variables that would serve to represent the variation in the

climate data. The three selected climate variables, Mean March Precipitation, Mean August

Maximum Temperature, and Mean June Precipitation (Table 1), had several important

attributes: they were very highly correlated with the first, second, and third significant

factors; they were only very mildly correlated with each other, having no pairwise Pearson

correlation above 10% in the set; and they were plausible predictors for questions of climatic

influence on decade-scale fire occurrence and fire counts. We expected that in a given 10 km

or 5 km cell, the Mean June Precipitation and Mean August Maximum Temperature were

related to the relative heat and dryness of summer in an area, which would likely affect fire

development and spread (Figure 2). This was consistent with Flannigan and Harrington

(1988), who found that the monthly maximum temperature correlated well with monthly area
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burned in Canada between 1953 and 1980.  We expected that Mean March Precipitation

would influence fire development and spread in the spring, when most fires occur (Cardille

and Ventura in press).

Other Abiotic Factors: although wind conditions are known to influence the spread and

suppression of individual wildfires, no decade-scale data on wind conditions were available

for this study. Wind conditions, with their high variability in speed and direction through

time and across space are quite different from, for example, Lake Density, which is spatially

variable but can be reasonably assumed to be temporally stable during the study period.

Inclusion of wind would have necessitated using some spatially explicit composite measure

of wind for the study period, which was unavailable to us and was found to be of negligible

value in explaining monthly area burned in Canada (Flannigan and Harrington 1988).

Topographic variation in the study area was also not explicitly incorporated in the analysis:

changes in elevation are quite small compared to other well-know fire-prone areas such as

the western USA.

Human Factors

State: we expected that by-state differences in fire reporting may have existed during the

study period (Figure 2). We also expected that these differences could have extended to the

resources available for fire suppression, human access to burnable land during fire-danger

periods, or cultural attitudes toward fire. Accordingly, we included a categorical variable for

State from an Environmental Systems Research Institute (ESRI) (Redlands, CA) state

polygon coverage.
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Rail Density, Road Density: following the historically strong relationship between fire

occurrence and railroad sparks (Harrington and Donnelly 1978) and the very high proportion

of Upper Midwest wildfires that are human-caused (Cardille and Ventura in press), we

expected Rail Density and Road Density to influence ignition potential and frequency (Figure

2). We expected further that the density of the road network would strongly affect the

probability of a fire being reported by driving the level of human residents and visitors in an

area (Figure 2). Since fire suppression equipment is often brought to the scene by road or rail,

we also expected the accessibility of fire fighting equipment to be related to these two factors

(Figure 2). Using USGS 1:100,000 DLGs, a line-based road coverage was produced for the

study area and converted using the two analysis grids to Road Density data sets (Table 1).

The same process was used to produce Rail Density data sets (Table 1).

Distance to Nonforest: we expected that the distance from a grid cell to the nearest area of

Nonforest would influence both the likelihood that a fire is discovered and reported as well

as the accessibility of a reported fire to the delivery of suppression equipment (Figure 2).

Although in a univariate analysis Cardille and Ventura (in press) found that both all fires and

large fires were more frequent on Nonforest, we believed that areas very far from Nonforest

might, if a fire were to begin there, tend to become larger than fires nearer to Nonforest. To

create this factor, we used the Nonforest cells of the Current Land Cover factor to compute

the Distance to Nonforest for each cell at both analysis resolutions (Table 1).

Distance to Nearest City Larger Than 10,000 People: following Vega Garcia et al. (1995),

who found that the district of their study forest nearest to a large city had a higher daily

likelihood of fire, we expected that the distance to a city would influence the human use and

accessibility of an area, affecting ignition potential and frequency. The proximity of a city
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could also be expected to influence the reportability of a fire, and ease of delivering fire

suppression equipment to the scene (Figure 2). This factor was created using an ESRI point-

based coverage of cities of more than 10,000 people in the United States, to determine the

distance from each cell in the study area to the nearest such city. Where the nearest city was

outside the U.S., an ESRI Canadian city map was used.

Population Density: because humans caused the vast majority of wildfires in this region

during the study period (Cardille and Ventura in press), a factor expressing the omnipresent

effect of population was critical. The influence of human population can be seen in most

stages of a reported fire's life cycle (Figure 2): the population in an area drives the human use

of that area and thus the likelihood that part of that area will be ignited; it influences the

probability (through a proxy such as Road Density) that a fire is reported; and the people and

property in an area affect the probability of fire suppression and the methods used. To create

this factor, block-level data from the 1990 U.S. Bureau of Census population census was

calculated in each grid cell at both analysis resolutions (Table 1). Because the range of this

factor across the study area was several orders of magnitude, we transformed Population

Density values using the base 10 logarithm. A small value was added to each cell before

calculating the logarithm, to ensure that zero-population cells would not contain a spurious

value.

Proportion of Seasonal Units, Proportion of Owner-Occupied Units: since most wildfires in

the region are caused by local permanent residents (Main and Haines 1974) and since many

fires in the region during this period were caused by the accidental ignition of land during

refuse burning (Cardille and Ventura in press), we expected that ignition potential and

frequency was influenced by the seasonality and ownership of housing across the region
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(Figure 2). Using block-level data from the 1990 U.S. census, the Proportion of Seasonal

Units in each grid cell was calculated by dividing the number of vacant units by the total

number of housing units in the cell.  Census data reveal that in this part of the Upper

Midwest, seasonal units account for approximately 90 percent of vacant housing units in

most counties (U.S. Bureau of the Census, 1991). Dividing the number of owner-occupied

housing units by the number of occupied units formed the second factor, Proportion of

Owner-Occupied Units (Table 1). Grid cells with no housing units (in the first case) or no

occupied housing units (in the second) were given a small negative value for the appropriate

factor to prevent division by zero.

National Forest, State Forest, Indian Reservation: we expected that the management

objectives of different ownership organizations would directly influence fire suppression

effort and methods in the region (Figure 2). We believed that ownership status would affect

fire fighting philosophy, financial and material resources available at the state and federal

levels, and the regional patterns of the distribution of limited suppression resources.

Although it is not shown in Figure 2, we also believe that ownership status could, through

different forest management strategies, perhaps also affect fuel abundance and connectivity

and thus the probability of fire development and spread. A univariate analysis of Upper

Midwest fire patterns (Cardille and Ventura in press) revealed differences in fire probabilities

by ownership: fires during this period were less likely, for example, to occur within National

Forest boundaries. Using the ownership data set of McGhie et al. (1996), the area of each cell

that was National Forest, State Forest, and Indian Reservation was calculated and stored as

three separate factors. Interpretation of the polygon coverage for the National Forest factor in

both the coarse and fine analysis grids revealed that over 70% of cells had a proportion of

National Forest area that was within 10% of either 0 or 1. We judged that this factor was thus
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more appropriately represented as a binary variable than as a continuously varying density.

Grid cells whose area was more than 50% National Forest were coded as National Forest. An

identical test was used for the State Forest and Indian Reservation variables; as a result, they

too were categorized as binary variables.

Federal Land-Other, State Land-Other: like the other ownership categories, these two factors

were postulated to influence wildfires primarily through differences in fire suppression effort

and methods (Figure 2). Federal Land-Other represented that land, other than that controlled

by the USDA Forest Service, which is managed by the federal government. This included

such classes as National Parks, National Lakeshores, and National Scenic Rivers. Developed

from the McGhie et al. (1996) polygon coverage, Federal Land-Other was coded as a

continuous variable since substantially less than 70% of Federal Land-Other cells were near

0 or 1. State Land-Other represented that land, such as State Parks and State Wilderness

areas, under direct state control but not part of the State Forest system. This factor was

developed using the McGhie et al. (1996) data set and was represented as a continuous

variable.

Other Human Factors: several other factors which could be expected to influence fire

frequency were produced from the block-level census data and considered for addition to the

Fire Factor Database; however, because their incorporation would have produced a seriously

multicollinear set of predictors, they were not included in the final set of independent

variables. These included Housing Unit Density, Vacant Unit Density, Owner-Occupied Unit

Density, Renter-Occupied Unit Density, and Population per Housing Unit, each of which was

highly correlated with Population Density; and Proportion Renter-Occupied Units, which

was highly correlated with Proportion Owner-Occupied Units.
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Checks for Multicollinearity

In order for the elements of the Fire Factor Database to be useful as independent variables in a

regression context, it was necessary to consider only those factors that would not create high

levels of multicollinearity (Myers 1990, Menard 1995, Hocking 1996, Ryan 1997). Using the

eigenvalue-based method of Myers (1990) and Hocking (1996), we verified that the 15

continuous variables of the Fire Factor Database did not have serious levels of

multicollinearity. This included the three representative climate variables chosen through

factor analysis, as well as the other continuous variables.

Regression Methods

Regression Models.—For each of the eight spatially explicit fire data sets created from the

Lake States Fire Database, a generalized linear regression model was developed in S-PLUS

(MathSoft 1997). The regression models were designed to determine which, if any, of the

elements of the Fire Factor Database significantly influenced the broad-scale fire patterns of

wildfire activity in the study area. Each model used a fire data set as the dependent variable

and the elements of the Fire Factor Database as the independent variables.

Each regression was based on a Binomial, a Poisson, or a Negative Binomial response

distribution. For the four regressions involving fire occurrence a logistic model was
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appropriate (Hosmer and Lemeshow 1989). For models that fit count data, either the Poisson

or Negative Binomial model is typically used (Marsden 1982, Lawless 1987, Todd and Kourtz

1991, Liao 1994, Hilborn and Mangel 1997, Venables and Ripley 1997). The Negative

Binomial distribution is well suited for count data in which there is an overdispersal of the

values, such that the variance exceeds the mean (Venables and Ripley 1997). The Poisson

model is usually a better fit for count data in which the variance and mean are roughly equal.

Count data for wildfires have been modeled previously using one of these two distributions by

Martell et al. (1987), Vega Garcia et al. (1995) and Bruce (1960). Depending on these

statistical characteristics for each of the four fire counts data sets, we fit the more appropriate

of the two distributions.

Sampling Scheme and Model Fitting.—For each analysis, values from half of the cells at a

given scale were randomly chosen for model fitting, while the other half of the cells were kept

in reserve for testing. This provided 1297 observations for fitting models at the 10 km

resolution and 5483 observations for fitting models at the 5 km resolution. Stepwise regression

with backward elimination was used, beginning with the full set of elements of the Fire Factor

Database. Significance of each fitted model was evaluated at the 0.01 level using a Chi-

squared test of the likelihood ratio statistic using the number of estimated coefficients

(Hosmer and Lemeshow 1989). To evaluate significance of the coefficients of continuous

regression variables, Student’s t statistics were used (Venables and Ripley 1997); for each

categorical variable, which could assume multiple values and thus did not suit the t-test well, a

Chi-squared test was used that evaluated the effect of removing the variable from the

regression (Hosmer and Lemeshow 1989). Factors were eliminated from consideration until

only those remained with greater than 0.05 significance.
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Prediction and Evaluation.—For each model, cells not used in model fitting were used for

model prediction and evaluation. For Binomial models, a given cell was predicted to be a "fire

cell" if its predicted probability of fire using the model was greater than or equal to 0.5.

Evaluation of each Binomial prediction occurred in four forms: first, a 2 X 2 table was

constructed contrasting observed values of fire occurrence with predicted values of fire

occurrence in those same cells. This table was evaluated using the Taup statistic, which

quantifies the improvement in a model's predictive power over a random assignment of values

to cells (Ma and Redmond 1995). Second, studentized residuals were computed and evaluated

for each predicted fire probability; these residuals measure the departure of a cell's predicted

fire probability from the observed value of fire occurrence in that cell, and have values

approximating a Normal distribution (Venables and Ripley 1997). We considered studentized

residuals with absolute value larger than 1.96 to be significantly large. Third, spatially explicit

maps of predicted fire occurrence and predicted fire probability were generated using all cells,

for qualitative comparison with the map of observed values of fire occurrence. Fourth, a

measure of pseudo-R2 was calculated (Maddala 1983) for the model.

For each Poisson and Binomial model, spatially explicit maps of predicted fire counts were

generated using all cells for qualitative comparison with observed values of fire counts.

Studentized residuals were computed and evaluated for each cell used to construct the model,

and a measure of pseudo-R2 was calculated.

RESULTS

Occurrence of fires
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All-fire occurrence.—In the multivariate analysis, areas with higher Population Density,

higher Road Density, and lower Distance to Nonforest were more likely at both scales to have

witnessed a fire during the study period (Table 2, "All-fire Occurrence" columns). At the finer

scale of analysis, National Forests, Indian Reservations, State Land-Other and high Lake

Density regions-- all regions with less frequent human access because of the low number of

permanent residents-- saw lower all-fire occurrence probability. We interpret the significance

and direction of influence of these variables to mean that increased human access raised the

probability of fire occurrence in the region. However, although increased access generally

increased fire probability, it appears that there was a limit to this effect at the highest levels of

human activity: in areas where Rail Density is high, and where Distance to City is low (i.e.,

very near or in cities) all-fire occurrence probability was diminished. This probability was also

significantly affected by Current Land Cover and by State.

In addition to human and biotic factors, two climate factors significantly influenced all-fire

occurrence at both analysis scales: areas with higher Mean March Precipitation and areas with

lower Mean August Maximum Temperature generally had higher fire probabilities. These

climate factors may represent environmental and/or social processes: for example, higher

Mean March Precipitation could influence growth of underbrush, which could be related to

human-ignited debris fires in April and May, during which more than 70% of fires occurred

(Cardille and Ventura in press). However, it appears that these climate variables may also play

a geographic role. Specifically, Mean March Precipitation increases toward the southeast, and

was lowest in the agricultural lands west of the Red Lakes region in Minnesota. In that area,

recorded fire occurrence was low (Figure 3a, Figure 4a). Mean August Maximum

Temperature may also be acting as a proxy for geography: in west-central Minnesota, where

its value is highest, there was a low incidence of reported fire.
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The all-fire occurrence model at the ten-kilometer resolution had a pseudo-R2 of 0.31,

meaning that 31% of the variation in the independent variables was described by the model.

Of more value in this context is the model's ability to predict all-fire occurrence, as

represented by the Taup statistic. The Taup value for the all-fire occurrence model at the ten-

kilometer resolution was 0.44, indicating that 44% more pixels were classified correctly than

would be expected by random assignment of the same number of fire cells to the study area.

At the ten-kilometer resolution, there was good agreement between the observed (Figure 3a)

and predicted (Figure 3b) binary images, particularly in capturing the high fire probability

throughout central Minnesota and the Lower Peninsula of Michigan, as well as the lower

incidence of fires in Michigan’s Upper Peninsula. On the whole, however, the predicted

binary image did not successfully capture fine-scale variation in the observed fire occurrence

data, where some isolated cells or pairs of adjacent cells witnessed no fires during the study

period. This was particularly true in Wisconsin, although the continuous-prediction image

showed that many of these cells had a predicted probability near the 0.5 threshold (Figure 3c).

Where the departure between the model predictions and observed data was statistically

significant (Figure 3d), the model overpredicted the probability of fire. The proportion of

these studentized residuals that were significantly large, however, was below 5%.

At the five-kilometer resolution, although the model’s predictions did not have the grainy

detail of the observed fire data, there was broad agreement between the observed (Figure 4a)

and predicted (Figure 4b) binary images. The lack of fires in much of Wisconsin and in the

Upper Peninsula of Michigan was well modeled, as was the low fire occurrence on and near

the Red Lakes of Minnesota. The binary prediction was poor in the northwest extremes of

Minnesota, although this failure is mitigated by the observation that many continuous
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predictions there (Figure 4c) were near 0.5, the threshold for predicting all-fire occurrence in a

cell. Fewer than 5% of studentized residuals were significantly large (Figure 4d); these large

residuals were seen in overpredictions of fire probability in Minnesota, Wisconsin and the

Lower Peninsula of Michigan, and underpredictions of fire probability in Michigan’s Upper

Peninsula (Figure 4d). The pseudo-R2 value for the five-kilometer all-fire occurrence model

was 0.24, although the model did retain the predictive power seen at the ten-kilometer

resolution: the Taup value was 0.36.

Large-fire occurrence.—Areas remote from cities, areas near Nonforest, and areas with low

Lake Density all had an increased probability of large fire during the study period (Table 2,

"Large-fire Occurrence" columns). The observed occurrence of large fires was clearly biased

toward Minnesota (Figure 5); this was indicated by the significance of State at both scales.

Large fires were less likely on State Forests; this was also seen in a single-factor analysis of

the data (Cardille and Ventura in press). Results of the large-fire occurrence models suggest

an interplay between fire ignition probability and fire suppression activity: large-fire

probability was increased where more ignitions occur (i.e., on and near Nonforest and in areas

with higher Road Density, as seen for all-fire probability), given that the ignition is far enough

from infrastructure (i.e., away from cities) that a fire can grow before a major suppression

effort can begin.

Although the large-fire probability models were statistically significant at both resolutions,

predictive maps at each scale gave poor results. At the ten-kilometer resolution, very few

observed large-fire cells were predicted to contain a large fire; however, the model had

sufficient predictive power (Taup) to classify 42% more cells correctly than would be expected

in a random assignment. At the five-kilometer resolution, the entire study area was predicted
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to be devoid of large fires, and thus Taup was not calculated for this model. Low values of

pseudo-R2 indicate that only a small part of the variance in the independent variables was

explained by these large-fire models. The difficulty predicting these rare events may well be

due to their low frequency in the landscape, particularly at the five-kilometer scale where only

5% of the cells contained a reported large fire. Model difficulty may also be due to missing

factors from the analysis, or because the model is insufficiently sensitive to the probability of

a large fire. It is possible to adjust the 0.5 cutoff level for predicting fire cells (as was done in

the daily prediction model of Vega Garcia et al. 1995), although we did not explore that

possibility for this analysis.

Fire counts

All-fire counts.—In the final regression model, Population Density and Road Density were

positively related to all-fire counts, while National Forests and areas of high Lake Density

were associated with a decrease in the number of fires observed during the study period (Table

2, "All-fire Counts" columns). These effects were seen at both resolutions.

Generally, the factors seen to be significant in explaining whether a fire occurred in an area

were also important in explaining the numbers of fires during the study period (Table 2). In

each case where a factor significantly explained fire occurrence at both spatial resolutions

(e.g., Mean March Precipitation, Road Density, State), it also influenced fire counts at both

resolutions. Furthermore, the signs of these significant factors were almost completely

identical between the analyses of fire occurrence and fire counts. As in the models of all-fire
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occurrence, we interpret these results to mean that increased human access tended to raise the

number of fires occurring in an area during the study period.

In addition to the factors already seen as significant in explaining fire occurrence, several

factors were important at both resolutions in explaining fire counts. Areas with coarser soils

(i.e., with decreased Available Water Capacity) exhibited higher numbers of fires. Also, at

both resolutions, higher numbers of fires were seen in those areas where smaller proportions

of housing units were occupied by their owners.

The all-fire counts model at the ten-kilometer resolution had a pseudo-R2 of 0.61, and the

model at the five-kilometer resolution has pseudo-R2 of 0.45. The Taup statistic is not

particularly informative for prediction of polytomous variables and thus was not calculated for

fire counts models. At both spatial scales, maps of predicted fire counts and significant

studentized residuals show that the models captured the broad-scale traits of the observed fire

data (Figures 6 and 7). At the ten-kilometer resolution, the model reflected the low fire counts

in Wisconsin and the Upper Peninsula of Michigan, and was generally successful in its fit in

central Minnesota and the Lower Peninsula of Michigan (Figures 6a and 6b). Fewer than five

percent of studentized residuals were large; where the model was significantly incorrect

(Figure 6c), it underpredicted the fire count. Clustering of significant studentized residuals

was evident throughout Minnesota, indicating that the model missed several of the high-

activity areas there. In Minnesota, although the model successfully captured low fire counts

near the Red Lakes and the Superior National Forest, it incorrectly predicted a relatively

continuous fire map; observed values were more spatially clustered.
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The five-kilometer model succeeded in predicting the low fire counts in Wisconsin and

Michigan’s Upper Peninsula, as well as the high level of fire activity in central Minnesota

(Figures 7a and 7b). However, it missed the focus of fire activity in the north-central Lower

Peninsula of Michigan, incorrectly predicting high fire activity in the southeastern-most part

of the study area. Similarly, although the model predicted relatively high all-fire count values

in central Minnesota, it failed to capture the high values in that area. As a result, although the

model roughly captured the spatial pattern of observed fire count values, and although the

number of significantly underpredicted all-fire counts was below 5% (Figure 7c), there was

inaccuracy throughout the study area.

Large-fire counts.—Because of the low proportion of cells witnessing a large fire during the

study period, it was not possible to adequately fit a fire count model using data that included

both fire cells and non-fire cells. Instead, large-fire count models were fit using half of only

those cells in which a large fire was observed during the study period.

On sites near or on Nonforest, counts of large fires (Figure 8) tended to be higher at both

analysis resolutions (Table 2, "Large-fire Counts" columns). At the ten-kilometer resolution,

counts were also significantly higher in areas of low Stream Density and in areas with low

Road Density. At the five-kilometer resolution, counts were significantly lower in areas of

coarser soils.

The ten-kilometer model for large-fire counts, built with 180 large-fire cells and having a

pseudo-R2 of 0.30, suggests an interplay among soil moisture, land cover, and human access.

That is, areas with low Stream Density on and near Nonforest are perhaps more susceptible to
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drying of vegetation and subsequent large fires. These effects are enhanced where there are

few roads to support suppression efforts, allowing more large fires to occur.

The five-kilometer model, built with 253 large-fire cells, having two significant factors (Table

2) and a pseudo-R2 of 0.13, is less easily explained. In particular, the sign for Available Water

Capacity indicates that finer soils with greater available water capacity are associated with

higher large-fire counts; it would instead be expected that coarser soils are associated with

more large fires. The positive coefficient for Available Water Capacity is, however, consistent

with the direction of its significance in predicting large-fire occurrence at the five-km

resolution. The consistency among these unexpected values suggests that the influence of

Available Water Capacity deserves further investigation.

DISCUSSION

There is no simple “Lake States fire regime” that can be summarized with a single number.

Rather, fire patterns differ depending on the fire size considered, the scale of analysis, and the

measurement of fire activity. Results of this study suggest that wildfires in the northern Great

Lakes region are influenced by biotic, abiotic, and human factors. At each of two fire size

thresholds, at two resolutions, for two measures of fire activity, at least two of the three factor

types played a significant role in explaining fire variation during the 1985-1995 period.

As expected, the biotic factor Current Land Cover was a significant factor in explaining fire

patterns when all fires were considered; surprisingly, however, it was insignificant in the

analysis of the patterns of large fires.
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Abiotic factors strongly influenced fire patterns in the northern Great Lakes region during the

study period. Areas with high Lake Density, which included areas containing the very large

lakes of the region, mostly lacked fires of any size. Stream Density appeared as a negative

influence on large-fire occurrence and large-fire counts, perhaps suggesting that streams may

serve in the region as natural firebreaks, or that areas with more streams supported soil or

vegetation conditions discouraging large fires. Available Water Capacity played a complex

role during this study period; its influence was negative for all fires and positive for large

fires. These results seem consistent with Loope (1991), who found that areas with lower AWC

tended to have greater fire frequency. The climate factors Mean March Precipitation and Mean

August Maximum Temperature were significant in several regressions, but may have served

as proxies for geographic trends in fire occurrence and fire counts. Although outside the scope

of this study, further exploration of these and other climate factors is warranted, either by

analyzing the Lake States Fire Database at finer temporal resolution (e.g., seasonal fire

occurrence) or by incorporating observed temperature and precipitation data from the study

period.

Human factors were significant in each analysis of this study. For predicting patterns for all

fires, increases in human access and activity tended to be positively associated with both fire

occurrence and counts. For large wildfires, however, it appears that decrease in human access

to an area generally increased fire activity. Thus, increases in Road Density could increase

several measures of overall fire activity, while a remoteness from those roads was significant

in determining the number of large wildfires in areas prone to such fires. Distance to

Nonforest was critically correlated with wildfires of the northern Great Lakes region: greater

distance was consistently negatively associated with fire activity for each regression at each
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resolution. Several categories indicating land where human access is managed or relatively

limited (such as National Forest and State Forest) were negatively related to fire activity. The

tendency for fires of all sizes to occur on and near Nonforest was consistent with its role in a

univariate setting (Cardille and Ventura in press). This behavior is probably due to the relative

ease of igniting Nonforest fuels as well as the tendency for human population to be higher

outside of areas classified as forest at these scales.

Effects of Changes in Spatial Resolution

Nearly all factors significant at the coarser, ten-kilometer scale were also significant at the

five-kilometer scale. For example, the Population Density parameter, which appeared as a

positive influence on both all-fire occurrence and all-fire counts (Table 2), was significant at

both scales for these two questions. In general, the appearance of a factor at one scale and not

the other does not seem to occur frequently enough to indicate that factors were chosen

arbitrarily during model development. On the contrary, the frequent pairing of a significant

factor across scales of analysis for a given question, combined with the fact that all paired

factors had identical signs at both scales, indicate the robustness of the analysis across the two

spatial resolutions.

It is noteworthy that for three of the four analyses, more factors are significant at the finer

scale than at the coarser. It is expected that with scale changes come differences in important

variables (Allen and Starr 1982, O'Neill et al. 1986, Meentemeyer 1989). Although this

increase in the number of predictors may be due mostly to the higher degrees of freedom

available for statistical fitting at the finer scale, Meentemeyer and Box (1987) predicted that

processes at finer scales, as a rule, will tend to be driven by a larger number of factors.
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Conclusion

This paper has shown that in addition to biotic and abiotic factors, human settlement and land

use are important correlates of fire patterns in and near Lake States forests. The influence of

humans on the modern fire patterns of the Upper Midwest is inescapable and should be

explicitly considered in future assessments. By investigating both simple and complex

measures of fire activity over a decade, we have shown that the factors influencing fire

occurrence and fire counts in this region are similar, with robust results across two scales of

analysis.

This study, the first in-depth analysis of such data in this region, suggests that many other

questions about fire patterns in the Upper Midwest can now be approached. With daily

weather and wind data future studies could investigate, for example, the factors that influence

measures of fire activity seen in other studies, such as probability of a fire day, fires per day,

and probability of a large-fire day. Analyses of the factors underlying seasonal variability of

fires of different causes are also now possible.

The factors identified in this study can readily serve as the basis for a spatially explicit

simulation model of decade-scale fire activity in the Upper Midwest. Such a model could

assist, for example, in projections of future vegetation for habitat management or the possible

changes in fire patterns under scenarios of further residential development in the region. Fire

suppression planners could benefit directly from the results of this study, particular if maps of

fitted probability were extended to mapping the predicted risk of fires of various sizes.
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Finally, the success of this study suggests that while the specific results are not expected to

extend to other regions, these methods of logistic regression and spatially explicit analysis of

fire activity could be used in other areas having sufficient information about wildfires and the

factors that may influence their regional distribution.

ACKNOWLEDGMENTS

At the University of Wisconsin-Madison, Brian Yandell at the College of Agriculture and Life

Science Statistics Laboratory and Paul Voss of the Rural Sociology Department provided

invaluable assistance and guidance during these analyses. This work was initiated and

partially funded under a cooperative agreement with the USDA Forest Service's North Central

Research Station's Landscape Ecology Research Unit, Rhinelander, WI, as part of the Great

Lakes Assessment, under the supervision of Eunice Padley and David Cleland. Additional

substantive support was provided by the Climate, People, and Environment Program and the

Land Information and Computer Graphics Facility, both at the University of Wisconsin-

Madison.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

33

LITERATURE CITED

Albert, D. A. 1995. Regional landscape ecosystems of Michigan, Minnesota, and Wisconsin: a

working map and classification. USDA Forest Service. General Technical Report NC-178.

Allen, T. F. H., and T. B. Starr. 1982. Hierarchy : perspectives for ecological complexity.

University of Chicago Press, Chicago, IL, USA.

Bailey, R. G. 1995. Description of the ecoregions of the United States, 2nd ed. USDA Forest

Service. Miscellaneous Publication 1391.

Balling, R. C. J., G. A. Meyer, and S. G. Wells. 1992. Relation of surface climate and burned

area in Yellowstone National Park. Agricultural and Forest Meteorology 60(3-4):285-293.

Batek, M. J., A. J. Rebertus, W. A. Schroeder, T. L. Haithcoat, E. Compas, and R. P. Guyette.

1999. Reconstruction of early nineteenth-century vegetation and fire regimes in the

Missouri Ozarks. Journal of Biogeography 26:397-412.

Baumgartner, D. C., and R. J. Marty. 1988. Evaluation of resources at risk from wildland fires.

USDA Forest Service. General Technical Report NC-124.

Bruce, D. 1960. How many fires? Fire Control Notes 24(2):45-50.

Burgan, R. E., and R. A. Hartford. 1988. Computer mapping of fire danger and fire locations in

the continental United States. Journal of Forestry 86(1):25-30.

Cain, D. H., K. Riitters, and K. Orvis. 1997. A multi-scale analysis of landscape statistics.

Landscape Ecology 12:199-212

Carapella, R. 1996. Assessing fire risk using a GIS-based approach. EOM 1(8):22-24.

Cardille, J. A., and S. J. Ventura. In press. Occurrence of wildfire in the northern Great Lakes

region: effects of land cover and land ownership assessed at multiple scales. International

Journal of Wildland Fire.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

34

Castro, R. R. 1994. Diseño de un modelo local de riesgo de incendios forestales (Design of a

local model for forest fire risk). Ciencia e Investigation Agraria 21(3):129-136.

Chou, Y. H., R. A. Minnich, and R. A. Chase. 1993. Mapping probability of fire occurrence in

San Jacinto Mountains, California, USA. Environmental Management 17(1):129-140.

Chuvieco, E., and R. G. Congalton. 1989. Application of remote sensing and geographic

information systems to forest fire hazard mapping. Remote Sensing of Environment

29(2):147-159.

Clark, J. S. 1990. Twentieth-century climate change, fire suppression, and forest production and

decomposition in northwestern Minnesota. Canadian Journal Of Forest Research 20(2):219-

232.

Clark, J. S. and P. D. Royall. 1996. Local and regional sediment charcoal evidence for fire

regimes in presettlement north-eastern North America. Journal of Ecology 84:365-382.

Curtis, J. T. 1959. The vegetation of Wisconsin. University of Wisconsin Press, Madison, WI,

USA.

Deeming, J. E. 1977. The national fire-danger rating system, 1978. USDA Forest Service.

General Technical Report INT-39.

Donoghue, L. R., and W. A. Main. 1985. Some factors influencing wildfire occurrence and

measurement of fire prevention effectiveness. Journal Of Environmental Management

20(1):87-96.

Flannigan, M. D., and J. B. Harrington. 1988. A study of the relation of meteorological variables

to monthly provincial area burned by wildfire in Canada, 1953-80. Journal of Applied

Meteorology 27(4):441-452.

Frelich, L. E., and C. G. Lorimer. 1991. Natural disturbance regimes in hemlock-hardwood

forests of the Upper Great Lakes Region. Ecological Monographs 61(2):145-164.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

35

Frissell, S. S. 1973. The importance of fire as a natural ecological factor in Itasca State Park,

Minnesota. Quaternary Research 3(3):397-407.

Garcia Diez, E. L., L. R. Soriano, F. D. Davila, and A. G. Diez. 1994. An objective forecasting-

model for the daily outbreak of forest-fires based on meteorological considerations. Journal

of Applied Meteorology 33(4):519-526.

Goldammer, J. G. 1991. Land use and fire risk: the interface of forest, agricultural land,

wildlands and residential areas. Pages 1-12 in Seminar on Forest Fire Prevention, Land Use

and People, October 29- November 2, 1991, Athens, Greece. Economic Commission for

Europe, Joint Committee on Forest Technology, Management and Training.

Gonzalez-Alonso, F., J. M. Cuevas, J. L. Casanova, A. Calle, and P. Illera. 1997. A forest fire

risk assessment using NOAA AVHRR images in the Valencia area, eastern Spain.

International Journal of Remote Sensing 18(10):2201-2207.

Greenberg, J. D., and G. A. Bradley. 1997. Analyzing the urban-wildland interface with GIS:

two case studies. Journal of Forestry 95(10):18-22.

Haines, D. A., V. J. Johnson, and W. A. Main. 1975. Wildfire atlas of the northeastern and north

central states. USDA Forest Service. General Technical Report NC-16.

Haines, D. A., and W. A. Main. 1978. Variation of six measures of fire activity associated with

drought. Pages 5-7 in American Meteorological Society and the Society of American

Foresters, editors. Proceedings of the fifth joint conference on fire and forest meteorology,

March 14-16, 1978, Atlantic City, NJ, USA. American Meteorological Society.

Haines, D. A., W. A. Main, J. S. Frost, and A. J. Simard. 1983. Fire-danger rating and wildfire

occurrence in the northeastern United States. Forest Science 29(4):679-696.

Harrington, J. B., and R. E. Donnelly. 1978. Fire probabilities in Ontario's boreal forest. Pages 1-

4 in American Meteorological Society and the Society of American Foresters, editors.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

36

Proceedings of the fifth joint conference on fire and forest meteorology, March 14-16, 1978,

Atlantic City, NJ, USA. American Meteorological Society.

Harrington, J. B., M. D. Flannigan, and C. E. Van Wagner. 1983. A study of the relation of

components of the Fire Weather Index to monthly provincial area burned by wildfire in

Canada, 1953-80. Forestry Canada, Petawawa National Forestry Institute. Information

Report PI-X-25.

Heinselman, M. L. 1973. Fire in the virgin forests of the Boundary Waters Canoe Area,

Minnesota. Quaternary Research 3(3):329-382.

Heinselman, M. L. 1981. Fire intensity and frequency as factors in the distribution and structure

of northern ecosystems. Pages 7-57 in H. A. Mooney, T. M. Bonnicksen, N. L. Christensen,

J. E. Lotan, W. A. Reiners, editors. Proceedings of the conference in fire regimes and

ecosystem properties, December 11-15, 1978, Honolulu, Hawaii, USA. USDA Forest

Service, General Technical Report WO-26.

Hilborn, R., and M. Mangel. 1997. The ecological detective: confronting models with data.

Princeton University Press, Princeton, NJ, USA.

Hocking, R. R. 1996. Methods and applications of linear models: regression and the analysis of

variance. J. Wiley and Sons, New York, NY, USA.

Hosmer, D. W., and S. Lemeshow. 1989. Applied logistic regression. J. Wiley and Sons, New

York, NY, USA.

Julio, G. 1990. Diseño de indices de riesgo de incendios forestales para Chile (A system of forest

fire hazard indices for Chile). Bosque 11(2):59-72.

Kronberg, B. I., M. J. Watt, and S. C. Polischuk. 1998. Forest-climate interactions in the

Quetico-Superior ecotone (Northwest Ontario and Northern Minnesota). Environmental

Monitoring and Assessment 50:173-187.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

37

Lavin, M. J. 1997. Managing fire risk to people, structures, and the environment. Fire

Management Notes 57(4):4-6.

Lawless, J. F. 1987. Negative binomial and mixed poisson regression. Canadian Journal of

Statistics 15(3):209-225.

Levin, S. A. 1992. The problem of pattern and scale in ecology. Ecology 73:1943-1983.

Liao, T. F. 1994. Interpreting probability models : logit, probit, and other generalized linear

models. Sage Publications, Thousand Oaks, CA, USA.

Loope, W. L. 1991. Interrelationships of fire history, land use history, and landscape pattern

within Pictured Rocks National Lakeshore, Michigan. Canadian Field Naturalist 105(1):18-

28.

Loope, W. L. and J. B. Anderton. 1998. Human vs. lightning ignition of presettlement surface

fires in coastal pine forests of the upper Great Lakes. American Midland Naturalist

140:206-218.

Ma, Z., and R. L. Redmond. 1995. Tau coefficients for accuracy assessment of classification of

remote sensing data. Photogrammetric Engineering and Remote Sensing 61:435-439.

Maddalla, G. S. 1983. Limited-dependent and qualitative variables in econometrics. Cambridge

University Press, Cambridge.

Main, W. A., and D. A. Haines. 1974. The causes of fires on northeastern national forests.

USDA Forest Service. Research Paper NC-102.

Marsden, M. A. 1982. A statistical analysis of the frequency of lightning-caused forest fires.

Journal of Environmental Management 14(2):149-159.

Martell, D. L., E. Bevilacqua, and B. J. Stocks. 1989. Modelling seasonal variation in daily

people-caused forest fire occurrence. Canadian Journal of Forest Research 19(12):1555-

1563.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

38

Martell, D. L., S. Otukol, and B. J. Stocks. 1987. A logistic model for predicting daily people-

caused forest fire occurrence in Ontario. Canadian Journal Of Forest Research 17(5):394-

401.

MathSoft. 1997. S-PLUS 4 guide to statistics. MathSoft Data Analysis Products Division,

Seattle, WA, USA.

McGhie, R. G., J. Scepan, and J. E. Estes. 1996. A comprehensive managed areas spatial

database for the conterminous United States. Photogrammetric Engineering and Remote

Sensing 62(11):1303-1306.

Meentemeyer, V. 1989. Geographical perspectives of space, time, and scale. Landscape Ecology

3(3-4):163-173.

Meentemeyer, V., and E. O. Box. 1987. Scale effects in landscape studies. Pages 15-34 in M. G.

Turner, editor. Landscape heterogeneity and disturbance. Springer-Verlag, New York, NY,

USA.

Menard, S. W. 1995. Applied logistic regression analysis. Sage Publications, Thousand Oaks,

CA, USA.

Miller, D. A., and R. A. White. 1998. A conterminous United States multi-layer soil

characteristics data set for regional climate and hydrology modeling. Earth Interactions

2(Available on-line at http://EarthInteractions.org).

Moody, A., and C. E. Woodcock. 1995. The influence of scale and the spatial characteristics of

landscapes on land-cover mapping using remote sensing. Landscape Ecology 10:363-379.

Myers, R. H. 1990. Classical and modern regression with applications. PWS-Kent, Boston, MA,

USA.

O'Neill, R. V., D. I. DeAngelis, J. B. Waide, and T. F. H. Allen. 1986. A hierarchical concept of

ecosystems. Princeton University Press, Princeton, NJ, USA.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

39

O’Neill, R. V., C. T. Hunsaker, S. P. Timmins, B. L. Jackson, K. B. Jones, K. H. Riitters and J.

D. Wickham. 1996. Scale problems in reporting landscape pattern at the regional scale.

Landscape Ecology 11:169-180.

Powell, D. S., J. L. Faulkner, D. R. Darr, Z. Zhu, and D. W. MacCleery. 1992. Forest resources

of the United States. USDA Forest Service. General Technical Report RM-234.

Pyne, S. J. 1982. Fire in America: a cultural history of wildland and rural fire. Princeton

University Press, Princeton, NJ, USA.

Ryan, T. P. 1997. Modern regression methods. J. Wiley and Sons, New York, NY, USA.

Salas, J., and E. Chuvieco. 1994. Geographic information systems for wildland fire mapping.

Wildfire 3(2):7-13.

Sando, R. W., and D. A. Haines. 1972. Fire weather and behavior of the Little Sioux fire. USDA

Forest Service. Research Paper NC-76.

Simard, A. J., D. A. Haines, R. W. Blank, and J. S. Frost. 1983. The Mack Lake fire. USDA

Forest Service. General Technical Report NC-83.

Stocks, B. J., B. S. Lee, and D. L. Martell. 1996. Some potential carbon budget implications of

fire management in the boreal forest. Pages 89-96 in M. J. Apps, D. T. Price, editors. Forest

ecosystems, forest management, and the global carbon cycle. Springer-Verlag, Berlin,

Germany.

Swain, A. M. 1980. Landscape patterns and forest history in the Boundary Waters Canoe Area,

Minnesota: a pollen study from Hug Lake. Ecology 61(4):741-754.

Todd, B., and P. H. Kourtz. 1991. Predicting the daily occurrence of people-caused forest fires.

Forestry Canada, Petawawa National Forestry Institute. Information Report PI-X-103.

Turner, M. G. 1989. Landscape ecology - the effect of pattern on process. Annual Review of

Ecology and Systematics 20:171-197.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

40

Turner, M. G., V. H. Dale, and R. H. Gardner. 1989. Predicting across scales: theory

development and testing. Landscape Ecology 3(3-4):245-252.

U.S. Bureau of the Census. 1991. Census of Population and Housing, 1990: Summary Tape File

1 [machine-readable data files]. Washington:  The Bureau [Producer and Distributor].

USDA. 1987. National forest fire report. USDA Forest Service. Unnumbered Report.

USDA. 1994. State soil geographic (STATSGO) data base: data use information. USDA Natural

Resources Conservation Service. Miscellaneous Publication 1492.

USDA. 1996. Land management considerations in fire-adapted ecosystems: conceptual

guidelines. USDA Forest Service. Fire and Aviation Management Report FS-590.

Vega Garcia, C., P. M. Woodard, S. J. Titus, W. L. Adamowicz, and B. S. Lee. 1995. A logit

model for predicting the daily occurrence of human-caused forest fires. International Journal

of Wildland Fire 5(2):101-111.

Venables, W. N., and B. D. Ripley. 1997. Modern applied statistics with S-PLUS. Springer-

Verlag, New York, NY, USA.

Vogl, R. J. 1971. Fire and the northern Wisconsin pine barrens. Pages 175-209 in Proceedings of

the tall timbers fire ecology conference, August 20-21, 1970, New Brunswick, Canada. Tall

Timbers Research Station.

Whitney, G. G. 1986. Relation of Michigan's presettlement pine forests to substrate and

disturbance history. Ecology 67(6):1548-1559.

Wisconsin. 1997. Wisconsin forest fire laws and regulations. Wisconsin Department of Natural

Resources. PUBL-FR-036.

Zhang, Q. F., K. S. Pregitzer and D. D. Reed. 1999. Catastrophic disturbance in the presettlement

forests of the Upper Peninsula of Michigan. Canadian Journal of Forest Research 29:106-

114.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

41



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

42



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

43

Figure Legends

Figure 1. Study area within Minnesota, Wisconsin, and Michigan for analysis of factors
influencing wildfires.

Figure 2. Conceptual model of wildfire development in the Upper Midwest, with Fire Factor
representation.

Figure 3a. Observed fire occurrence, 10 km resolution.
Figure 3b. Predicted binary fire occurrence, 10 km resolution.
Figure 3c. Continuous prediction of fire occurrence probability, 10 km resolution.
Figure 3d. Studentized residuals of fire occurrence model, 10 km resolution.

Figure 4a. Observed fire occurrence, 5 km resolution.
Figure 4b. Predicted binary fire occurrence, 5 km resolution.
Figure 4c. Continuous prediction of fire occurrence probability, 5 km resolution.
Figure 4d. Studentized residuals of fire occurrence model, 5 km resolution.

Figure 5.  Observed large-fire occurrence, 10 km resolution.

Figure 6a.  Observed fire counts, 10 km resolution.
Figure 6b.  Predicted fire counts, 10 km resolution.
Figure 6c.  Studentized residuals of fire counts model, 10 km resolution.

Figure 7a.  Observed fire counts, 5 km resolution.
Figure 7b.  Predicted fire counts, 5 km resolution.
Figure 7c.  Studentized residuals of fire counts model, 5 km resolution.

Figure 8.  Observed large-fire counts, 10 km resolution.



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

44



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

45



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

46



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

47



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

48



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

49



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

50



Cardille, J. A., Ventura, S. J., and M. G. Turner. 2001. Environmental and social factors
influencing wildfires in the Upper Midwest, USA. Ecological Applications 11(1):111-127.

51


