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ABSTRACT

Human interaction with fire and vegetation occurs
at many levels of human population density and
cultural development, from subsistence cultures to
highly technological societies. The dynamics of
these interactions with respect to wildland fire are
often difficult to understand and identify at short
temporal scales. Dendrochronological fire histories
from the Missouri Ozarks, coupled with human
population data, offer a quantitative means of ex-
amining historic (1680-1990) changes in the an-
thropogenic fire regime. A temporal analysis of fire
scar dates over the last 3 centuries indicates that the
percent of sites burned and fire intervals of anthro-
pogenic fires are conditioned by the following four
Hmiting factors: (a) anthropogenic ignition, (b) sur-
face fuel production, (c) fuel fragmentation, and (d)
cultural behavior. During an ignition-dependent
stage (fewer than 0.64 humans/km?), the percent
of sites burned is logarithmically related to human

population (r* 0.67). During a fuel-limited
stage, where population density exceeds a thresh-
old of 0.64 humans/km? the percent of sites
burned is independent of population increases and
is limited by fuel production. During a fuel-frag-
mentation stage, regional trade allows population
densities to increase above 3.4 humans/km?, and
the percent of sites burned becomes inversely re-
lated to population (r* = 0.18) as decreases in fuel
continuity limit the propagation of surface fires.
During a culture-dependent stage, increases in the
value of timber over forage greatly reduce the mean
fire interval and the percent of sites burned. Exam-
ples of the dynamics of these four stages are pre-
sented from the Current River watershed of the
Missouri Qzarks. :

Key words: human population density; Ozarks:
Missouri; disturbance; dendrochronology; fire re-
gimes.

INTRODUCTION

Anthropogenic, or human-caused, fire has influ-
enced ecosystem processes for millennia, and at
broader scales has been an important determinant
of landscape character and global carbon cycles
(Pyne 1995; Delcourt and Delcourt 1997; Bird and
Cali 1998). Despite progress in recent years in un-
derstanding how the spatial and temporal dynamics
of wildfire shape natural ecosystems (Swetnam
1993; Agee 1993; Whelan 1995), we know little
about the ways in which changes in human popu-
lation and culture alter the use of anthropogenic
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fire and consequently how that dynamic affects
ecosystem processes and attributes.

Anthropogenic fire occurs throughout a range of
human-related activities and settings, from widely
scattered populations living in subsistence cultures
to densely settled urban societies; therefore, an-
thropogenic fire is both temporaily and spatially
dynamic. Within a region, a temporal dynamic in
anthropogenic fire is driven by changes in popula-
tion and culture that occur over decades and cen-
turies. In North America, dramatic temporal
changes in the frequency of anthropogenic fire over
the past 400 years have resulted from the displace-
ment of aboriginal cultures and populations by
high-density European populations and industrial
economies (Pyne 1982; Williams 1989). Human ac-
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tivities strongly influence fire frequencies in such
arcas as Patagonia (Veblen and others 1999) and
the Amazon basin (Kauffman and Uhl 1990}; and
human populations account for variation in land-
scape-level fire regimes in North America (Turner
and Romimne 1994; Guyette and Dey 2000; Dey and
Guyette 2000). In the Midwest, historical narratives
suggesting the use of fire by aboriginal people have
been summmarized by Ladd {1991), and archacologi-
cal evidence supports the presence of human pop-
ulations in Missouri for many thousands of years
(Marriott 1974; Price and others 1987; O’Brien and
Wood 1998).

Many fire ecologists and historians have defined
the concept of fire regime (Pyne 1982; Agee 1993;
Whelan 1995; Pyne and others 1996). According to
Pyne and others {1996), “A fire regime is intended
to characterize the feature of histeric, natural fires
that have been typical for a particular ecosystem or
set of ecosystems.” In many regions, such as the
Ozark physiographic province in midwestern North
America, human presence on the landscape
{O'Brien and Wood 1998) predates contemporary
forest—vegetation associations and climatic condi-
tions {Delcourt and Delcourt 1987, 1991); there-
fore, any characterization of the “natural” fire re-
gime should incorporate all organisms in the
ecosystem and all sources of fire, including humans
and their ignitions. For the purposes of this analysis,

we define an anthropogenic fire reghme as patterns -

of wildland fire shaped by the dynamic interactions
of vegetation (fuels) and human populations (igni-
tions). This definition is functicnal and consistent
with the standard dictionary definition of a regime
as “a system of rules”, or in our case, factors that
govern the frequency and intensity of fire. Al-
though fire regimes are often defined for specific
ecosystems that have a particular combination of
vegetation (fuels}, climate, and a certain frequency
of ignition, the perception that an anthropogenic
fire regime is a static combination of these factors
may be unrealistic because of the extreme variabil-
ity in time and space of fluctuating human popula-
tions and cultures.

The goal of the research presented here is to
demonstrate that change in human population
density and culture has been one of the major
factors influencing the frequency and effects of
wildland fire over the last 320 years in southeastern
Missouri. The objectives of this paper are to (a)
describe the historic changes in an anthropogenic
fire regime; and (b) elucidate the limiting factors
that affect these changes through time, including
the relationships among human population density,
culture, and fuels as determinants of fire regimes.

To fulfill these objectives, we used dendrochrono-
logical fire histories coupled with data on human
population density from ap 1680 to 1998 in the
Current River watershed, a topographically highly
dissected section of the Ozark Highlands in Mis-
souri, USA.

A Temporal Anthropogenic Framework

The oak-pine forests of the Ozark Highlands offer
an appropriate setting to document changes in
human-fire interactions over hundreds of years.
Schroeder and Buck {1970} estimated that less than
one lightning fire per 4000 km? occurs annually in
the Missouri Ozarks. Missouri State Fire Protection
records between 1970 and 1989, sumumnarized by
Westin (1992}, indicate that an average of 108 fires
per year per 4000 km? occurred in the region of the
Current River watershed. Of these, less than 1%
were of lightning ignition origin; therefore, the
overwhelming majority of these fires were caused
by humans. The lack of “natural” fires in the Cur-
rent River region, a iemporally variable human
population, and variable topography make this re-
gion ideal for studying change in anthropogenic fire
regimes and its effects on ecosystems. Fire scars
from primarily low-intensity surface fires offer
high-resolution spatial-temporal data on fire fre-
quency and extent and can be tree-ring-dated on
survivor trees and woody remnants (Guyette and
McGinnes 1982; Guyette and Cutter 1991; Guyeite
and Dey 1997a; Jenkins and others 1997). Finally, a
highly dissected topography inhibits the propaga-
tion of fire, thus making mean fire intervals and the
percent of sites burned sensitive to the number and
distribution of anthropogenicignitions. The forego-
ing evidence suggests a close association between
humans and fire in the Ozarks. We hypothesize that
identified changes in the percent of sites burned can
be attributed to changes in human population den-
sity and cultural behavior, Consequently, we pro-
pose that a temporal framework can be used to
describe these changes. In this analysis, we examine
whether fire frequency is a function of ignitions
(anthropogenic), fuels, and cultural behavior based
on econtomics and technology.

Study Area

The study area is in the upper Current River water-
shed (including the Jack Fork River}, is heavily
forested {more than 80%), and measures about
4316 km? in area (Figure 1). The study area is
located near the western edge of the castern decid-
uous forest and is dissected by steep ridges and
numerous streams. The slope of the sample sites
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Figure 1, Study area, with fire history sites, historic tree species assoclations, mean fire intervals, topography, archeolog-
ical sites, and historic sites, The location of the fire history sites and their mean fire intervals {1700-1850) are indicated by
the mapped numbers in black and white. Mean fire intervals in white text represent sites where the interval decreased by
more than 10 years during the ignition-dependent stage; mean fire inttervals in black indicate a decrease of 0~10 years. The
percent of canopy closure defines forests (more than 75%), woodlands (25%-75%), and savannas (less than 25%). Mesic
mixed oak-riparian forest is more than 25% mesic species or more than 25% riparian species; mixed oak forest is more than
75% oak and hickory; eak-pine woodland/forest is oak with more than 25% and less than 65% pine; pine savanna/woodland
is more than 65% pine; post oak savanna is more than 75% post oak; post oak—black oak savanna is more than 75% post and
black oak. Tree species associations are based on General Land Office Survey Notes as interpreted by Porter (1998), Batek
and others (1999), and Hughes and Nigh (2000). Archaeological and historic sites are based on data froin Price and others
(1987}, Lynott {1989), and Stevens {1991).

despite an abundance of thunderstorms (50-70 thun-
derstorm days per year) (Baldwin 1973).

averages 18° and ranges from 10° to 32°. Elevations
in the study area range from 140 to 414 m a.s.l. The
climate of the study area is humid and continental.

Precipitation ranges from 60 to 152 cm and averages
115 am per year. Spring is the wettest season, fol-
lowed by fall, sammer, and winter. During the fall,
winter, and spring of most years, dry warm weather
during only a few days may be sufficient to dry sur-
face fuels and permit the spread of surface fires. Fires
during the growing season are rare but do occur dur-
ing very hot and dry summers. Natural ignition is rare

METHODS

Fire History Development

Site locations within the study area were chosen
based on the presence of fire-scarred wood, and the
majority of fire-scarred wood was found in steep
terrain, Thus, the sites are not necessarily truly
representative of the area as a whole. Twenty-three
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of the sites were located in areas dominated histor-
ically by oak (Quercus species) forests; four other
sites occurred in forests histerically dominated by
shortleaf pine {Pinus echinaia) (Balek and others
1999). Oak has become a dominant species in the
overstory of all the fire history sites.

Cross sections of more than 257 shortleaf pine
remnants {cut stumps, natural snags, downed trees)
were cut between ground level and 30 ¢, Wedges
were cut from the scar face of live trees. Fire scars
were identified by callus tissue, traumatic resin ca-
nals, and cambial injury. All samples had charcoal
present on the scarred exterior. Scars were dated to
the 1st year of cambial injury. Ring-width series
from each sample were measured and plotted by
year. Ring-width plots were used for visual cross-
dating (Stokes and Smiley 1968; Guyette and Cut-
ter 1991). The COFECHA compulter program (Gris-
sino-Mayer and others 1996} was used to assist in
ensuring the accuracy of both relative and absolute
dating of the samples by correlation analysis. Abso-
lute dating of the pine remnants was accomplished
by cross-dating with a ring-width chronology
(Guyette 1996) based on live shortleaf pine growing
in- Shannen County, Missouri, within the study
area. Over 2500 scars were identified and dated
from 27 sites. Site-level data were averaged into a
regional composite of the percent of sites burned.
An -1 1-year moving average was applied to percent
of sites burned to reduce variability in the time
serics due to changes in annual climate and to

enhance long-term trends in the data. An 11-year
moving average was chosen because it preserved
variability on a decadal scale, it is symmetrical, and
it corresponds to the decadal census data. Correla-
tion coefficients between the percent of sites
burned and human population density were calcu-
lated without the moving average and were ad-
justed for autocorrelation in the time series of the
percent of sites burned. A representative subset of
the data from a site in the study watershed (Figure
2) is graphed using FHX2 software (Grissino-Mayer
1995) and illustrates the structure of the data and
the changing fire return interval over nearly 4 cen-
turies.

Topographic Roughness

Irregularities in the landscape, or “topographic
roughness”, can contribute to the fire behavior in
an arca of highly dissected topography. The rate of
spread of a low-intensity surface fire may decrease
because fire burns slower down steep slopes; be-
cause fuel continuity is broken by creeks, rivers,
and rocky outcrops; or because fuel moisture con-
tent increases on northern aspects.

Indexes of topographic roughness were used to
reflect topographic inhibition of the propagation of
fire across the landscape. These indexes were de-
veloped by comparing surface area measurements
made with two different-sized scales. A circle 5000
m in diameter is marked on a digital elevation map.
The surface area of the earth circumscribed by this
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circle is calculated from pixels that are 30 m on a
side. Their slope and a trigonometric conversion are
used to estimate the area of the uneven land sur-
face. The pixels are sumnmed to estimate the surface
area of the landscape enclosed by the circle. This
measure is then divided by the planimetric surface
area (the large scale in this case) of a circle that is
5000 m in diameter. This ratio of the actual surface
area to the planimetric surface area is the Index of
Topographic Roughmess. A correlation analysis was
used to document changes in the influence of to-
pographic roughness on mean fire intervals by stage
of the anthropogenic fire regime.

Human Populations

Population since 1820 was derived for the study
area from United States Census data (Shannon
County, Missouri) and population estimates and
maps in Stevens (1991) and Rafferty (1982). His-
toric Native American population density was esti-
mated from many sources {Table 1 and references
therein). The population density of each group in
the Current River watershed was calculated by di-
viding their historical population estimates by the
area of a circle whose radius was the distance be-
tween their population center and the watershed.
Changes in the location and territory of populations
documented in the historical literature were also
used to estimate population trends of groups. Al-
though this method does not take into account the
great variation of population density within a tribal
territory, it does provide an estimate of changes in
population density through time that have affected
the population of the Current River watershed.
These population density estimates are consistent
with aboriginal population densities (0.07-6 hu-
mans per km?) given for the Great Lakes region and
castern North America (Kroeber 1934; Dobyns
1983; Ramenofsky 1987; Thornton 1987) and with
mapped estimates by Paullin (1932) for the period
after 1790. The relative spatial distribution of pop-
ulation within the watershed has remained consis-
tent over time and reflects spatial patterns in past
fire occurrence and the recent population of towns
(Guyette and Dey 2000). Linear interpolation was
used to estimate annual population from decadal
census data.

Di1scussioN

The Dynamics and Sequence of the
Fire Regime

A historic and sequential interpretation of fire, hu-
man population, and culture {Figure 3) is essential

to an understanding of the events that have oc-
curred in the study area over the last 350 vyears.
Although fire history research often ends with the
identification of fire intervals and ecological rela-
tionships, such findings represent only a first step in
identifying the processes and variables underlying
changes in ecosystem processes. When population
and fire data identical to those in Figure 3 are
plotted with axes that are independent of time {Fig-
ure 4a), the resulting pattern reflects critical
changes in the relationships between humans and
the environment {(fire). The changing slope and
direction of the plotted data reflect four temporal
stages that are built upon the interaction among
ignitions, fuels, and topography as a function of
human population density.

The temporal progression of limiting factors de-
fining these stages in the anthropogenic fire regime
involves (a) human ignitions >, (b) fuel availability
>, (c) fire propagation and fuel continuity >, and
{d) cultural values. Consequently, these factors de-
fine four stages: ignition-dependent, fuel-limited,
fuel-fragmentation, and culture-dependent (identi-
fied in Figure 4a). All stages are linked to popula-
tion density in the way that population affects ig-
nitions and fire frequency (the percent of siies
burned), as well as the ways in which that relation-
ship is modified by culture. Descriptions of these
stages, based on limiting factors and interpretations,
follow.

Ignition-dependent (Stage 1). The anthropogenic
fire regime is population-dependent during this
stage and directly related to human population.
Human population density is one of the most im-
portant factors in an anthropogenic fire regime,
especially in early stages or at low levels of human
population density. Consequently, ignition sources
are the most limiting factor influencing the percent
of sites burned during this period. During this stage
{before 1850), low population densities (fewer than
0.64 humans/km?) limited the frequency and dis-
tribution of anthropogenic sources of ignition in the
Current River watershed. Correlation between per-
cent of sites burmed and human population density
{nontransformed data) is strongest during this stage
(Table 2). Verification of this relationship is dem-
onstrated by a positive nonlinear relationship be-
tween the percent of sites burned and human pop-
ulation density. During the ignition-dependent
stage, percent of sites burned is related (r* = 0.67,
P < 0.01) to the natural logarithm of human pop-
ulation density at low levels (fewer than 0.64 hu-
mans/km?) by:

F* = 0.32 + 0.069(In[P]) (1)
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Table 1. Population Densities (Humans per km?®) Estimated and Measured by Decade and Cultural Group

Date All Quapaw Osage Cherokee Delaware Shawnee European
1650 0.047 0.0421¢ 0.0049"

1660 0.047 0.0421 0.0049

1670 0.050 0.0421 0.0082%

1680 0.052 0.0421 0.0099

1690 0.053 0.0421 0.0115

1700 0.027 0.0139% 0.0132

1710 0.027 0.0126 0.0148

1720 0.038 0.0113 0.0264 0.0001
1730 0.038 0.0084 0.0297 0.0007
1740 0.042 0.0084 0.0331 0.0014
1750 0.045 0.0063¢ 0.0364 0.0028
1760 0.048 0.00494 0.0397 0.0041
1770 0.061 0.0044 0.0430" 0.0046° 0.0002” 0.0033" 0.0055
1780 0.1340 0.0039 0397 0.0185 0.0320 0.0320 0.0082
1790 0.167 0.0034 0.0364° 0.463 0.0320 0.0384 0.0110°
1800 0.2210 0.0029 0.0347 0.0927 0.0320 0.0449 0.0137
1810 0.2020 0.0029 0.0331 0.0648 0.0320° 0.0513 0.0179
1820 0.662 0.0024 0.0198 0.0289™ 0.30127 0.0926° 0.2175%
1830 0.371 0.0009¢ 0.0066 0.0231 0.00337 0.0926 0.2447
1840 0.294 0.0001% 0.0154 0.0066 0.2719
1850 0.642 0.6420"
1860 0.873 0.8736
1870 0.899 0.8998
1880 1.323 1.3237
1890 3.423 3.4231
1900 4.326 4.3268
1910 4,402 4,4022
1920 4.564 4.5645
1930 4.191 4.1910
1940 4551 45515
1950 3.638 3.6389
1960 2.726 2.7264
1970 2.886 2.8853
1980 3.033 . 3.0334
1990 3.073 3.0738

The sum of the densities is given in the column labeled “Alf.”

Superscripts refer to source data and type by period.

Not all figures are significant.

“Population estimate (Baird 1980}

bedPopulation reductions by disease (Ramenofsky 1987; Baird 1980)

“Migration out of the watershed (Baird 1980)

Ferritory fust west of Current River (Bailey 1973; Wiegers 1985)

S Acquisition of horse (Wiegers 1985; Waldman 1985)

AMaximum expansion of territory (Bailey 1973; Wiegers 1985)

‘Population estimates (Marriott 1974; Banks 1978)

ITerritorial reduction (Wiegers 1985) and miovement west by treaty (Marriolt 1974; Banks 1978)
st Osage removed from Missouri (Wiegers 1985)

‘Population estimates, frends, moverent into Missouri (Gilbert 1996; Stevens 1991}
"Migration to Arkansas (Pitcaithley 1978)

"Moverent inte east Missouri (Stevens T1991)

“Population estimates (Marriott 1974)

PMigration across Missouri River, population estimate, ard encampment on the Jacks Fork of the Current River (Weslager 1978}
“Movernent out of Current River watershed (Stevens 1991; Weslager 1978)
"Movernent into eask Missours (Stevens 1991}

‘Moventent out of southeast’ Missouri (Howard 1981)

'Spanish census data (Gerlach 1986)

“Barly settlement (Stevens 1991)

VShannon County census data (Stevens 1991)
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Figure 3. (a) The percent of 26 fire history sites in the
Current River watershed that were burned each year
(dotted line) and an | 1-year moving average of the percent
of sites burned annwually {sofid line) plotted by calendar
year. The text above the graph identifies the correspond-
ing cultural periods. (b) A record of the human popula-
tion density and the population densities of individual
cultural groups {see Table 1} in the Current River water-
shed and the QOzark Highlands {log scale) by calendar
year.

where F” is the percent of sites burned and P is the
human population density.

Topographic roughness inhibits the spatial extent
and spread of fire during this stage. The degree of
topographic roughness and the frequency of fire at
each site are inversely correlated (Table 2). Both
endogenous and exogenous factors play roles dur-
ing this stage, since population levels at the study
sites were controlled by local human reproduction,
human migration, technological development, and
introduced disease (Table 2). This stage is the long-
est in duration over the past 3 centuries and in-
cludes notable fire years (see Appendix).

Fuel-limited (Stage 2). The anthropogenic fire re-
gime is limited by fuel availability in this stage;
within limits, population has no effect. Fire reduces
surface fuels in Missouri by more than 50% for up
to 2.5 years {Scowcroft 1965). During the fuel-
limited stage (1850-90), human population ex-
ceeded 0.64 humans/km? in the study area, and the
percent of sites burned became independent of in-
creases in human population density. The percent
of sites burned during this stage is limited by the
availability and production of surface fuels. Fre-

30 1

Percent sites bumed
.
=

10 4

O
T T ¥ T
0 1 2 3

Local population density (hurnans per kmz)

Figure 4. (a) Scatterplot illustrating the change in the
relationship between the percent of sites burned annually
and human population density through time. These re-
lationships help to identify the stages in an anthropogenic
fire regime. Data points in the scatterplot are labeled with
decadal calendar dates to identify the temporal sequence.
The scatterplot data are the same data represented by the
solid lines in Figure 3a and b. (b} The regional and
exogenous population density (state of Missouri) plotted
with the percent sites burned during the 20th century
contrasts with the endogenous population trends of the
Current River watershed.

quent fire created open woodlands with grassy—
herbaceous understories; therefore, biomass accu-
mulation was limited by the short fire return
interval. But by 1850 a threshold in population
density (0.64 humans per km?®) was reached in
terms of burning and fuels wherein the environ-
ment became ignition-saturated and the fire regime
was fuel limited. The great number of ignitions
during this stage nullified the effects of topographic
roughness in inhibiting the propagation of fire;
hence, topographic roughness became less impor-
tant as a factor controlling fire (Table 2), as illus-
trated by the lack of significant correlations in
stages 2, 3, and 4 of the fire regime. During this
stage, endogenous factors that limit fire frequency
change from human ignitions to fuel production,
This is the shortest of the four stages; it is less than
25% as long as the previous stage. Within the fuel-
lmited stage, a broad range of human population
densities can maintain a consistently short fire in-
terval; however, permanent fuel elimination does
not characterize this stage.

Fuel-fragmentation (Stage 3). During the fuel-
fragmentation stage (1890-1940), regional trade,
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Table 3. Agricultural Statistics Indicating
Increases in Land Uses that Fragmented the
Continuity of the Surface Fuel Environment
Between Stage 2 and Stage 37

Hogs Cattle Improved
Decade per km? per km? land? (%)
1850 0.87 0.38 1.3
1860 2.5 1.8 2.2
1870 4.1 1.7 2.2
1880 8.6 2.2 6.3
1890 7.8 5.2 11.6
1900 3.4 2.6 14.2
1910 8.1 7.3 17.5
1920 6.6 84 19.7
1930 4.0 7.4 17.2
1940 6.2 7.3 26.7

““Improved land " includes pasture fenced land, orchards, crops, and fallow fields
{Jacobson and Primm 1997).

railroads, and markets allowed population densities
to increase above 3.4 humans/km?®. A peak in hu-
man population density within the watershed
(about 4.6 km?) was reached in the 1920s. Increases
in human population density led to increases in the
number of artificial fuel breaks caused by livestock
grazing, road building, and the conversion of field
and forest to crop land and pasture (Table 3). This
development led in turn to a reduction in the per-
cent of sites burned because it inhibited the propa-
gation of low-intensity surface fires, the mode of
fire in the previous two stages. The percent of sites
burned became inversely related to population den-
sity (r* = 0.18, P <0.05) because the continuity of
wildland fuels became fragmented by agricultural
and rural development. A decrease in the percent of
sites burned coincided with increasing population
density between 1890 and 1940. Thus, the percent
of sites burned, once a function of the ability of fires
to spread and increase in size, was limited by the
decreased propagation of surface fires across the
landscape due to fragmentation of the fuel environ-
ment. The fragmentation stage can be followed in
subsequent stages by the elimination of wildland
fuels, as might occur through urban or agricultural
development.

Culture-dependent (Stage 4}, During this stage,
cultura? values, practices, and technology influence
human-environmental interactions. Cultural atti-
tudes toward the benefits, costs, and dangers of
wildland fire are second only to gross population
density in importance to anthropogenic fire re-
gimes. During the culture-dependent stage (1940~

96), increases in the value of timber {to a growing
exogenous human population) (Figure 4b) relative
to that of pasture resulted in attitudes and cultural
constructs that reduced the frequency of fire. The
price ratio of wood products {(Anonymous 1965;
Gregory 1972) to livestock (data provided by the
Missouri Agricultural Statistical Service) was highly
correlated with the percent of sites burned and
probably reflects changes in attitudes about the
value of forests versus livestock range. The low
forage wvalue of forest lands for livestock and in-
creasing demand for wood products were important
factors that inspired education on the economic
destructiveness of wildland fire, the desire to pro-
tect forested lands, and the institution of fire sup-
pression over the last 60 years in the Ozark High-
lands.

Attributes of the Stages

Throughout all four of the stages of the anthropo-
genic fire regime, the factors that limit fire change
along the temporal framework. Both causal and
resulting factors exert varying influences on the
character of the fire regime, depending on the stage.
We have identified several components of the an-
thropogenic fire regime that figure prominantly in
determining the stage or represent a substantial
response in any or all stages. Although the implica-
tions of changing fire regimes are numercus, we
will focus here on a few interactions, effects, and
attributes that are useful in elucdidating the com-
plexity of the human-fire interaction.

Endogenous and Exogenous Factors. A classifica-
tion of important endogenous and exogenous fac-
tors by stage {Table 2) shows that endogenous fac-
tors predominate in early - stages, and that
exogenous factors become more important in later
stages. For the purposes of this perspective, we con-
sider humans to be an integral part of the Current
River ecosystem; therefore, anthropogenic factors
within the ecosysterm are endogenous, and anthro-
pogenic factors outside the ecosystem are exoge-
nous. Significant endogenous factors during early
stages include indigenous human population
growth and technological innovation. Introduced
diseases, however, were a major exogenous factor
during the ignition-dependent stage. Endogenous
factors pertinent in the early stages of development
include fuel abundance, fuel type, and vegetative
change and succession, The fuel-limited stage is
the only stage where there are no important con-
tributions by exogenous factors. Exogenous fac-
tors resulting from human pepulation changes,
predominantly migration and population growth,
contribute to the fuel-fragmentation and culture-
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dependent stages. Throughout the stages, the
change from endogenous to exogenous influence
is accompanied by increases in human popula-
tion, transportation, and communication.
Vegetation-Fire Interactions. There are several
tree species that provide particularly useful evi-
dence of the effects of the stages of the fire regime
on vegetation because of their longevity and fire
sensitivity. Using data compiled from land survey
records (circa 1830), the mean fire interval at 23
sites (Batek and others 1999) in the Current River
watershed was positively and significantly corre-
lated with the abundance of Pinus echinata and neg-
atively correlated with the abundance of Quercus
velutina (black oak). These relationships imply that
fire frequency may have been a factor influencing
vegetation during stage 1 (Table 2). Reductions in
the mean fire interval during stages 2 and 3 (1820
1940) to near annual burning in some areas
(Guyette and Cutter 1997}, combined with the log-
ging of pine, may have inhibited pine regeneration,
reduced the abundance of advanced {prelogging)
reproduction, and decreased the amount of mature
pine (Record 1210). Currently, pine abundance is
only 34% of its historic levels in some areas of the
Current River watershed (Guyette and Dey 1997a).
The past and present distribution of Juniperus
virginiana (eastern redcedar}, a fire-sensitive spe-
cies, may reflect the intensity and frequency of fires
during the ignition-dependent stage. Circa 1840,
surveyors noted redcedar on sites with long fire
intervals but made no mention of redcedar on sites
with a short fire interval (Batek and others 1999).
Old (200+ vears) redcedar persist to the present
day on sites that had longer fire intervals during the
ignition-dependent stage, as documented by the fire
scar record. In contrast, there are no old and few
young eastern redcedar on sites that had short fire
intervals during the ignition-dependent stage. Abun-
dance of Quercus stellata (post oak), a fire-tolerant and
shade-intolerant species, as determined from sur-
veyor notes, is significantly correlated with mean
fire intervals during the ignition-dependent stage.
The ignition-dependent stage has the greatest spa-
tial and temporal variability in the percent of sites
bumed and mean fire intervals (Table 2); it is the
disturbance regime under which recent vegetation
associations have developed for centuries.
Stage-related Calcium Dynamics. Wildland fire is a
chemical process that can cause sudden changes in
the nutrient status of a site. Calcium {Ca) is a nec-
essary plant macronutrient whose bioavailability
has been shown to increase after fires (DeBano and
others 1977; Zinke 1977; Agee 1993) and over
longer periods by increasing the rate of Ca cyclingin
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Figure 5. Scatterplots illustrating the similarity in pattern
between the percent sites bumed and heartwood calcium
concentration (Junipertes virginana) as related to human
population density. Labels on the graph data points rep-
resent bidecadal calendar years.

organic debris that is frequently burned (Alban
1977; Binkley and others 1992). An association
between trends in Ca availability and mean fire
intervals over a 340-year period was inferred from
Ca in growth increments of eastern redcedar heart-
wood growing in the Current River watershed
{(Guyette and Cutter 1997). Although eastern red-
cedar is a fire-sensitive species, old individuals of
this species persist where they have some protec-
tion from the lethal effects of fire—for example, on
rhyolite glades, where there is extensive barren
rock surface and fire intensity is low. In addition,
eastern redcedar has many anatomical and ecolog-
ical characteristics uniquely suited for dendro-
chemical studies (Cutter and Guyette 1993) and has
been used to reconstruct many changes in environ-
mental chemistry (Guyette and others 1989, 1991,
1992; Guyette and Cutter 1994).

The association between heartwood Ca and hu-
man population density {Figure 5) suggests that the
stages of the fire regime may have different effects
on nutrient cycling. The Ca chronology of dated
redcedar heartwood increments was highly corre-
lated with the 20-year grouped means of the per-
cent of sites burned (r = 0.81) and trees scarred
(r = 0.77). During the ignition-dependent stage,
Ca is variable and increases steadily with small in-
creases in human population density. Ca concen-
trations in the heartwood are highest during the
fuel-limited stage, the period with the lowest mean
fire interval and the greatest percent of sites burned
(Table 2). During this stage, the availability of Ca
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increases owing to the release of Ca in organic litter
by the rapid abiotic decomposition mechanism of
frequent low-intensity fires. As fire frequency de-
clines in subsequent stages, Ca concentrations de-
crease in wood. :

Human Population Density and Topographic Interac-
tions. Certain stages in an anthropogenic fire re-
gime are the result of complex interactions between
human population density and topographic rough-
ness. At low population densities, the percent of
sites burned increases with population density (Fig-
ure 4a). Topographic controls on the frequency of
fire become less important as population density
and the frequency and distribution ¢f anthropo-
genic ignitions increases {Table 2}. The forcing fac-
tor of the ignition-dependent and fuel-limited
stages is the interaction of human population den-
sity and topographic roughness. A topographically
smooth landscape, such as a large plain or plateau
{often prairies), might require only a few humans
to reach and maintain a fuel-limited stage. On the
other hand, many topographically rough land-
scapes, such as forests in the Ozark Highlands, re-
quire a relatively high human population density to
reach and maintain a fuel-limited stage.

Culture and Fire Stages. In the later stages that we
have identified, factors controlling the regime
change from environmental to cultural. Fuel and
local human population density, possibly irrespec-
tive of ignition motivation, govern the fire regime
in the early stages. Subsequently, during the fuel-
fragmentation stage, cultural artifacts~-such as
roads and agricultural development—begin to af-
fect the spread, frequency, and size of fires. Artifi-
cial fire breaks in an ignition-saturated environ-
ment are now replacing the natural role of
topographic roughness as an inhibitor of the spread
of fire. Economic vaiues, coupled with the technol-
ogy of fire suppression, become dominant during
the cultural-dependent stage and account for the
lowest frequency of fire across all stages.

Human Risk and Fire Stages. The culture-depen-
dent stage may be unstable. During this stage, the
cultural separation of ignitions and fuels continues
to have increasingly serious implications for human
societies that live in environments with highly vol-
atile fuels, particularly those with growing human
populations. The accumulation of fuel, ignition po-
tential, and increasing human occupation of the
landscape act together to increase the potential risk
to human life and property. The most important
factors affecting the dynamics of the stages and
their associated risk to human life and property are
conceptualized using the dynamic interactions of
humans and fuels (Figure 6a, b, ¢). Using a theo-
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Figure 6. Theorized time series of factors influencing the
dynamics of the stages of the fire regime (a, b, ¢). The
variables associated with each of the stages include &
human population density, F,: total surface fuel accumu-
lation, and F,: relative fuel continuity. The conceptual
model of risk {d) to humans, based on calculations from
the formula presented, represents the contribution of
these three variables.

retically extended temporal framework, we devel-
oped a conceptual model to examine the overall
risk to humans (Figure 6d}. The square of human
population density is the dominant variable in this
model. The exponential nature of this variable is
derived from the dual effect of human population
density on fire regimes. One significant effect is that
increases in human population density increase ig-
nition potential; the other effect is that higher hu-
man population density across the landscape in-
creases the likelihood that wildland fire will damage
human life and property. Fuel fragmentation is the
only physical factor in this conceptual modeli of risk
that reduces the risk of wildland fire for bumans.
Fuel fragmentation, however, may be outweighed
by the exponential effects of human population and
the accumulation of fuels.

SYNTHESIS

Dendrochronological histories allow the quantita-
tive analysis of the role of humans in an ecosystem
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and show that this role is part of an ecological
dynamic controlled by changes in factors that limit
the occurrence of fire. Temporal trends in the per-
cent of sites burned and human population density,
coupled with historic information on human cul-
tures, allow us to define four stages within an an-
thropogenic fire regime in the Current River water-
shed in Missouri.

The stability of any stage in the fire regime is
dependent on exogenous human-related factors—
for example, war, migration, and introduced dis-
ease—as well as changes in endogenous factors,
such as fuel accumulation. Some stages may persist
and appear to be somewhat stable. In North Amer-
ica, for example, the culture-dependent stage may
be a prolonged endpoint under continued fire sup-
pression. The apparent stability of this stage, how-
ever, is subject to stochastic phenomena—ior ex-
ample, extreme climate events, which could result
in catastrophic or frequent fires. The separation of
tgnitions and fuels {fire suppression) that occurs
during a culture-dependent stage creates an inher-
ently unstable condition.

Fire histories reveal many examples of the influ-
ence of exogenous human-related factors on the
initiation and termination of anthropogenic fire
stages. In Patagonia, the link between humans and
fire frequency suggests a sequence of human-fire
interactions wherein climatic influences are signif-
icant in determining fire frequency on a short-term
basis, but the role of humans is signiificant when
examined over decades and centuries (Veblen and
others 1999). Bird and Cali {1998) have presented
evidenice of fire from sediments that demonstrates
the influence of humans on fire regimes in sub-
Saharan Africa over a time scale of hundreds of
thousands of years. Charcoal accumulation rates
from sedimenis in the southern Appalachian
Mountains also suggest a strong correspondernce
between human population density {based on the
number of archaeological sites) and fire (based on
charcoal accumulation) (Delcourt and Delcourt
1997).

The extension of these stages to other ecosystems
has limitations. Topographic roughness mitigates
the spread of fire and is an integral component of
the stages we have identified in our landscape. The
effect of human ignitions could be mitigated by
topographic roughness or the frequency of water
bodies, nonvegetated lands, or other natural fire
breaks. Guyette and Cutter {1991) described the
fire histories of an oak savanna in Missouri where
continuous fine fuels contributed to a consistent
mean fire interval, with no population effect evi-
dent before Euro-American settlement. Few igni-

tions are needed in topographically uniform areas
{for example, plains or plateaus) for fires to propa-
gate; therefore, fire frequency tends to be indepen-
dent of human population density. For example,
Abrams (1985) found no indication of distinct
stages in the fire history of an oak gallery forest in
northeastern Kansas. Sufficient topographic inhibi-
tion of the spread of fire is necessary for an ignition-
dependent stage in an anthropogenic fire regime.
We think that the four stages identified by our
research could be used as a temporal model to
describe and characterize other ecosystems. For ex-
ample, Amazonia may typify an area in the igni-
tion-dependent stage because population density is
closely linked with fire frequency (Laurance 1998).
In Australia, many ecosystems may have attributes
of a fuel-limited stage (Pyne 1991). Moreover, trop-
ical savanna and brush lands burmn frequently, and
these fires often result from human ignitions (An-
dreae 1991). More rigorous analysis of the dynamic
interactions among human population density, fu-
els, and culture could thus enhance our under-
standing of change and process in ecosystems.
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Appendix. The Fires of 1780

Dendrochronological evidence suggests the occur-
rence of extensive, and possibly intensive, fires in at
least three areas of eastern North America during
1780, a year of drought and increasing human tur-
moil. In the Algonquin Highlands of southern On-
tario, sites over an area of 2000 km? show evidence
of fire in 1780 (Cwynar 1977; Dey and Guyette
2000a). At two of these Algonquin sites, 66% and
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43% of the trees were scarred, indicating that sur-
face fires must have been intense (Guyette and Dey
1995a, 1995b). In Missouri, 43% of the study sites
in the Current River watershed were burned and
28% of the sample trees were scarred along the
North Fork of the White River; evidence of fire in
the same year was also found near the Gasconade
River (Cutter and Guyette 1994). Along the breaks
of the Arkansas River in the Boston Mountaius,
trees at three sites separated by 15 km had scars
formed in 1780 {R. P. Guyette and M. Spetich un-
published). In addition, fires occurred circa 1780 in
Minnesota {Heinselman 1981) and Maryland
{Shumway and others 2001}. The extent and sever-
ity of these fires was probably the resuit of a
drought in 1780 {Cook and others 1999%) coupled

with concurrent human activities. Human conflict
frequently results in wildland fire. Eastern Native
American tribes were forced west and north into
areas not yet populated by Euro-Americans circa
1780 and were often in conflict with the indigenous
tribes they encountered such as the Osage in the
Ozarks (Stevens 1991; Wolferman 1997). Spain de-
clared war on England in 1779. By May 1780, the
English, Menominee, and Winnebago were attack-
ing the Spanish colony of §t. Louis, Missouri (Foley
1999). There was a considerable struggle among the
Americans, French, Osage, Cherokee, Spanish, and
English for the control of trade in Missourl. Thus, a
combination of human activities and drought prob-
ably resulted in one of the worst fire years of the
1700s.





