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THE PALEOECOLOGY OF FIRE AND OAKS IN EASTERN FORESTS

William A. Patterson I1I'

Abstract.—Oaks (Quercus spp.) currently dominate eastern deciduous forests, but are widely perceived
as declining, with regeneration inadequate to perpetuate many stands. Most stands regenerated following
fire in the 19th and early 20th centuries, and a lack of recent fire is viewed as contributing to the shortage
of sapling and pole-size stands. But paleoecological studies provide conflicting evidence for the role of
fire in the long-term maintenance of oak forests. Here I describe the methods used in reconstructing past
vegetation and fire regimes, review the results of previous studies, and present new results for sites from
Virginia to Maine. Oaks have dominated mixed mesophytic forests in western Virginia for more than
6,000 years, with sedimentary charcoal levels suggesting a fire regime dominated by infrequent, light
surface fires. The arrival of European settlers and a presumed increase in fire activity had little effect on
oak abundance. At a higher elevation on more xeric soils, increased fire with settlement caused a shift
from oak to pine dominance. On Long Island, NY, oaks have dominated xeric soils for thousands of
years, but with more fire than in western Virginia. However, a dramatic increase in fire activity with
settlement increased the importance of pines relative to oaks in southeastern Massachusetts’ outwash
plains. On the Maine coast, where oaks have been minor component of the vegetation for thousands
of years, fires appear to have caused slight increases in oak importance both before and especially since
European settlement. These results suggest that, depending on the landscape context, fire can favor or select
against oaks, and that managers should carefully consider how fires will interact with climate, topography,
and other factors before prescribing fire as a solution to the current lack of oak regeneration. It is likely
that burn severity and fire return intervals, as they impact both oaks and their potential competitors,
will determine whether or not individual oak stands will benefit from the reintroduction of fire.

INTRODUCTION

With at least 36 species, one or more of which occur

in every state east of the Great Plains (Samuelson and
Hogan 2000), oaks (genus Quercus) are the preeminent
trees of the eastern forest. Twenty-one species are at
least locally important as timber species (Burns and
Honkala 1990). All, and especially those of the white
oak (Leucobalanus) group, provide mast for game and
nongame species of wildlife. Species not important for
timber (e.g., the scrub oaks as a group) provide essential
food and cover for several species of Lepidoptera (moth)
larvae that are rare in at least portions of their ranges
(Wagner et al. 2003). Oaks dominate in a variety

of habitats, from rich cove forests of the southern
Appalachians to dry ridgetops and sand plains of New
England and the Adantic Coastal Plain.

Throughout the range of oaks there is a widely held
belief that regeneration is inadequate to perpetuate

existing stands. Abundant deer, especially in urban

'Forestry Program, University of Massachusetts, 214
Holdsworth Natural Resources Center, Box 34210, Amherst,
MA 01003, 413-545-1970, email: wap@forwild.umass.edu.
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interface areas, browse and kill seedlings and saplings.
Late 20™-century fire suppression is blamed for the lack
of regeneration in many stands. Tirmenstein (1991)

citing several studies, observed:

Fire has played an important role in deciduous
forests of the eastern United States. Evidence
suggests that most oaks are favored by a regime
of relatively frequent fire. Many present-day

oak forests may have developed in response to
recurrent fire. Declines of oak forests have been
noted throughout much of the East and are often

attributed to reduced fire frequency.

Detailed information on the effects of fire on many oak
species is available through the Fire Effects Information
System. Most are viewed as being favored, at least in the
regeneration stage, by fire. Tirmenstein (1991) noted, in
discussing the fire ecology of white oak: “it is unable to
regenerate beneath the shade of parent trees and relies
on periodic fires for its perpetuation. The exclusion of
fire has inhibited white oak regeneration through much
of its range.” Crow (1988) argued that frequent fires are

required to maintain northern red oak (Quercus rubra),

GTR-NRS-P-1



and that increased fire frequency has caused, in some
cases, the replacement of mesic hardwoods (e.g. sugar
maple, Acer saccharum) by red oak. Conversely, reduced
fire frequency is resulting in the replacement of northern
red oak by mesic hardwoods in many areas of the Lake
States and Northeast (Crow 1988).

The important role of fire in the development of oak
stands during the historic period, i.e., roughly since
the arrival of European settlers on the North American
continent, is well documented (see Abrams et al. and
Ruffner, this volume). Although this period spans
many human generations, it represents no more than
several for most oak species, which typically live 150 to
250 years with some (e.g., white oak) living more than
600 years (Tirmenstine 1991). Given the longevity of
oaks and the time that it takes forest stands to develop,
mature, and be replaced by new growth, managers
should consider long-term interactions between oaks
and environmental factors, including fire. The goal of
this paper is to examine the paleoecology of oak as a
genus, and to examine the interaction between oaks and
fire over hundreds and even thousands of years. I start
from the premise that it is through understanding the
long-term history of the interaction of fire and oaks that
we will gain the wisdom required to manage modern
oak ecosystems and to perpetuate them far into the
future.

PALEOECOLOGICAL METHODS

It is widely accepted that Native Americans more than
lightning were the primary source of ignitions that
burned through eastern forests prior to the arrival

of Europeans (Bromley 1935; Day 1953; Cronon
1983). Although opinions differ on the extent of
Native American burning (Russell 1983), there can

be little argument that human-caused fires affected
vegetation development, at least near Native American
population centers (Patterson and Sassaman 1988).
The first successful European settlements were in the
early 17" century in Virginia and Massachusetts, but
Mann (2002) argued that Europeans influenced Native
populations, and by inference their effects on vegetation
through burning, long before that. As early as the late

15" century with Spanish exploration in the South, and

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

perhaps earlier (by Vikings to the north), Europeans
brought diseases that decimated Native American
populations throughout the East. To the extent that
human populations were reduced, the influence of fire

on vegetation probably was similarly reduced.

There are several methods for exploring fire and
vegetation history: written accounts by explorers

and naturalists, dendroecology and fire scar analysis,
evaluation of 19" century photos in comparison with
modern photographs (repeat photography), and, in the
20" century in particular, fire records and quantitative
descriptions of fire effects. All of these methods have
been applied effectively to describe vegetation and

fire interactions before or at the time that Europeans
settled the West. But few are useful in the East, where
an understanding of fire regimes and fire-vegetation
interactions unaffected by Europeans depends on

a knowledge of how fire, vegetation, and humans
interacted 500 or more years ago. Trees older than
about 400 years are rare in the East, especially outside
of swamps. Historical accounts described the land only
at the time of observation, and extrapolation to before
1600 AD is tenuous (Mann 2002). Photographs, written
records and ecological data from the 19" and 20®
centuries tell us little about what might have occurred
300 to 400 years earlier.

Thus, paleoecologists have only fossil pollen and charcoal
analyses of lake and bog sediments with which to
investigate fire-vegetation interactions for the prehistoric
period. Fossil pollen analysis, first developed by von Post
(1916, cited in Davis 1963) in Scandinavia, has been
used in North America since the 1930’s to reconstruct
vegetation-climate interactions. Iversen (1941) first used
charcoal analysis to investigate the effects of Stone Age
people on vegetation of Denmark. But the technique

has only recently (since about 1950 initially, and, widely,
since the 1970%) been employed in North America
(Patterson et al. 1987). Both pollen and charcoal analyses
involve examination of indirect evidence of vegetation
and fire and are fraught with a series of assumptions and
constraints. But the data they provide about periods in
the past for which no other information is available is of

great value.

GTR-NRS-P-1 3



Fossil Pollen Analysis

Paleoecologists obtain sediments from small ponds,
lakes, and bogs using coring devices that preserve the
stratigraphy of the core, with the youngest sediments at
the top and older ones below. Cores are extracted in 0.5-
to 1-m lengths and samples are withdrawn at intervals
that depend on the rate at which sediments are estimated
to have accumulated and the objectives of the particular
study. A study of vegetation-climate interactions over
thousands of years might involve sampling a core at
intervals of 10 or more cm (100- to 200-year precision).
Fire-vegetation interactions, are best described by data
from cores sampled at one to several centimeters (with

perhaps 5- to 20-year precision).

The theory of pollen analysis is well established. Von
Post (1916), and, more recently, several North American
studies observed that pollen is generally well preserved
in cold, anaerobic, acidic, lake and bog sediments; that
pollen of different species or genera can be distinguished
one from another; and that for most species the
proportion of pollen grains of different types in sediment
samples approximates the proportion of plants of those
types on the landscape. Sediments from cores drawn from
small ponds or wetlands are more likely to reflect local
conditions (Jacobson and Bradshaw 1981), with cores
from bogs often containing information about vegetation
of both the wetland and the surrounding upland.

Not all species can be distinguished based on their
pollen; this is a particular problem for oaks. None of
the 36 species native to eastern North America can

be distinguished one from another based on pollen
characteristics. Oaks as a group can be distinguished
from other members of the Fagaceae family, e.g. beech
and chestnut, and they can be distinguished from the
hickories, birches, hemlock and pines, so it is largely at
the level of genera that we can make inferences about fire
and oak interactions. As with the other wind-pollinated
species mentioned, oaks produce abundant pollen
compared to maples and other largely insect-pollinated

species.

Pollen data usually are expressed as a percentage, with

the amount of oak pollen, as an example, a percentage

4 Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

of all fossil pollen identified on microscope slides

after sediments are processed to remove inorganic and
nonpollen organic constituents (Faegri and Iversen
1989). Percentage data suffer from the inherent
limitation that if the absolute abundance of one
constituent (e.g., oak pollen) increases (or decreases)
dramatically, then the other constituents (e.g., pine,
hemlock, hickory, birch and whatever other pollen
types are identified as being present in the sample) must
decline (or increase), on a precentage basis, even when
the absolute number of pollen grains remains constant.
The problem is illustrated with hypothetical data (Table
1A), where an absolute decline in hemlock pollen is
reflected in an apparent increase in pine, oak, and other
types even though they have the same absolute amounts
in all samples. This problem can be circumvented if a
known quantity (say 40,000 grains per cubic centimeter
of sediment being processed) of a marker grain (pollen
of a type not present in the local flora, e.g., Eucalyptus
pollen for the Eastern United States) is added during
processing of the sediment and counted along with

the fossil grains. Where the amount of fossil pollen is
compared with that of the marker grains, fossil pollen
can be expressed as an absolute amount of pollen

(number of grains per unit volume of sediment, see Table
1B).

If sediment accumulates at the same rate in a basin
over time, the absolute pollen frequency (APF) allows
species/genera represented in the data set to be evaluated
independently of other types (Davis 1965). However,
sediment accumulation rates are not always the same,
so APF (number of grains/ cm’) is divided by sediment
accumulation rate (cm/year) to yield a pollen influx
rate (in number of grains/cmzlyear) (Davis and Deevey
1964). This measure of pollen abundance represents
an ideal that is not always attainable because sediment
accumulation rates cannot always be estimated

accurately.

Cores are dated and sedimentation rates established by
a variety of methods. Carbon-14 dating can establish
absolute dates to 30,000 or more years before the
present. But the accuracy of C-14 dates is on the order
of decades to 100 years or more (Bradley 1999) and
declines rapidly in sediments less than about 500 years

GTR-NRS-P-1



Table 1.—Hypothetical pollen data showing the effects a large change in the absolute amount of one
pollen type (hemlock) on the percentages of other types. The number of hemlock grains (A) decreases
from 150 to 5 from the deepest to the shallowest sample, whereas the number of all other types does not
change. The decrease in hemlock grains is properly reflected in a sharp decline in hemlock pollen as a
percentage of the total even though the total number of grains identified declines. But the percentages of
the total represented by the other three types—pine, oak and all other types combined (other)—increase
by more than 50 percent. Expressing the pollen as number of grains per cubic centimeter (absolute pollen
frequency) yields a more appropriate interpretation (B). The addition of 40,000 grains of an exotic pollen

grain per cc of sediment sample processed, and counting these grains along with the fossil grains, is
assumed. Expressing data as APF still assumes that each sample represents the same number of years of
accumulated sediment, an assumption that must be verified by careful dating of many sediment samples
and the calculation of sediment accumulation rates for different portions of the core being analyzed.

A
Hemlock Hemlock EXOTIC

depth  Pine# Pine% Oak#  Oak % # % Other # Other %  Total # #
500 100 39.2 25 9.8 5 2.0 125 49.0 255 400
503 100 39.2 25 9.8 5 2.0 125 49.0 255 375
506 100 39.2 25 9.8 5 2.0 125 49.0 255 350
509 100 38.5 25 9.6 10 3.8 125 48.1 260 400
512 100 33.3 25 8.3 50 16.7 125 41.7 300 375
515 100 25.0 25 6.3 150 37.5 125 31.3 400 425
B

#/cc #/cc #/cc #/cc #/cc
500 10000 2500 500 12500 25500
503 10667 2667 533 13333 27200
506 11429 2857 571 14286 29143
509 10000 2500 1000 12500 26000
512 10667 2667 5333 13333 32000
515 9412 2353 14118 11765 37647

old. Other isotopes, including Lead-210 (Pb-210),

are useful for dating younger sediments. Lead-210 is a
decay product of radon gas, which occurs naturally in
soils. Concentrations of Lead-210 in sediments are used
to establish sediment accumulation rates and to date
sediments that generally are less than 150 to 200 years
old. Cesium-137, a product of atomic bomb testing in

the 1940’s, allows dating of younger sediments.

Regionwide changes in the abundance of several pollen
types have been dated independently. Examples include
the decline in hemlock (Zsuga canadensis) in eastern
North America approximately 5,000 years ago (Webb
1982) and the recent (1900-1920 AD) decline in
chestnut (Castanea dentata) due to the chestnut blight
(Anderson 1974). Increases in the abundance of pollen

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

of ragweed (Ambrosia spp.) and plantain (Plantago spp.)
mark the local advent of European agriculture from 300
to 350 years ago on the East Coast to 100 to 150 years

ago in Minnesota.

The most precise estimates of sediment accumulation
rates can be obtained from varved lake sediments,

i.e. those that have alternating layers of light and

dark sediment that correspond to changes in seasons
within a year. A pair of one light and one dark layer
forms a couplet that indicates a full year of sediment
accumulation (Fig. 1). Several processes can form banded
(or laminated) sediments (O’Sullivan 1983), and precise
chronologies can be established from them. However,
they are rare, having been identified in no more than a

dozen or so lakes in Eastern North America.
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Figure 1.—Photomicrograph of varved sediments from a lake

in northwestern Minnesota. Thin, horizontal bands of light and

dark sediments throughout the core are thought to represent
changes in the chemical composition of sediments related to
seasonal variations in oxygen content of the bottom waters,
with each pair of bands representing one year (Foster 1976).
Broad bands in the middle of the section may have been

formed by erosion events, and pairs may or may not represent
one year’s sediment accumulation (Patterson 1978). The core

section is approximately 10 cm wide by 25 cm long, with the
youngest sediments at the top of the section.

In summary, although imprecise by the standards
applied to modern ecological studies, fossil pollen
analysis techniques are largely standardized among
research labs and limitations are well understood. Pollen
analysis provides information about time periods for
which no other information is available and is a useful
tool for exploring hypotheses about past vegetation

development and vegetation-environment interactions.

Sedimentary Charcoal Analysis

Sedimentary charcoal analysis is less widely used than
pollen analysis, and there are a variety of competing
techniques for quantifying past charcoal production i.e.,
fire activity. The half dozen or so U.S. labs routinely
performing charcoal analysis tend to use a variety of

methods that may or may not yield comparable results

6 Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

when applied to the same sediments (Patterson et al.
1987). Recent advances in the theory and methods

of sedimentary charcoal analysis (Clark 1988a, b) are
most useful when accurate and precise information on

sediment accumulation rates is available.

Unlike pollen, which is produced annually in roughly
the same amounts from similar vegetation types,
charcoal is produced intermittently from fires that
occur at different return intervals and that burn with
different intensities in different fuels across varying
potions of a landscape. Abundant charcoal is carried
long distances in towering convection columns from
large, intense crown fires burning in conifer forests.
Conversely, charcoal produced by lower intensity
surface fires burning in deciduous forest (e.g., oak and
other hardwoods in the Eastern United States) is less
likely to be transported long distances by air, even when
large areas burn in a single fire. Short-distance transport
by air and hydrologic transport in runoff probably
characterizes these fires. Analysis of pollen data tends

to focus on running averages that emphasize the year-
to-year continuity in pollen production and gradual
changes in vegetation, whereas fires can elicit dramatic
changes in charcoal influx from one year to the next,
and can dramatically affect pollen production within

the area contributing pollen to a basin.

Patterson et al. (1987) discussed how charcoal is
produced, transported to deposition sites, and
eventually preserved in sediments. Larger charcoal
particles signal locally occurring fires (Clark and
Patterson 1997; Clark and Royall 1995a), so
quantifying charcoal by particle size rather than by
number of fragments has been emphasized. Charcoal
often is quantified on microscope slides prepared for
pollen analysis, but Clark (1988b) argued that it is the
abundance of macroscopic charcoal (i.e., fragments
longer than 150 to 200 microns) that provides the most
information about local fire history. This is likely true
for intense fires burning in heavy fuels in dry conifer
forests. It is less clear if the generalization applies to fires
burning through predominantly leaf (nonwoody) litter
in deciduous forests.
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Charcoal area (the sum of the sizes of all fragments in

a sample) often is represented relative to fossil pollen
content (i.e., square microns of charcoal:number of
fossil pollen grains, or 1*Ch:P) based on the idea that
local fires produce large charcoal particles while at

the same time reducing pollen production by killing
plants. Because fires, and thus charcoal production,

are transient on the landscape, reconstructing fire
histories requires sampling sediments at close intervals
and the analysis of contiguous (or nearly so) analysis of
samples—what Green and Dolman (1988) refered to

as fine resolution analyses. It is for this type of analysis
that varved sediments can be most useful (Swain 1973;
Clark 1988a). However, they are not required, as shown
by Motzkin et al.’s (1993) detailed reconstruction of the
fire and vegetation history of a Cape Cod cedar swamp.
It is perhaps most important to sample small basins with
well-defined watersheds relative to the area burned if one
hopes to identify the response of vegetation to individual
fires (Patterson and Backman 1988).

THE PALEOECOLOGY OF OAKS

Hundreds of sites have been cored and evaluated for
fossil pollen content in North America. The National
Oceanographic and Atmospheric Administration’s
(NOAA) Fossil and Surface Pollen Data website
provides access to data for many of these. A map of

the distribution of sites for which data are archived can
be viewed at: http://www.ncdc.noaa.gov/paleo/pollen.
html by clicking on the North American portion of the
Web Mapper box. The cursor can be used to outline the
eastern portion of the resulting view of North America
to locate individual sites. Clicking on individual red stars
allows the viewer to see a pollen diagram for that site,
or access the original data used to generate the diagram.
As an example, clicking on the one star in the state of
Kentucky and then clicking on Diagram (rather than
Data) provides view of the pollen diagram for Jackson
Pond (Wilkins et al. 1991). The site has sediments that
date to at least 20,000 years ago, and the pollen data
show that oaks have dominated on the surrounding

upland for approximately 10,000 years.

There are more than 100 sites for Eastern North

America in the North American Pollen Data Base, and
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diagrams and data are available for each. Data from
these sites have been merged to provide maps of North
America which show the abundance of individual pollen
types at discrete times (generally in increments of 500
or 1,000 years) in the past. By clicking on the Pollen
Viewer box, you can access animated reconstructions

of the spatial and temporal variation in the abundance
of individual types. Using the scroll box to locate
Quercus (5,20 and 40%) brings up color-coded range
and abundance maps for oak for the past 21,000 years.
Comparisons across many sites of oak pollen abundance
in modern sediments with the occurrence of oak species
on the surrounding landscape (as from forest inventory
data) allow us to make inferences about the importance
of oak as a component of past vegetation. When oak
pollen exceeds approximately 5 percent, oak generally

is at least present within the area contributing pollen to
the basin. At 20 percent, oak is abundant; at 40 percent
it dominates the overstory in the surrounding forests
(Webb 1978; Webb et al. 1978). By clicking on the Play
button, you can see changes in oak pollen percentages
over the past 21,000 years and interpret the extent of

oak trees on the landscape.

Animating the pollen viewer shows that oaks reached
their current range limit by approximately 10,000 years
ago and were most important during the Holocene,
from 9,000 to 10,000 BP. They were the first hardwoods
to establish and dominate following the retreat of boreal
spruce-fir forests to the north, and their lower pollen
percentages after about 9,000 BP is partly a reflection
of the arrival and establishment of other species of

the eastern deciduous forest (e.g., beech, the hickories
and maples and, finally, chestnut). The pollen viewer
shows a contraction of the area dominated by oaks ( >
40 percent) during the past 500 years, especially in the
Central States west of the Appalachians. This probably
reflects the loss of forest land to agriculture in the
Midwest. Similar declines (but more recent recoveries)
in the Northeastern States have been attributed to
overcutting of oaks for fuelwood in the 18" and

carly 19" centuries (Brugam 1978; Backman 1984).
Cordwood shortages during this period are documented
in the historic records for south-coastal New England

(Stevens 1996).
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THE PALEOECOLOGY OF FIRE
The NOAA web site referenced for pollen also provides

access to fire history data: http://www.ncdc.noaa.gov/
paleo/impd/paleofire.html. This site also links to a Web
Mapper for North American sites, but the map shows
only one “charcoal sediment” site east of the Mississippi
River (at Indiana Dunes National Lakeshore). Pollen
diagrams with accompanying charcoal data have been
produced for dozens of sites in the Eastern United States
by researchers from, among others, the Universities of
Minnesota, Maine, and Massachusetts; Rutgers, Brown
and Duke Universities; and the Harvard Forest (Harvard
University). Several of these sites are included in the
North American Pollen Data Base, but with no charcoal
data.

The reasons for the paucity of data for charcoal for the
NOAA sites are many, but perhaps the most important
is the lack of a standardized way of reporting charcoal
results. Summaries of data for some sites have been
published (Patterson and Backman 1988; Patterson and
Sassaman 1988; Clark and Royall 1996; Parshall and
Foster 2002); From these summaries we can generalize
that just before European settlement, the amount of
charcoal in sediments decreased from west to east, with
the lowest values in the mountainous regions of New
England (Patterson and Backman 1988). For the most
part, sedimentary charcoal content decreased with the
arrival of European settlement west of the Appalachians,
but increased in New England. This pattern generally is
consistent with perceptions of the role of fire in eastern
North America before and after European settlement
(Pyne 1982).

THE PALEOECOLOGY OF OAK
AND FIRE

Access to charcoal data in the same NOAA formats
available for pollen would greatly facilitate an evaluation
of the prehistoric role of fire in maintaining oak forests.
For now, researchers are left with the evaluation of
fire-oak interactions on a site-by-site basis. Reviews are
available but the results are ambiguous. Clark and Royal
(1995) documented a shift from northern hardwoods to
white pine/oak forests with the establishment of a local

Indian settlement about 1450 AD in southern Ontario,
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at Crawford Lake, and attribute the shift to Indian-
ignited fires. In support of the role of Native American
burning in the maintenance of oak forests, Delcourt and
Delcourt (1997) used pollen, charcoal, and archeological
data to conclude that “Native Americans played an
important role in determining the composition of
southern Appalachian vegetation through use of fire.”
They argued that fires would have stimulated sprouting
“thereby increasing the abundance of chestnut and oaks

growing in open groves.”

Campbell and McAndrews (1995) disagreed with Clark
and Royall’s (1995b) Crawford Lake interpretation
despite an apparent sharp increase in sedimentary
charcoal at about the time that oak and pine percentages
increased at the expense of elm, sugar maple, and beech.
They attributed the change in forest composition to
climate anomalies associated with the Little Ice Age.
Clark (1995) defended the fire hypothesis but careful
examination of the pollen and charcoal data (Figure

3 in Clark and Royall 1995b) apparently shows that

oak pollen percentages began to increase just before

(ca. 1400 AD) a major fire, as indicated by the highest
charcoal influx values (centered on ca. 1450) in the core.
Oaks producing pollen that contributed to the increase
in percentages ca. 1400 AD probably established as early
as 1350, given the several decades that it takes oaks to
produce pollen after establishing from seed. Peak pollen
values for oak (30 to 40 percent) are in sediments that
postdate the ca. 1450 fire (approximately from 1500 to
1800). Clark (1995) notes that the Crawford lake site
appears to show a different set of transitions (with a
different cause—Native American burning vs. climate
change?) compared to other sites in the region. At
Devel’s Bathtub in west-central New York, Clark and
Royal (1996) found abundant oak pollen throughout
the Holocene, but surprisingly little charcoal in the
sediments. On the basis of data from this site, they
questioned the dependence of oak on fire “at Devil’s
Bathtub and other sites in the northeast” (Abrams
2002).

Following the publication of their discussion with
Campbell and McAndrews regarding the interpretation
of the Crawford Lake site, Clark and Royall (1996)
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reviewed local and regional sediment charcoal for
evidence of fire in presettelment northeastern North
America. Thye reported that “We did not find evidence
for fire in mixed oak forests, where it has been speculated
that fire might be necessary for oak recruitment.”
Abrams (2002), reviewed several published pollen

and charcoal diagrams, including those for Crawford
Lake and Devil’s Bathtub. Despite acknowledging the
reservations of Clark and Royall (1996), he concluded
that “many paleoecological papers show an intrasite
increase in regional or local charcoal with increases in

oak abundance.”

My own review of published and unpublished work
for this paper supports the somewhat ambiguous
interpretation suggested by Clark and Royall. It is clear
that at many sites charcoal is abundant when oak is
dominant, or that across sites, samples from sites with
more oak tend to have more charcoal than those from
sites surrounded by more mesic, less fire-prone forest
types. Crawford Lake notwithstanding, what appears
to be lacking is evidence that an increase in fire has

caused oak to become more abundant where it was less

so. Most fire managers would acknowledge that litter
fuels in oak forests are more prone to burn than those in
mesic forests. Indeed, the northern hardwood forests of
western New England are widely referred to by foresters
as “asbestos forests” (Borman and Likens 1979), an
acknowledgement of the low flammability of beech,
maple, and birch litter. But questions remain: Is there
more oak pollen in sediment samples with abundant
charcoal because fire favors oak-dominated vegetation? Is
there more charcoal in sediments with abundant charcoal

because oak fuels are more likely to burn?

I believe that insights can be gained by examining
individual sites. I next use data from sites in Virginia,
southern New England/Long Island, and on the coast of
Maine to illustrate some of what we have learned about
the interaction between fire and oaks along the Atlantic
Seaboard. Following the example of Jacobson (1979), I
have chosen pairs of sites in each of the three regions to
illustrate how oaks growing on different sites respond
differently to fire.

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

Western Virginia

We reconstructed fire and vegetation histories for

two different sites near Staunton in western Virginia
(Patterson and Stevens 1995). Brown’s Pond, at an
elevation of 2,000 feet in Bath County (38°08°50" N,
79°36723" W), lies in a protected cove and is surrounded
by mixed mesophytic forests dominated by red and white
oaks and a variety of associated hardwood species. Pines
occur only occasionally on the surrounding uplands.
Soils are deep (greater than 60 inches to bedrock) loams.
Pollen (but not charcoal) data for sediments dating to
17,350 BP are available in the North American Pollen
Data Base (Kneller and Peteet 1993). We obtained a
90-cm-long core from the site in 1994 and analyzed

the sediments for pollen and charcoal content (Fig. 2).
Increases in pollen of agricultural indicators (chiefly
ragweed) mark the advent of cultivation by Europeans
300 years ago. Oaks have been the dominant species in
the Brown’s Pond watershed, with pollen ranging from
40 to 60 percent (of all pollen grains identified) in all
samples. Charcoal to pollen ratios (Ch:P) range from 0
to more than 400. Our work on Mount Desert Island,
Maine suggests that Ch:P values in excess of 150 to 200
indicate fires occurring in the watershed of small ponds,
whereas lower values probably represent charcoal blown
in from afar (Patterson and Backman 1988; Clark and
Patterson 1997). Although individual peaks in charcoal
abundance are evident, the sampling interval was

broad and identifying individual fires and estimating
the interval between them are not possible. Still, we
concluded that fires have been part of the local landscape
throughout the 6,000-year period represented by the
core. Charcoal values were somewhat higher before
Europeans arrived, but the overall abundance of fire on

the landscape did not change with their arrival.

Green Pond is approximately 30 miles southeast of
Brown’s Pond at an elevation of 3,200 feet in Augusta
County (37°56"23" N, 79°02"51" W). It lies on

an exposed ridge known locally as Big Levels and is
surrounded by chestnut (Quercus prinus) and black (Q.
velutina) oaks, and pitch pine (Pinus rigida) over dense
thickets of ericaceous shrubs. Soils are very stony loamy

sands with depths to bedrock of 40 to 48 inches. A
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35-cm-long sediment core obtained in 1994 represents
approximately the last 900 years. Oaks (40 percent of
total pollen) dominated the uplands prior to European
settlement about 250 years ago. Pines, which like oaks,
produce abundant pollen, were less important, and
charcoal values were somewhat lower (Ch:P = 0-300)
than observed at Brown’s Pond. One or more major
fires apparently burned near the pond about 150 to 250
years ago, with charcoal abundance increasing to 400

to 600 before declining in recent sediments (Fig. 3).
The increase in fire activity was followed by an increase
in pine and a decline in oak. Although oaks remain an
important component of the modern vegetation, recent
pine pollen percentages are more than double those prior

to settlement.

Results from Brown’s and Green ponds suggest that
on mesic soils in protected locations of the southern
Appalachians, light surface fires may contribute to

maintaining oaks as a dominant component of mixed
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Figure 2.—Pollen and charcoal profiles for
Brown’s Pond, Bath County western Virginia.
The date of local settlement by Europeans
(dashed line) is from historical accounts.

400

mesophytic forests—perhaps by selecting against more
shade tolerant but less fire tolerant mesophytic hardwood
species. On exposed sites with poorer soils where shade-
tolerant (mesic-site) species compete less well (e.g.,

at Green Pond), oaks may persist with less fire. More
frequent fires, at least some of which are likely to be
more severe on shallow soils, may favor the establishment
of pines and increase their importance on the landscape.
However, longer lived oaks still persist, even in the face
of competition from dense shrub understories, which
may prevent pines from regenerating without fire
(Patterson and Stevens 1995).

South Coastal New England and Long Island

Deep Pond lies at an elevation of 28 feet on the
Ronkonkama Moraine in northeastern Suffolk County,
Long Island, New York (40° 56" 11"N, 72° 49 52"W).
The uplands surrounding the pond are dominated by
black and white oak and pitch pine. Soils are deep,
loamy sands. A sediment core spanning the past 2,200
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years was recovered in 1981 (Backman 1984). Oaks
dominated throughout the sample period, though
percentages have declined somewhat, with pitch pine
increasing in importance since European settlement
about 300 years ago (Fig. 4). Charcoal values are high,
averaging 400 to 600 before settlement and increasing to
500 to more than 1,000 in recent centuries. As at Green
Pond in Virginia, recent increases in fire activity appear

to favor pitch pine.

Charge Pond, at an elevation of 66 feet in Plymouth
County, Massachusetts (41° 48" 58"N, 70° 40" 31"W),
occupies a kettle hole in outwash of the Wisconsin
glacial stage. Course, sandy soils currently support a
mixture of pitch pine and scrub oaks. The area around
the pond burned most recently in a catastrophic fire in
1957. Backman (1985) described the fire and vegetation
history for the past several hundred years based on his
analysis of a core obtained in 1981 (Fig. 5). Fire activity
has been high throughout the last several hundred years,
as evidenced by charcoal values which rise from 500 to
1,000 before European settlement to 4,000 to 5,000

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

T T T )
200 400 600 800
microns”2 : pollen

analyst: A Stevens

The date of local settlement by Europeans
(dashed line) is from historical accounts.

during the post-settlement period. Oaks and white pine
(Pinus strobus) were dominant before settlement. Because
tree oaks are more likely to occur with white pine, we
assume that white and black oak were more important
than scrub oaks (Patterson and Backman 1988). Today,
the vegetation on the upland is referred to as pitch
pine-scrub oak barrens, but our data suggest that these
species—especially pitch pine—have been dominant
only since fire activity increased following European

settlement.

Data from Deep and Charge ponds suggest that on
course-textured soils, where pines are better able to
compete with oaks, oaks survive at moderately high
fire activity, but composition has shifted towards an
increasing importance of pitch pine with the high fire
activity during the post-settlement period. A more
detailed examination of the pollen data suggests that
with increasing fire activity, more mesic hardwood
species, including hickory (Carya spp.), maple and
beech, decline in importance.
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Coastal Maine

Mount Desert Island in Hancock County, Maine, is

a 120,000-acre mountainous, ocean island 40 miles
south of Bangor. Diagrams for two small ponds provide
insights about the interaction between fire and oaks
near their northern range limit. Only red and bear oak

(Quercus ilicifolia) occur naturally on the island today.

Sargent Mountain Pond is at an elevation of 1,145

feet (44° 20" 04"N, 68° 16" 10"W). Mature spruce
(Picea spp.) forests on shallow-to-bedrock, granitic
soils surround the small mountain pond, which lies
just outside the western boundary of the great Bar
Harbor Fire, which burned nearly 20,000 acres on the
Island in October 1947. Oaks are not present in the
pond’s small watershed but there is a stand of red oak
regenerated by the 1947 fire about 1 mile to the north.
Pollen and charcoal analysis of a 30-cm-long sediment

core provides information on the fire and vegetation
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Figure 4.—Pollen and charcoal profiles for
Deep Pond, Suffolk County, Long Island, New
York. The date of local settlement by Europeans
(dashed line) is from historical accounts.

2000
microns*2 : upland pollen

history of the watershed for the past 400 years (Fig. 6).
At least two fires burned the surrounding upland, one
about 1700 AD, 60 years before the first permanent
settlement on the Island at Somesville 2 miles to the
west, and a second in the mid-19® century. The second
fire probably occurred in conjunction with the logging
of the mountain’s virgin stands of spruce. Charcoal at
background levels of less than 200 p” for the rest of the
core shows that no other fires have burned within the
watershed during the period of record. The two discrete
fires separated by 150 years allow interpretation of post-
fire succession—alder (Alnus spp.), followed by birch,
and finally spruce—that is consistent with what has
been observed following early and mid-20" century fires
(Patterson et al. 1983; Patterson and Backman 1988).
Oak pollen occurs at generally less than 5 percent and
rises only slightly following fires, perhaps reflecting the
increased importance of regional pollen following stand-

replacement fires on the watershed.

GTR-NRS-P-1



CHARGE POND

Plymouth County, MA

FOSSIL POLLEN AND CHARCOAL
1981

=
]

o
1

ca.1800 AD -

20

25

DEPTH IN SEDIMENT (cm)

30-

35

40-

r T T T 1 r T T 1 r T T T 1 i} T
0 20 40 0 20 0 20 40 O 0 200
% % % % %

analyst: A.E. Backman

Lake Wood, at a lower elevation (35 feet) and 6 miles
northeast of Sargent Mountain Pond (44° 24" 27"N, 68°
16" 06"W), lies in a glacially scoured valley with soils
derived from course glacial debris overlain in places by
marine clays. The entire watershed of Lake Wood burned
in the 1947 fire. The vegetation today is dominated by
paper (Betula papyrifera) and gray birch (B. populifolia),
red (Pinus resinosa) and white pine, and occasional red
oaks. A small stand of hemlock in the southeastern part
of the watershed regenerated following the 1947 fire.
Hemlock is uncommon in the forests of Mount Desert

Island.

Like Brown’s Pond in western Virginia, we have a long
record of fire-vegetation interactions from Lake Wood.
Unlike the Virginia core, the Lake Wood core was
sampled and analyzed with very fine resolution; sample-
to-sample precision is on the order of 20 to 40 years.
The pollen data suggest oak has been present as at least

a minor component of the local vegetation for much

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference
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Figure 5.—Pollen and charcoal profiles for
Charge Pond, Plymouth County, Massachusetts.
The date of local settlement by Europeans
(dashed line) is from historical accounts.

of the past 6,000 years despite substantial changes in
species dominance. Hemlock, white pine, birch, sugar
maple, and beech (not shown in Fig. 7) dominated until
about 2,000 years ago when spruce (plus cedar and fir)
replaced the hemlock and northern hardwoods. The
charcoal record clearly documents the local occurrence
of the 1947 Bar Harbor fire at the top of the profile.
This fire occurred during the driest month in more
than 150 years of recorded weather history in Maine
(Baron et al. 1980), and may have been the most severe
fire to occur on the watershed during the entire 6,000
year period represented by the core. However, different
fire regimes appear to dominate at different times, and
the abundance of oak varies with them. Approximately
3,000 to 6,200 BP as many as five or six charcoal peaks
occurred, usually in conjunction with changes in the
abundance of hemlock. We are investigating whether
these fires followed declines in hemlock caused by
insects, disease, or blowdown, or themselves were the

cause of the declines (unpublished data), but oaks are
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clearly more abundant during this period than during
the subsequent 1,000-year period (2,000 to 3,000 BP)
with no fires. The shift from hemlock to spruce in the
region at 2,000 BP is accompanied by an overall increase
in fire activity, but oak does not increase again until well
after this change in vegetation (and fire regime). Oak
pollen percentages at the surface of the core are higher
(at 11 percent) than at any time since about 3,700 BP.

In conjunction with a companion site (The Bowl) on the
Island for which we have comparable detail for an even
longer period of time (unpublished data), the detailed
sampling of the Lake Wood core over a long period
provides us, with the opportunity to seek answers to
the questions posed earlier: Do changes in fire regimes
cause changes in oak abundance? Do the increased
flammability of oak fuels cause more frequent fires on
the landscape? Our analyses to answer these questions
are incomplete but the evidence for this one site where
fire has historically been infrequent on the landscape
suggests at least a correlation between fire activity and

oak abundance.
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Figure 6.—Pollen and charcoal profiles for
Sargent Mountain Pond, Hancock County,
Maine. The date of local settlement by
Europeans (dashed line) is from historical
accounts and Lead-210 analysis.

SUMMARY AND CONCLUSIONS

Paleoecological evidence, such as the fossil pollen and
charcoal data presented here, is incomplete, fraught
with uncertainties, and dependent on assumptions that
often are difficult to evaluate. But they are the only
data available that allow us to make inferences about
fire and vegetation before the time of recorded history.
There is value in considering the long-term interactions
between fire and vegetation, especially for long-lived
forest trees like the eastern oaks, because processes like
fire, which influence stand initiation and development,
have secondary effects that are realized over decades

or even centuries. Changes in fire return intervals, the
interaction between fire occurrence (and effects) and
climate (which itself changes), and the rare occurrence
(in some systems) of catastrophic fires, must be studied
over periods far longer than fire scientists are accustomed

to contemplating.
In this paper I have examined the value of using

paleoecological data to investigate the response of oaks

as a group to fire. Chief among the difficulties is that
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we cannot distinguish among any of the dozens of oak
species based on their pollen morphology. Similarly, we
often can only guess at how changes in the abundance of
charcoal in sediments relate to the intensity, severity, or
extent of individual fires. And it is only under unusual
circumstances that we can identify individual fires and
their effects on vegetation using fossil data. The detailed
analyses for the Sargent Mountain Pond and Lake Wood

sediments are unique in this regard.

Yet fossil data do provide information that may be

useful in the future management of oak forests. Chief
among the lessons we have learned is that it is difficult to
generalize about the interaction between fire and oaks on
the centuries-long time scales that are relevant to forest
stand development and change. Oaks have persisted
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Figure 7.—Pollen and charcoal profiles for
Lake Wood, Hancock County, Maine. The date
of local settlement by Europeans (dashed line)
is from historical accounts.

for thousands of years in a fire regime apparently
characterized by relatively infrequent, low-intensity fires
at Brown’s Pond in western Virginia. But oaks also have
persisted for millennia under frequent, probably higher
intensity surface fires at Deep Pond on Long Island.

At Green Pond, surrounded by more xeric soils and
vegetation at higher elevations in Virginia, one or more
severe fires at the time that Europeans arrived changed
the balance between oaks and pines. The same is true for
Charge Pond in southeastern Massachusetts. In neither
case were oaks reduced to minor components of the
vegetation, but the balance between oak and pine was
clearly shifted toward the later. On the Maine coast, near
the northern limits of the range of oaks, fire at times has
been rare, and oaks have been a minor component of

the vegetation as a whole. Yet when fire return intervals
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are reduced (i.e. fires occur more often), oaks seem to

compete better with more shade-tolerant conifers and

hardwoods.

In the Upper Midwest, Jacobson (1979) found that
white pine migrated into oak forests, perhaps in
response to a “slight decrease in fire frequency” at various
times during the Holocene. This finding is counter

to those for the Green and Charge ponds in the East.
Jacobson did not provide charcoal data to support his
hypothesis, but it is likely that fires were so frequent in
the oak savannah stands he postulates that pines would
not have been able to survive. White (1983) found that
annual burning maintains oak savannas with grassy
understories in prairie-forest transition stands in east-
central Minnesota. Jacobson assumed that white pine

cannot tolerate return intervals of less than 20 years.

There is little evidence from sites on the East Coast
that fires were frequent enough to give rise to savannas
like those of the Upper Midwest. At none of the sites

I have discussed has an increase in charcoal, either
before or after European settlement, coincided with

a substantial increase in grass pollen. Stevens (1996)
suggested that frequent Native American burning on the
island of Martha’s Vineyard, Massachusetts, may have
been responsible for the coincidence of high charcoal
values and high oak and grass pollen percentages. She
also found abundant charcoal with abundant oak and
grass pollen in post-settlement sediments, but it may
have been grazing and cultivation as much as fire that
was responsible for this correlation, which was largely
restricted to coastal sites regionally (Foster and Motzkin
2003).

Recent work at the Harvard Forest emphasized the
variety of opinions on the importance of interactions
between fire and oaks in the Northeast. Parshall and
Foster (2002) generally discountrd the importance of
fire relative to climate and soil factors as influencing
regional variation in the vegetation of the oak region
of southern New England. But Foster et al. (2002)
postulated that fire is important, albeit at lower levels
than along the coast, in maintaining oak and chestnut

forests in central Massachusetts. Their work shows that

16 Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

detailed reconstructions of fire and vegetation histories
at selected sites hold the promise of further advances
in our understanding of the long-term relationship
between fire and oaks. However, our interpretation of
historical data must be informed by a knowledge of
fire-vegetation interactions from contemporary studies.
Long-term prescribed burning experiments, like those
conducted for nearly half a century at the Tall Timbers
Research Station in Florida (Stoddard 1962), will
increasingly provide information that will allow us to

better interpret the paleoecological record.
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FIRE SCARS REVEAL VARIABILITY AND DYNAMICS OF EASTERN
FIRE REGIMES

Richard P. Guyette'’, Daniel C. Dey’, Michael C. Stambaugh', and Rose-Marie Muzika'

Abstract.—Fire scar evidence in eastern North America is sparse and complex but shows promise in
defining the dynamics of these fire regimes and their influence on ecosystems. We review fire scar data,
methods, and limitations, and use this information to identify and examine the factors influencing
fire regimes. Fire scar data from studies at more than 40 sites in Eastern North America document fire
regimes in forests with oak. Fire frequency was highly variable in both time and space even at regional
scales (less than 500,000 ha). Many sites burned frequently (2- to 3-year mean fire intervals) while
nearby sites (less than 40 km distant) burned infrequently (mean fire intervals more than 20 years). The
fire scar record shows that major factors controlling temporal differences in fire regimes are changes in
human population density, culture, and annual drought. Spatial differences in fire regimes are influenced
by regional temperature, human population density, and topographic resistance to the spread of fire.
Severe fire years (more than 10 percent of trees scarred at the sites) were associated with strong regional
droughts that covered most of the Eastern United States and southern Ontario, Canada. Major fire years
in Eastern North America occurred about 3.6 times per century before suppression efforts in forests with
an oak component. Fire regimes with numerous human ignitions were more influenced by droughts.
We synthesize mean fire intervals during the pre-European settlement period using an empirically
derived regression model. The model was developed using two variables to predict broad scale spatial
differences in fire frequency based on fire interval data derived from dendrochronologically dated fire
scarred trees. Sixty-three percent of the variance in mean fire intervals was explained by mean maximum
temperature and 12 percent by mapped human population density and historical documentation.
The model is used to map coarse scale fire intervals in forested regions of the Eastern United States.

INTRODUCTION

Wildland fire is an important disturbance influencing
oak forests (Johnson et al. 2002; Wade et al. 2000).
Changing forest composition and fire risk have given
the history of wildland fire regimes new relevance.
Owing to the longevity of trees, forest composition often
changes slowly in response to fire and at time scales

well beyond the lifespan of single human observers.

To understand how and why forests are changing,

we often can benefit from a longer-term perspective.
Dendrochronology can provide this perspective with
high resolution spatio-temporal data for periods of more
than 300 years (several generations of trees) in Eastern
North America. This period spans changes in human
societies from subsistence to fire suppression. Tree-ring
dating of fire scars and climate reconstructions from the

width of tree rings provide long records of fire dates,

'School of Natural Resources, University of Missouri,
Columbia, MO 65211; *“USDA Forest Service, Northern

Research Station, Columbia, MO 65211; TCorresponding
author, 573-882-7741, email: guyetter@missouri.edu.
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fire locations, and drought. We examine fire history

in forests of Eastern North America during the last
three centuries, emphasizing forests that have an oak
(Quercus spp.) component. We document and analyze
fire regimes using dated fire scars and examine variables
that are hypothesized to influence these fire regimes.
Fire scar data from more than 60 sites in 16 states and
the province of Ontario (Table 1) are used to document
fire regimes and examine their temporal and spatial
variability. To present a more balanced regional analysis
and overview, we excluded a considerable amount of data

from Missouri (more than 20 fire history sites).

Dendrochronological analysis of fire scars and the
reconstruction of fire history from scar data have many
positive and precise features as well as limitations.

Fire scars on oaks provide a detailed record of fire

events, such as exact locations and dates (Guyette and
Stambaugh 2004; Smith and Sutherland 1999). Each fire
scar potentially has a spatial resolution of less than 1 m
and a temporal resolution of less than one year. These

characteristics generally set this method apart from other
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Table 1.—Mean fire intervals from fire scar studies in eastern North America (NH = northern hardwoods,
CH = Central Hardwood, SP = Southern Pine-Hardwoods, PT = Prairie-Forest Transition; na = not available)

Site name State  Forest Trees and forest type Pre-Euro-fire  Post- Euro-  Site data reference

Type interval fire interval
Green Mts. VI NH red pine forest na 18 Engstrom and Mann 1991
Basin Lake ON NH pine-oak woodland 21 na Guyette and Dey 1995a
Papineau L. ON NH oak-pine forest 29 7 Dey and Guyette 2000
Opeongo ON NH pine-hardwoods 29 25 Guyette and Dey 1995b
Bracebridge ON NH red oak forest 11 na Guyette and Dey 1995¢
Joko ON NH pine hardwoods 13 na Dey and Guyette 2000
Seagan ON NH pine hardwoods 17 na Dey and Guyette 2000
Sault Ste. Marie  ON ~ NH  pine hardwoods 26 73 Alexander et al. 1979
Big Bay MI NH  pine- hardwoods 25 na Torretti 2003
Itasca SP MN  NH conifer hardwood 25 36 Spurr 1954
Itasca SP MN  NH  conifer-hardwood 29 13 Clark 1990
Itasca SP MN  NH  conifer-hardwoods 30 9 Frissell 1973
Costal sand MI NH  costal pine forests 18 88 Loope and Anderton 1998
Upland sand MI  NH upland pine forests 23 29 Loope and Anderton 1998
Savage Mt. MD  CH  oak forest 8 8 Shumway et al. 2001
Oreton OH CH  white oak forest na 4 Sutherland 1997
Pike Knob WV  CH  white oak forest na 14 Schuler and McClain 2003
Lemm Swamp TN  CH  oak woodlands 5 8 Guyette and Stambaugh 2005
Saltwell TN CH  oak woodlands 6 8 Guyette and Stambaugh 2005
Richland Creek TN~ CH  oak woodlands 5 4 Guyette and Stambaugh 2005
Huckleberry TN CH  oak woodlands 6 4 Guyette and Stambaugh 2005
Boone Barrens IN CH  oaksavanna 19 5 Guyette et al. 2003
Brush Mt. VA CH  pine - hardwood na 8 Sutherland et al. 1992
Mill Hollow MO  CH  oak-pine forest 6 2 Guyette and Cutter 1997
MOFEP 4 MO  CH  oak —pine forest 3 na Guyette and Stambaugh 2004
MOFEFEP 5 MO  CH  oak —pine forest 4 na Guyette and Stambaugh 2004
Mahans Crk. MO  CH  oak —pine forest 3 4 Guyette and Cutter 1997
Mill Creek MO  CH  oak-pine forest 4 4 Guyette and Cutter 1997
Hartshorn MO CH  oak-pine woodland 3 2 Guyette and Cutter 1997
Shannondale MO  CH  oak forest 13 4 Guyette and Cutter 1997
Gee Creek AR CH  oak-pine forest 15 2 Guyette and Spetich 2003
Gobblers Knob AR CH  oak-pine forest 16 2 Guyette and Spetich 2003
Vermillion MO CH  pine-oak forest 3 na Guyette 1997
Rd1645 MO PT  oak woodland 4 8 Cutter and Guyette 1994
Pleasant Prairie ~ W1I PT  oak savanna na 7 Wolf 2004
Ava Glades MO PT  redcedar-oak glades 6 11 Guyette and McGinnes 1982
White Ran. MO PT  oak woodland 4 8 Dey et al. 2004
Caney Mt MO PT  oak savanna 5 7 Guyette andCutter 1991
Loess Hills MO PT  bur oak woodland 8 4 Guyette and Stambaugh 2005
Granny Gap AR SP pine—oak forest 5 4 Guyette and Spetich 2003
Chigger Rd AR SP  pine-oak forest 13 2 Guyette and Spetich 2003
GSMNP TN SP pine — oak forests na 13 Harmon 1982

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference
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Table 2.—Methods of documenting fire history, their data acquisition and characteristics

Method Sources Resolution Time depth Limitations and advantages

Dendrochronology Crossdated fire Seasonal to Commonly Stand replacement fires
scars from trees, annual with high  two to four not well documented, high
remnant wood. precision centuries, rarely  resolution in time and space
Also ring widths, more
stand age

GLO notes Historical archives  None About 150 to Inferential, spatially explicit

Charcoal sediment

‘Written accounts

Alluvial charcoal

Lakes, peat

Historical
literature and
travel accounts

Alluvial sediments

Variable, decadal

to centuries

Low to daily in
journals

About 500 years
or the limits of
carbon dating

200 years ago

Centuries to
12,000+ years

About 500 years

1000 to
20,000+ years

information

Local sources and low
resolution, long-term data

Nonquantitative, often
biased, includes cultural
information

Low resolution, record of
large, intense, sediment-
producing fires

fire history methods (Table 2). However, a number of

3. Problem: Tree species differ with respect to

problems may arise when developing and interpreting recording fire history. This can result in errors

the fire scar record. A woody growth increment without when comparing histories. So/ution: Sample a

a scar is only weak evidence of “no fire” because many sufficient number of trees to develop a composite

trees are resistant to scarring. In Eastern North America, fire interval that reflects the actual frequency of fire

challenges often arise when constructing fire scar in an area.

histories, such as the limited availability of preserved

fire scars, limited abundance of closely spaced recorder 4. Problem: Spatial extent of a study site influences

trees, differences in record length, and sampling methods the inferred fire frequency. Solution: Confine

that are defined by the limits of the resource. However, analysis to sites of several hundred hectares (less

than 4 km?)

even studies with the most severe sampling problems rise
above the alternative: an absence in our knowledge of

fire history. Problems in developing fire history from fire 5. Problem: The number of sample trees in any

scars (and how we address them in this paper) include: given year may affect the number of fires detected.

Solution: Truncate data from early periods when

1. Problem: Many trees have thick bark and are not there were few recorder trees in the record.

scarred in fires. Thus, the lack of a scar does not

mean the absence of fire. Solution: Minimize the 6. Problem: Many fire scar chronologies have long,

use of studies based only on a single or several trees. open-ended intervals that cannot be interpreted

as true intervals. Solution: Estimate mean fire

2. Problem: Stand replacement fires are not intervals as years per fire.

included in fire scar studies because all fire scars

oceur on survivor trees. Solution: Infer from the The goals of this review and synthesis are to examine the

number of trees scarred when larger and more long-term and large-scale factors that affect the spatial

severe fires occurred. and temporal variability of fire regimes in Eastern North

America. Specific objectives are to examine climate,
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Table 3.—Number of fire scar history studies and sites by Ecoregion

Ecoregion Forest type Studies  Sites
Warm continental ~ Northern hardwoods 13 17
Hot continental Central hardwoods 25 60
Subtropical Southern pine hardwoods 1

Prairie Forest prairie transition 6 6

human, and landscape influences on fire regimes using
data from existing fire scar histories in the eastern oak
forests. We present a preliminary synthesis via regression
modeling, using the effects of temperature and human

population on fire regimes.

REVIEW

Numerous studies (Table 1) have used fire scar data

to reconstruct fire history from the four major oak
ecoregions and forest types of Eastern North America
(Bailey 1997; Johnson et al. 2002). The number of
quantitative fire scar histories varies widely among
ecoregions (Table 3). Both a lack of scientific inquiry
and the scarce availability of datable fire scarred materials
contribute to this disparity. Northern Hardwood studies
are located in Minnesota (Frissell 1993; Clark 1990;
Heinselman 1973; Spurr 1954), Michigan (Torretti
2003), Ontario (Dey and Guyette 2000; Cwynar 1977),
and Vermont (Engstrom and Mann 1991). Central
Hardwood studies are located in Missouri (Guyette

and Kabrick 2003; Guyette et al. 2002; Batek et al.
1999; Guyette and Cutter 1997), Indiana (Guyette et
al. 2003), Tennessee (Guyette and Stambaugh 2005;
Harmon 1982; Armbrister 2002), Ohio (Sutherland
1997), West Virginia (Schuler and McClain 2003),
Virginia (Sutherland et al. 1992), and Maryland
(Shumway et al. 2001). Although there are studies for
the southern pine-oak region (DeVivo 1991, Van Lear
and Waldrop1989), few are fire history studies from

fire scars. There are three fire scar sites on the edge

of the southern pine-oak region in the Lower Boston
Mountains of Arkansas (Guyette and Spetich 2003).
Forest-prairie transition sites are on the edge of the Great
Plains (Guyette and Stambaugh 2005), the oak savannas
of Wisconsin (Wolf 2004), the oak woodlands and
savannas of south-central Missouri (Cutter and Guyette
1994; Guyette and Cutter 1991; Dey et al. 2004), and

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

redcedar glades of southwestern Missouri (Guyette and
McGinnes 1982).

The Warm Continental-Northern Hardwoods region
has several robust fire histories, though most are in
forest types with moderate to low oak abundance.
Several of these were not based on fire scars or derived
from precisely crossdated tree rings (Whitney 1986;
Heinselman 1973). Nine studies in this region had

an average mean fire interval (MFI) of 23 years, with
a range from 11 to 33 or more years before European
settlement (ca. 1650 to 1850).

The Hot Continental-Central Hardwoods region is fairly
well represented, especially in its western half. Here,
many studies indicate a high frequency of burning in
oak and oak-pine forests. Fifteen studies had an average
MFI of 8 years, with a range from 3 to 21or more years
before European settlement. However, in some areas

of the Ozarks, high variability in fire frequency can be
found within small extents (e.g., 3 km) (Guyette et al.
2002).

Unfortunately, little quantitative fire scar data are
available for the Subtropical-Southern Pine-Hardwoods
(Table 3). For this review we used sites (Guyette and
Spetich 2003) on the edge of this ecoregion in Arkansas.
Three upland forest sites in Arkansas had an average
MFI of 11 years, with a range from 5 to 16 or more
years before European settlement. The topographic
roughness and low population density of these sites
during this period probably do not represent the region
as a whole. However, the southern pine-oak region has
a number of species and ecosystems with potential fire
scar data, and represents excellent future opportunities
for documenting fire history. “Yellow pine” species often
have resinous wood that preserves well for at least a
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Figure 1.—Time series of percent trees scarred at sites in or near forests with an oak
component in Eastern North America. The “complete period site” chronology (a, doted line)
is compiled from fire scar chronologies that cover the whole or nearly the whole time
period. The “all sites” chronology (a, solid line) is compiled from all fire scar chronologies
regardless of length. The eastern chronology (b) is from sites in Ontario, Maryland, Indiana,
Tennessee, West Virginia, Virginia, and Ohio. The western chronology (c) is from Arkansas,
Missouri, Wisconsin, Minnesota, and Michigan. See Table 1 for Eastern North American
site references.

century after the death of the tree. Live and recently dead average MFI of 5 years, with a range from 3 to 8 years or
oaks of the white oak group also can provide excellent more years before European settlement.
fire histories.

The fire scar record (Fig. 1a-c) as indicated by the studies

The forest-prairie transition region is represented by cited, provides the timing and magnitude of fire events
several studies in Missouri and Wisconsin, that focus on that can be linked to climate. However, the timing of
conditions from oak woodlands and savannas to cedar annual fire dates is less than exact within a given year
glades. Five sites in the forest prairie transition had an due to the nature of tree growth and fire scars. Fires
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can be dated to the early, mid, and late parts of the
growing season or to the dormant season (generally
October through April). Fire scar evidence from eastern
forests indicates that fires in oak ecosystems occur most
frequently during the dormant season of tree growth. Of
the 60 or more study sites in eastern North America in
which the authors have been involved, about 95 percent
of the fire scars occurred between annual rings during
the dormant season. This probably results from surface
fuel characteristics such as the quantity of leaf litter, its
density and arrangement, and its potential moisture
content all of which increased during leafoff and can lead
to more pyrogenic conditions. The season of burning is
greatly restricted by primary fine fuels as the controller
of fire propagation. Surface fuels in deciduous forests
have more and potentially drier litter when the leaves
have fallen. Full summer canopies mitigate the loss of
litcter moisture and fuel temperature by decreasing solar

exposure.

Factors influencing fire intervals
Spatial and Temporal Climate Differences
Climate is a pervasive factor in all fire regimes and has
complex effects at multiple spatial and temporal scales.
Spatially, we address regional climate differences as
well as the effects of year-to-year climate variability on

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

section of this paper for western
North American (w) site references.
The equation in the upper right
describes the regression line.

fire history sites. The duration of fuel conditioning,

the duration of snow cover, the length and intensity

of the warm season, and primary productivity are tied

to temperature and precipitation. The correlation
between annual mean maximum temperature (proxy
period: 1971 to 2000) and pre-European settlement
mean fire intervals at 38 sites (Table 1) is significant

(p < 0.001) and strong (r = -0.73, Fig. 2), indicating that
temperature likely influences many biotic and abiotic
factors that control fire regimes. Precipitation also was
significantly correlated (r = -0.56, p < 0.01) with fire
intervals. The negative correlation value reflects the
association of shorter intervals between fires occurring at
sites with higher amounts of precipitation. In some ways
this is counterintuitive since wetter conditions can create
shorter fire windows and higher fuel moisture; however,
increased precipitation generally leads to higher primary
productivity and potential more rapid fuel accumulation.
Thus, regional climate parameters, particularly mean
maximum temperature and precipitation, may have a

major influence on fire regimes.

Temporally, the effects of yearly to monthly differences
in climate, particularly drought, are obvious and
important to fire occurrence and fire regimes. Equally
important in eastern deciduous forest ecosystems are
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Figure 3.—Percentage of trees scarred at
sites with fire scar chronologies in Eastern
North American, illustrating the connection
between the fire scar record and historical
documentations of fire history. PDSI is the
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conditions during leafoff, particularly spring and fall
season drought. Our preliminary correlation analysis

of drought and fire extent and severity (percent trees
scarred) shows that annual reconstructed drought indices
(Cook et al. 1999) are weakly (r < 0.2) but significantly
(p < 0.05) associated with the percentage of trees scarred
at various sites in Eastern North America, particularly
those in the western portion. Fire occurrence and percent
trees scarred in eastern oak forests were only weakly
related to reconstructed annual drought over the past
three centuries. This probably results from limitations

of drought reconstructions and their resolution, and

asynchrony between fire occurrence (dormant season)
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3‘0 reconstructed Palmer drought severity
index (Cook et al. 1999). Negative values
denote increasing drought.

and the bases of reconstructed drought (growing-season
ring width). However, in years when many sites and
trees were scarred in Eastern North America, there is
evidence for widespread drought that continues through
growing and dormant seasons (Fig. 3). Eight of ten of
the largest fire years occurred during severe droughts.
We judge by the percentage of trees scarred (years with
twice the average percent trees scarred) that major fire
years in Eastern North America occurred about 3.6
times per century before fire suppression efforts in forests
with an oak component. These large fire years often

are associated with historical documentation (Fig. 3) of

smoke, wildfire, and fire prevention.
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Figure 4.—Regression lines indicate the increased strength of the drought-fire
relationship during periods of high versus low human population density. Fire data
are from more than 2500 dated fire scars at 27 sites in the Current River region of the
Ozark Highlands between 1700 and 1890. Fire area is based on the product of the
percent of trees and the percent of sites burned annually. PDSI is the reconstructed

Palmer drought severity index (Cook et al. 1999).

The fire scar record illustrates that drought-fire
associations are not fully realized in the absence of
numerous ignitions, as many severe droughts result in
no fire events. Human population density influences

the relationship between drought and wildfire by
increasing ignitions. In fire regimes with few lightning
ignitions, the effects of drought on fire occurrence

often are unrealized until human ignitions become
abundant. For example, in the Ozark Highlands, the
extent of wildfire is moderately correlated (r = -0.44,

p = 0.004) with drought during periods with abundant
anthropogenic ignitions (1850 to 1890) but weakly
correlated (r = -0.15, p = 0.014) during periods with low
human population density (1700 to 1849) (Fig. 4). This
supports the hypothesis that humans may have played a

significant role in past fire regimes.

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

When interpreting fire scar records, a common
assumption is that years with a higher percentage of
trees scarred result solely from the effects of drought

on fuels and scarring. However, it is possible that many
past wildfires were the result of climate-conditioned
fuels and numerous drought-inspired human ignitions.
While one might expect an increase in fires owing to
accidental ignitions during drought periods, there is no
necessary causation between drought and the number of
intentional fires. This theory is supported by consistent
correlations between drought and arson documented by
the modern fire record. For example, fire season drought
is significantly correlated with the number of arson fires
in the Eminence Fire Protection District (1970 to 1989)
in the Missouri Ozarks (r = -0.76). On a larger scale,
drought and the number of arson fires summarized by
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Table 4.—Relationship between number of arson fires and drought by
state (Drought data are the annual Palmer Drought Severity Index; the
lower the value of this index, the more severe the drought; thus, the
negative correlation between drought and arson; correlation coefficients
in bold are significant at (p<0.05); fire data: U.S. Dep. Agric. 1940-1997)

State Correlation Mean no. Mean no. No. of
(No. arson fires  arson fires  lightning ~ years of
and drought) fires data
Missouri -0.39 1069 20 48
Arkansas -0.61 1638 85 48
Illinois -0.49 46 0.72 48
Indiana -0.29 36 1.7 48
Tennessee 0.04 1148 12 48
S. Carolina -0.36 1918 58 48
Florida -0.42 2769 580 48

Table 5.—Effects of topographic roughness on mean fire intervals at increasing human
population densities (topo-resistance refers to the resistance of a landscape to the propagation
of fire); details on the calculation of topographic roughness indices found in Guyette et al.
2002; Peak mean fire intervals are for the first decades of most frequent burning

Site Group Number Topo- Roughness Population at
sites resistance index MFI at peak  peak no./km®  Year at peak
Boston Mts., AR 6 high 1.08 2.7 5.5 1875
Current River, MO 10 moderate 1.020 3.5 0.64 1850
Highland Rim, TN 4 low 1.0004 2.3 0.50 1770
year and state are significantly correlated (Table 4) (U.S. fuels (Guyette and Stambaugh, in press). For example,
Dep. Agric. 1940-1997). Thus, during much of our the highly dissected topography of the Current River
history, and even during the recent period of societal watershed in Missouri has been shown to be related
pressure and legal penalties for arson, humans are still to the frequency of fires during periods of low human
purposefully burning landscapes during droughts. population density, when anthropogenic ignitions
were limited in number (Guyette et al. 2002; Guyette
Topographic Resistance to Fire Propagation and Dey 2000). In topographically rough terrain,
The frequency of fire is a function of two types of low-intensity surface fires are impeded by steep slopes,
ignitions: local and neighboring. For example, fires at discontinuous fuels, and variability in fuel moisture
asite 1 to 3 km” in area result from ignitions produced and fuel loading. In addition, topographic roughness
locally (new ignitions within the site) or from the likely mitigates the effect of increasing anthropogenic
propagation of ignitions into the site by a spreading fire. ignitions as many more human ignitions are required to
Thus, fire frequency at a site is both a product of local maintain the same mean fire interval compared to less
ignition and the resistance of the surrounding landscape topographically rough regions (Table 5). Thus, at the
to the propagation of fire. Part of this resistance is a time of Euro-American settlement, short fire intervals
function of topographic features such as hills, valleys, (1 to 3 years) in topographically rough landscapes occur
and bodies of water that disrupt the continuity of at later dates as human populations increased. Before
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1875, about 10 times as many humans were required
to maintain a fire frequency of less than 3 years in the
topographically rough Boston Mountains, Arkansas, as
were required in the Oak Barrens of the Highland Rim
in middle Tennessee (Table 5).

Fire and Culture

Of all of the cultural aspects affecting wildland fire,
none have been as profound and effective as suppression
efforts enabled by the modern technologies of ground
and air transportation. Although grazing, landscape fuel
fragmentation, intentional burning, and other cultural
influences have been detected in fire scar records, these
effects are not as pronounced as fire suppression in
modern industrial societies. All but a handful of fire scar
chronologies show a significant decline in fire frequency
in the mid to late 20th century. The few fire scar
chronologies that do not have a decline in fire frequency
often are derived from private lands with owners who
have a tradition of burning, or are in remote regions with

long response times in fire protection (Jenkins 1997).

Before fire suppression, cultural values concerning
wildland burning are not evident in the fire scar record
and may be secondary to increasing anthropogenic
ignitions as a function of human population density. In
many environments, humans are a fire obligate species.
Accidental ignitions, purposeful ignitions, machine
fires, and debris burning are a few of the hundreds of
human activities that can result in wildland fires. The
sheer number of humans in an ecosystem may be more
important than their cultural attitudes about the use
of fire. Unlike fire frequency, which is tempered by fire
suppression, fuel fragmentation, and reduction, the
number of ignitions continues to rise with increasing

human population.

The fire scar record suggests that Homo sapiens is a
keystone species in many fire regimes. A keystone
species influences the “environmental balance of an

area or habitat” through a chain of events (e.g., trophic,
reproductive, or abiotic modifications). Keystone
species have a disproportionate influence on community
structure in excess of their abundance. The fire scar
record indicates that even at low population densities,

humans had a profound effect on fire regimes and
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vegetation (Batek et al. 1999; Guyette and Kabrick
2003). The influence of a keystone species is derived
from the ability to control the most competitive species
(i.e., tree species). Temporally and spatially, fire scar
frequency has been associated with the presence of
humans. The absence of a keystone species releases
highly competitive plants (trees) from the limiting effects
of fire and allows them to exclude other plants and

their herbivores. In forested regions, fire scar frequency
increases rapidly as humans culture the forest for both
wild and domestic large herbivores. The theory that
humans are a keystone species in fire regimes may be
especially relevant in Eastern North America, where
climate windows suitable for burning often are short and
the probability of natural ignitions is low. The fire scar
record in Eastern North America is only weakly related
to the abundance of lightning fires as documented later
in this paper. Unlike lightning, humans can target their

ignitions with respect to fuel conditions and location.

Population Density and Anthropogenic

Ignition Rates

Since the entry of Homo sapiens into North America
more than 12,000 years ago, humans have been the
dominant ignition factor in many ecosystems. Although
some have argued that there were not enough humans
to impact flora and fauna at regional levels, the fire scar
evidence suggests otherwise. Few humans are necessary
to add a significant level of fire disturbance. The
topographically rough Missouri Ozarks reach ignition
saturation at about 0.64 human per km” or less (Guyette
and Dey 2000). The rougher Boston Mountains of
Arkansas reach ignition saturation at about four or five
humans per km”. The smooth oak flats of the Highland
Rim in middle Tennessee reach ignition saturation

at about 0.50 human per km®. Even at relatively low
human population densities in a moderately dissected
landscape (e.g., Missouri Ozarks) mean fire intervals of
10 years were supported by populations of less than 0.10
human per km” during a “depopulated” period (1680 to
1800).

A theoretical analysis of scenarios of human population
density, ignition type, and culture illustrates the potential
influence of anthropogenic ignitions in past fire regimes

and consistency with the fire scar record. The population
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of North America (north of Mexico) has been estimated
to be from 1 million to more than 10 million at the
time of first contact and before population reductions
by a variety of agents, e.g., introduced diseases. We
chose the conservative estimate of about 1 million
humans for this analysis. We used 500,000 humans for
the estimate of population in the Eastern United States
and southeastern Canada. The study area in eastern
North America is about 3,024,000 km?. We then
subtracted the area of the Great Lakes (245,000 km?)

to obtain an area of 2,779,000 km®. Although rough,
this estimate is more precise than population estimates.
Thus, population density roughly averaged 1 person

for every 5.5 km?, or 0.18 human per km” (500,000
humans/2,779,000 km?). Given this population
density, we generate quantitative scenarios of the rates
of purposeful and accidental ignitions. Present-day rates
of human-caused fires in forested areas of the Missouri
Ozarks average one wildfire per 350 humans per year
(0.0029 fire/human/yr). This rate occurred during an
era of fire suppression (1991 to 2003), laws and societal
pressures against burning, relatively few open fires (e.g.,
camp fires) per person, and limits on fire propagation
imposed by land fragmentation. This rate applies to

all arson (31 percent) and accidental fires (66 percent).
Prior to European settlement, if the people of a culture
viewed fire neutrally, the rate of ignitions by humans
might be 10 times this amount (0.029 fires/human/yr).
Thus, based on a pre-European settlement population
and a neutral fire culture, the rate for human ignitions
would be 0.0052 human-caused fires per km® per year
(i.e., 0.029 fire/human/yr multiplied by 0.18 human
per/km?). This translates to a single human ignition

for every 190 km” per year. If the people of a culture
purposely used wildland fire as a tool (for many possible
reasons) the rate of human ignitions might be 100 times
greater, or 0.052 human ignition per kmzlyear (i.e.,
0.29 fire/human/yr multiplied by 0.18 human per/km?).
This translates to a single human ignition for every 19
km” per year. This rate (0.052 human-caused fire/km®/
yr) is about 200 times the rate of lightning ignition in
the Central Hardwoods region (0.00025/ km*/year)
(Schroeder and Buck 1970). For example, if the average
fire size was 1.9 km”, this rate of ignition would maintain

a fire rotation interval of about 10 years. This scenario
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and fire interval is not unlike the rate of burning (13
percent sites scarred annually) that occurred in 1790

in the moderately rough Current River landscape at
population levels of about 0.017 human/km? (Guyette et
al. 2002). The anthropogenic ignition rate is potentially
much greater if intentional burning occurs (Williams
2000, Williams 2001). We conclude that even low levels
of human population density combined with a culture
of landscape burning were sufficient to provide levels

of ignitions needed to maintain the fire frequencies we
document with fire scars in Eastern North America.

SYNTHESIS AND MODELING OF
PRE-EUROPEAN FIRE INTERVALS

Quantitative and empirically derived models of fire
regimes can be used in many ways. Models allow past
fire regimes to be estimated for ecosystems that have

no on-site fire history information. Models can be used
in conjunction with soil, geology, and species data to
reconstruct past and potential flora and fauna. Thus,
land managers interested in returning ecosystems to pre-
European settlement conditions (including fuels) using
prescribed fire can utilize models to estimate components
of fire regimes including fire frequency. Researchers

can use equations of this type to create a continuous
landscape overlay of past fire frequency. Models without
vegetation input also can be useful for independently
estimating fire frequency at research vegetation plots, and
for making inferences about possible changes in future
fire regimes due to changes in population and climate.
The preliminary results of the modeling that follows
should be used with caution as they are temporally and
spatially coarse scale, requiring additional validation

and data from many regions of Eastern North America.
Perhaps the most important aspect of fire interval
models and fire history may not be the information
provided on fire regimes but the perspective provided on
the long-term interactions between humans and their

environment.

Model Development

A preliminary model that predicts mean fire intervals for
castern oak forest ecosystems before European settlement
was developed from fire scar data. The first iteration of

the model was empirically derived from available fire
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scar data at 38 sites in Eastern North America (Table

1, col. 5). Although this data set showed predictive
power, the eastern fire history data alone was inadequate
in the range and distribution of the variables and did
not meet the assumption of statistical normality. Thus,
we used pre-European fire scar interval data from an
additional 41 sites in the Western United States (Brown
and Sieg 1996; Brown et al. 1997; Caprio 1998; Caprio
and Swetnam 1995; Donnegan et al. 2001; Finny and
Martin 1989; Fulé et al. 2003; Heyerdahl et al. 2001;
Kipfmueller 2003; Miller and Rose 1999; Moir 1982;
Swetnam et al. 1989 ; 1991).

These additional data extended the range of temperature
and fire interval observations, increased the normality
of the distribution of temperature means, more than
doubled the degrees of freedom, and served to examine
the hypothesis and model under a much broader set

of conditions. We used published mean fire intervals,
though in several cases we divided the period of record
by the number of fires to estimate mean fire intervals.
This was necessary when data were not expressed as
mean fire intervals, data were not presented in FHX2
format (Grissino-Mayer 2001), fire dates were not
published, long fire intervals were open ended, or the
fire scar dates were not crossdated. Since the variables we
used in this analysis are being refined and additional fire
data are needed and forthcoming in many regions, we
present this model as a work in progress with updated
versions expected in the future. The two predictor
variables of mean fire intervals are mean maximum
temperature (maxt) and human population density
(pop). Multicollinearity among predictor variables was
negligible. Of the possible intercorrelations among
variables, none was significant. The largest variance
inflation factor (VIF) was 1.19, well below a VIF

of 10, which would indicate that multicollinearity

was influencing least squares estimates. The model is

described by the regression equation:

MFI = -12.7 + 64.5¢ """ _ (6.3*In [pap]),
(Equation 1)
where MFI is the mean fire interval, maxt is the proxy
mean maximum temperature (30 year average in

degrees Celsius),
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In[pop] is the natural log of human population
density (humans per km?),

df =78, > = 0.75, all variables are significant
(p <0.01).

We tested the model’s stability and predictive power by
sampling half data with replacement 30 times. Variance
explained () ranged from 0.63 to 0.83, the standard
deviation of the coefficient of determination was

0.05; the r* mode was 0.75. The model and predictor
variables tested significant (p < 0.01) in all model runs.
The model predictions did not rely on extreme or rare
sets of observations and did not vary greatly by the set
of observations tested. On the basis of these results,
the predictive power of the model as measured by the
coefficient of determination proved stable.

The model predicted the mean fire intervals (Fig. 5)

for the presence of fire in a 1- to 3-km” area during the
150 years before Euro-American settlement. Due to

a westward progression of European settlement, this
period varies by settlement date and the length of the
fire scar record of each site, but generally begins from
about 1650 to 1750 and ends between 1780 and 1850.
The prediction period for this model also was restricted
because the relationship between humans and fire scar
frequency was positive only when ignitions were limited
(Guyette et al. 2002). During later periods when human
population density is high, this relationship becomes
more complex and may even be negative. Also, the
regression model does not predict or include stand
replacement fires (the data are based entirely on survivor
trees) or extend to prairies or regions where fire intervals

are longer than the lives of recorder trees.

The useful components (predictor variables) of this
preliminary model and map also are its caveats. One
of the advantages of this model is that it is based on
variables that change and can be used to examine
different scenarios, for example, landscapes without
humans or possible effects of climatic warming or
cooling. One disadvantage is that spatial predictions
probably are more static than actual (and often
unknown) conditions due to the difficulty of variable

quantification. This is especially true for the effects
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Figure 5.—First approximation of coarse scale mean fire intervals in the Eastern United States as
predicted by mean maximum temperature and human population density (Equation 1). The mapped
mean fire intervals are based on fire scar histories and model results generated from forested
landscapes and nonstand replacement fire events. Mapped estimates are not valid for wetlands,
grasslands, and other vegetation types where trees do not grow. The pre-Euro American period is
based on fire scar intervals between 1650 and 1850. Estimates near ocean edges are unclassified
(black). Mapped mean fire interval estimates are only as stable as human populations (e.g., several
centuries earlier, the concentrated populations of the Mississippian cultural phase would have
shortened fire intervals in the Mississippi and Ohio River Valleys).

of human-caused ignitions, which can be highly and the effects of recent warming (Mann et al. 1998). Error
abruptly variable through time and space. caused by the non-temporal overlap of the temperature
record with fire scar history will be minimal because
Mean Maximum Temperature Proxy the scale of temperature change between 1750 and
We used annual mean maximum temperature (Daly et 1985 (0.4°C) is small (about 35 times less) compared to
al. 2004), a precisely measured and modeled quantity differences among sites (about 14°C). Mean maximum
compared to fire intervals, as a predictor of mean fire temperature probably influences and controls many
interval in Eastern North America. Because our period of biotic and abiotic components that influence fire regimes
interest (pre-Euro American settlement) for fire history and fire intervals such as fuel moisture, fuel production,
and mean maximum temperature (1971 to 2000) are and combustion. For example, the length of the fire
not temporally matched, we subtracted 0.4°C from the season, as determined by the number of months in
mean maximum temperature values to compensate for which 90 percent of the acres are burned in the four oak
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ecoregions (National Fire Occurrence Database and GIS
Coverage 2005), is strongly correlated with maximum
temperature (r = 0.77, p = 0.01). We speculate that
mean maximum temperature is related to fire intervals

and regimes in many ways, including:

1. The length of the fire season as influenced
by snow cover at northern latitudes and high-

elevation sites.

2. The length of the fire season as determined by
the drying rate of fuels.

3. The direct effect of temperature in combustion

reactions.

4. Mean maximum temperatures most often occur

during the most fire-prone time of day.

5. The amount, types, and decay rates of fuels in
an ecosystem are determined in part by
temperature.

Other basic climate variables were considered as
predictors. Precipitation, mean minimum temperature,
and mean average temperature were included in

the analysis but did not enter the stepwise multiple
regression equation as significant. The fact that
precipitation did not enter the model in stepwise
regression probably reflects the potential complexity

of the response of fire regimes to precipitation in hot
versus cool climates. For instance, fire can be frequent in
both hot-wet (Florida) and hot-dry (southern Arizona)
climates. Also, we found that lightning ignition rates
based on generalized maps of lighting ignitions of forest
fires (Schroeder and Buck 1970) did not enter the
stepwise regression, and that correlations between mean
fire intervals and lightning ignitions were not significant
(r=0.16, p = 0.16). However, separation of the data
into eastern and western sites yielded a significant
correlation (r = 0.40, p < 0.01) with lightning fires in
Western but not Eastern North America (r=0.12, p =
0.46). This result partially reflects the lack of fire history
sites in the in the lightning and fire-prone Southeastern
United States.
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Population Density and Ignition Proxy

We used human population density as a proxy for

the number of anthropogenic ignitions. Although the
estimation of Native American populations is fraught
with problems (Henige 1998), progress has been made
in assessing estimates and observations made by early
workers (Denevan 1992; Mooney1928). We used
mapped population density classes of Native Americans
in North America (Driver and Massey 1957) and more
detailed population estimates in the Ozarks (Guyette

et al. 2002). We used population class variables to
facilitate the quantification of pre-census estimates of
human population density, which have a large degree of
potential error and may never be known precisely. These
estimates are consistent with conservative estimates

of Native American population (Waldman 1985).
However, temporal continuity in population density
estimates is variable. Driver and Massey’s mapping

of human population is not unlike the relative spatial
distribution of human population density in 2000 (U.S.
Census Bur. 2000), illustrating that suitable human
habitat (and spatially relative population densities)

is somewhat consistent through time. For example,
population densities are high during both periods along
coastal areas, in the Northeast, near the Great Lakes, in
localized areas of the Southwest, and near Appalachia.
Also, spatial error in population estimates may be no
greater than the variance in population density owing to
the migration, immigration, and decline of populations
of humans (Thornton 1987) during the two centuries
of the pre-Euro American settlement fire scar record.
Although these factors make precise calibration between
fire frequency and population density difficult over large
temporal and spatial scales, their significant (p < 0.01)
correlation (r = - 0.45) supports the theory that humans

had large-scale effects on fire regimes.

Mapping Fire Intervals

The model results were mapped using ESRI®ArcGIS™
software (Environ. Syst. Res. Inst. 2005). Gridded
mean maximum temperature data (Daly et al. 2004)
and coverage of human population density (Driver
and Massey 1957) were applied to Equation 1 to
produce estimates of mean fire intervals for a pre-Euro
American settlement period (about 1650 to 1850).
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Prior to mapping, population data were smoothed

using a circular (25-km radius) neighborhood mean to
more closely reflect the mobility of humans. Mapped
coarse scale fire intervals have error based on the model
(Equation 1). The model error indicates that the 95-
percent model confidence interval is about +3 years while
the 95-percent prediction interval is about +11 years
(less for shorter intervals). These error estimates include
all the variability in vegetation, topography, and local
human population not evident in the predictor variables
that can affect fire frequency at finer spatial scales.
During periods that precede model calibration, the
model may work within limits but the mapped estimates
of mean fire intervals must be based on temporally

appropriate predictor variable data.

CONCLUSION

The quantitative history of wildland fire derived from
fire scar studies in Eastern North America provides
several insights into past and future fire regimes.
Seemingly important variables such as precipitation did
not explain variance in mean fire intervals beyond what
was explained by temperature. Variables relevant to fire
regimes and fire intervals in eastern oak forests were
identified and include mean maximum temperature,
human population density, extreme drought events, and
topographic resistance to the spread of fire. Some of
these variables are dynamic, such as human population
and temperature, and their potential change in the future
may influence fire regimes. Understanding how these
variables interact to influence fire regimes will aid in
assessing future fire risk with changes in fuel continuity,
temperature, extreme climate events, human culture, and

population density.

The interaction between drought and intentional human
ignitions will make future fire regimes potentially
unstable and difficult to predict. Human populations

are increasing and will provide more ignitions, making
fire regimes more responsive to drought. This will be
countered to some extent by improved suppression
response time and new technologies. The stability of fire
regimes in changing climates may be low, particularly

in landscapes with a low resistance to fire propagation

and changes in the number and distribution of human
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ignitions. Drought has inspired purposeful human
burning both in the past and present. It is doubtful that

this relationship will cease to exist in the future.

The effects of topography on the propagation of fire
have been understood by humans for a long time. Fire
scar data quantified this effect at a general landscape
level. The mitigation of fire by topography has been
relatively static over geologic time scales compared to the
ephemeral changes caused by the frequency of human
ignitions. Thus, in terms of temporal scale, topographic
roughness is by far one of the most consistent and

important variables affecting the frequency of fire.

Fire history modeling and mapping from fire scars

can provide estimates of fire intervals for restoration

and reference conditions (Maclean and Cleland 2003;
McKenzie et al. 2000; Morgan et al. 2001). However,
the quality of any model or map is dependent on the
quality of the data from which it is derived. In this study,
we mapped large regions of the Southern and Eastern
United States for which pre-European settlement fire scar
histories were unavailable. Therefore, estimates for these
regions are uncalibrated and approximate but might be

improved by future studies and data collection.
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UNDERSTANDING THE EVIDENCE FOR HISTORICAL FIRE ACROSS
EASTERN FORESTS

Charles M. Ruffner’

Abstract.—Evidence for historical fire across the eastern deciduous biome spans several fields, including
paleoecology, fire scar analysis, witness tree studies, historical documents and ethnographic sources.
In this paper I provide an overview of many of these methods as well as the limitations and examples
of each. While the use of any single approach has its cautions and pitfalls, the interpretation of the
considerable material available allows a view into the history and effects of fire on eastern oak forests.

INTRODUCTION

As foresters, ecologists, and land managers, each of us

is charged with understanding our ecosystems and the
processes that have acted to form those systems through
time. Learning as much as possible about the original
vegetation and structure of our systems is vital to
identify and manage these natural areas for the optimal
biodiversity inherent in original conditions (Loucks
1970; Ladd 1991; Kay 1995; Olson 1996). Across the
East, the historical role of fire has been implicated in
driving diversity and maintaining keystone species in
many ecosystems and the body of literature investigating
these processes continues to grow. Mutch (1991)
suggested that fire regime information is “absolutely
essential background data for the appropriate design
and implementation of resource management projects
at the ecosystem and landscape level of organization.”
In southern Illinois, I work with landowners and
agency managers in finding information concerning
the pre- and post-European settlement conditions of
their land holdings. These endeavors often focus on
gaining a better understanding of the historic range of
variability represented in some systems, or understanding
the spatial distribution of hill prairies and barrens. No
matter the objective, much of the data sources available
for these studies are found across several disciplines and
thus are sometimes difficult to access or, quite frankly,

understand.

The objectives of this paper are to review many of the

basic approaches used to interpret or infer historical

1Department of Forestry, Southern Illinois University,
Carbondale, IL 62901-4411, 618-453-7469, email:
Ruffner@siu.edu
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conditions for fire so that land managers can begin to
assemble and interpret evidence for their respective
holdings, no matter where they occur across the eastern
forests. I hope that many engaged land managers will
embrace the historical ecology approach in researching
and managing their properties. Because so many
excellent reviews have been published I reference them
often so that attendees here can find those key resources

and use the many citations included.

Investigating the role of fire in eastern
oak forests

To a large extent, historical fire has been implicated

in the wide distribution of oak forest and woodlands,
prairies, savannas, and glades that are found within
nearly every state in the eastern deciduous biome (see
reviews by Lorimer 1985; Abrams 1992; 2002, Van Lear
and Watt 1993; Whitney 1994; Dey 2002). The wide
range of evidence concerning historical fire across many
parts of the East ranges from paleoecology studies (see
Patterson, this volume), fire histories and chronologies
(Guyette, this volume), archaeological investigations
(Chapman et al. 1982; Delcourt et al. 1986, 1998),
native American sources (Parker 1968 Adovasio et

al. 1985’ Doolittle 1992; Kimmerer and Lake 2001),
and witness tree analysis and surveyor records (Bourdo
1956; Hutchison 1988; Whitney 1994; Black and
Abrams 2001; Abrams 2003), to historical documents
such as deed descriptions and tax records (Foster 1992;
Olson 1996), plat maps, travel documents and journals
(Schoolcraft 1820; Burges 1965; Ladd 1991,;Whitney
1994; Olson 1996; Ruffner and Arabas 1999), and stand
structure analysis and dendroecological studies (Henry
and Swan 1977; Dorney and Dorney 1989; Nowacki
and Abrams 1992; Ruffner and Abrams 2002).
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Specific limitations and/or assumptions about many

of these data formats must be considered (Forman

and Russell 1983, also see review in Whitney 1994).
For many of the primary documents, the historical
context during its writing or surveyor bias against some
landscape feature or misidentification of a species and
least of all the observers training and skill level may
shade the interpretation of these historic documents.
Nonetheless, as many authors note, these data sources
often are the only representation of the pre-European
landscape. Despite their variable training levels, many
primary authors had “ the unsurpassable advantage

of actually having seen presettlement landscapes and
aboriginal land management practices” (Ladd 1991).
Thus, while many methods have their critics, when
interpreted together or by applying an historical
ecological approach they provide the land manager with
much needed information to place her/his land parcel
in its historical context and begin to model the types of
vegetation structure and function appropriate for that
area (Myers and Peroni 1983).

Paleoecology

Across the eastern deciduous biome, many authors have
used pollen and charcoal analysis to reconstruct and
interpret vegetational development at different scales
(Watts 1979; Webb 1981; Whitney 1994). According
to Patterson (this volume) some areas of the region have
fairly well documented paleoecological reconstructions
based on the work of key researchers, for example, Watts’
work in the Appalachians (Watts 1979), Davis’ work

in the northeast and Lake States (Davis 1983), Clark’s
work in the Midwest and Northeast, and work in New
England, primarily from Patterson and associates at the
University of Massachusetts and from Foster and others

at Harvard Forest.

In comparing sedimentary charcoal and archaeological
site distributions in New England, Patterson and
Sassaman (1988) found that fires were common on
coastal sites where native populations were greatest

and their land-use practices most intensive. Across the
region, others have noted archaeological site distributions
corresponding well with areas characterized by high

oak pollen percentages and usually elevated amounts of

charcoal fragments (Dincauze and Mulholland 1977;
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Patterson and Sassaman 1988; Delcourt et al. 1998;
Fuller et al. 1998). More recently, Clark and Royall
(1995) contributed greatly to this discussion reporting

a transition from northern hardwood to white pine-

oak forests at Crawford Lake, Ontario, following a
period of Iroquois occupation and agricultural clearing.
Moreover, Ceci (1979) and Loeb (1998) discussed native
corn and hickory planting episodes from the pollen
record in the coastal regions of New York. Delcourt et
al. (1998) reported that Archaic and Woodland period
natives cleared forest gaps to cultivate native plants,

and that human-caused fires increased populations of
fire tolerant oaks, chestnut, and pine in upland forests
of the Cumberland Plateau of central Kentucky. Still,
Clark and others have provided evidence that some oak
communities can be maintained in oak-chestnut with
litle charcoal present in their sedimentary records (Clark
and Royall 1995; Foster et al. 2002). While several
regional studies suggest the correlation of fire occurrence
and native occupation with oak forest distribution,
more research at the local level must be completed to
better understand the pre-European landscape across the
Northeast (Black and Abrams 2001; Parshall and Foster
2002).

Fire Scars

Another quantitative approach to understanding
historical fire is using dating fire scars or tree-ring
analysis to reconstruct disturbance regimes at native
sites (Batek et al. 1999; Shumway et al. 2001; Ruftner
and Abrams 2002). Few presettlement fire papers

have been published for the Northeast; most represent
fire evidence from the Midwest and Central plains
(Abrams 1985; Guyette and Cutter 1991; Cutter and
Guyette1994; Batek et al. 1999). Buell et al. (1954)
reported six fires scars from a single tree dating from
1641 to 1711 in Mettler's Woods, New Jersey, indicated
a mean fire interval (time between fires) of 14 years.

In western Maryland, Shumway et al. (2001) reported

a mean fire interval (for consistency) of 7.6 years in

an old-growth upland oak-hickory forest. Across the
region, estimates of mean fire interval within oak forests
are surprisingly similar ranging from 2 to 24 years
(Shumway et al. 2001). At many sites, fire frequency
increased or decreased during the initial period following

European settlement depending on the stand and
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region. Fire histories for the Missouri Ozarks indicate
that during periods of late Native American settlement
(1701 to 1820), fire return intervals were longer (11.96
years + 2.4, mean + SE) than those during European
settlement (3.64 years + 0.35) (adapted from Guyette
and Cutter 1991). In southern Illinois, little is known
of the historical fire regime because most of the needed
fire scars were lost after logging of the primary forests
and deterioration of cut stumps (Robertson and Heikens
1994; Olson 1996). Robertson and Heikens (1994)
reported high fire ignitions during European settlement
due to farmers clearing underbrush from the forest,
closely following Guyette and Dey’s model of frequent
European ignitions immediately following settlement.

Moving eastward, a fire history study of mixed

oak forests originating after 1850 in southeastern

Ohio revealed that fire return interval averaged

7.5 years (Sutherland 1997). In northwestern
Pennsylvania, Ruffner and Abrams (2002) reported
dendrochronological evidence at a native Seneca village
site revealed a frequent, low-intensity fire regime with a
return interval of 11 to 26 years during native habitation.
However, following European settlement (post-1800) the
fire free period is significantly longer with a disturbance-
free interval of 28.5 = 2.8 years. Where prehistoric fire
scars are available, these studies have provided valuable
insight into native disturbances and their localized
impacts. However, they are largely restricted to the area
immediately surrounding the study sites and cannot

characterize native influences at the landscape level

(Batek et al. 1999).

Witness Trees

During the period of early European settlement in the
Eastern United States, land surveyors recorded and
marked witness trees (warrant, bearing, and/or corner)
to identify property corners and boundaries (Lutz
1930; Spurr 1951; Bourdo 1956). When compiled
from surveyors’ notes, these trees provide a landscape
level snapshot of forest composition at the time of
European settlement and have been used to reconstruct
regional vegetation composition throughout the Eastern
and Midwestern United States (Lutz 1930; Siccama
1971; Whitney 1986; 1990, Loeb 1987; Seischab
1990, 1992; Marks and Gardescu 1992; Nowacki
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and Abrams 1992; Abrams and Ruffner 1995; Black
and Abrams 2001). Such vegetation reconstructions

are valuable in areas where most original vegetation

has been destroyed or altered, making it difficult to
assess natural vegetation types or disturbance regimes.

In many studies, reconstructed patterns of vegetation
have been attributed to edaphic conditions such as
topography, soils, slope class or drainage classes (Gordon
1940; Abrams and Ruffner 1995). In more recent years
studies have taken a more integrative approach and
recognized that native populations also may have affected
vegetation patterns. A study by Dorney and Dorney
(1989) documented a native maintained oak savanna

in northeastern Wisconsin using General Land Office

survey information.

In documenting pre-European vegetation of central New
York State, Marks and Gardescu (1992) identified old
Native American clearings and reported oak-hickory-
pine growing in areas previously inhabited by peoples of
the Iroquois Confederacy. In western New York, on lands
surveyed for the Holland Land Company, including
Gordon’s (1940) area, Seischab (1990) reported

that most oak communities occurred in southern

areas along the Allegheny River and its tributaries,
dominating a landscape formerly inhabited by Seneca
people of the Iroquois Confederacy. Within the Lower
Susquehanna Valley of Pennsylvania, Black and Abrams
(2001) reported significant differences in witness tree
distributions between areas adjacent to Native American
village sites and those in areas with low native activity.
Whitney and Decant (2003) suggested that Iroquois
habitation may be associated with oak-chestnut forests
along the French Creek area in their witness tree study of

northwestern Pennsylvania.

Most recently, Black et al. (unpublished) integrated
witness tree distributions, Native American archaeology,
and geologic and topographic variables to investigate the
relationships between Native American populations and
pre-European settlement forest types on the Allegheny
Plateau of northwestern Pennsylvania. Logistic regression
of natural and cultural variables demonstrated that
Native American habitation and travelways were the
most significant predictor of oak, hickory, and chestnut

trees in the pre-settlement forest. Although cause and
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effect cannot be tested at this time (the paleoecology
data are still being analyzed), the authors suggest that
long-term Native American activities such as agricultural
clearing and burning, as well as possible wood and mast
resource extraction selected for the disturbance, adapted
oak-hickory and chestnut. Overall, an increasing number
of studies suggest that Native Americans had at least
some association with forest composition, though the
degree of the relationship often is not quantified.

Historical documents

Much of the literature surrounding Native American
effects on vegetation have been developed from some
type of historical document. By the middle of the 20th
century, several key historical geographers had laid

the framework for investigating native land uses e.g.,
Maxwell (1910), Bromley (1935), Day (1953), Stewart
(1963), and Sauer (1975). These authors reviewed
numerous primary and secondary sources to build their
cases that native groups had influenced vegetation to
varying degrees across the continent (Whitney 1994).
While some authors suggested the widespread use

of fire by natives, others cautioned against the idea

of natives wantonly burning the landscape. Still, the
preponderance of early forests described as “open and
park like” led Bromley (1935) to conclude that it was
“due to the universal factor of fire, fostered by the
original inhabitants to facilitate travel and hunting”
(Nowacki 2002). Indeed, natives affected ecosystem
development in a variety of ways: hunting, fishing,
agricultural clearing, and associated activities (including
the introduction and dissemination of new cultigens),
wood gathering, village and trail construction, and
habitat manipulation (Maxwell 1910; Day 1953; Mellars
1976; Nowacki 2002). It is widely accepted that natives
intentionally used fire for more than 70 reasons (Lewis
1993), particularly in the alteration and maintenance of
surrounding environments for their benefit (Day 1953;
Cronon 1983; Mellars 1976; Doolittle 2004).

Examples from early travel documents include William
Strachey’s (1620) description of the Hampton, Virginia,
area as “the seat sometime of a thowsand Indians and
three hundred houses...which is the reason that so much
ground is there cliered and opened, enough already

prepared to receive corne and make viniards of two or
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three thowsand acres.” Another published in 1672, The
Discoveries of John Lederer: In three several marches

from Virginia to the west of Carolina, relates open
valleys and active burning of pine forests near Indian

settlements throughout the Piedmont and Ridge and
Valley provinces. In 1794, William Bartram traveled
through the Cherokee, Creek, and Choctaw nations,
characterizing their farms, orchards, and woodlands. In
1810, Francois Michaux published memoirs of his and
his father’s travels through the southern Appalachians
with their astute depictions of native village life and
culture. Farther west, Henry Schoolcraft’s 1821 Ozark
Journals documents his travels through the Ozark
region where his training allowed him to accurately
identify plant assemblages and report on the character
and conditions of many unique ecological sites and
phenomenon encountered on his trips through Indian
territory. Most authors recorded an anthropogenic
landscape heavily influenced by native activities and

populations.

Researchers using surveyor accounts, treaties, deeds,
wills, sheriff sales, tax records, and other collected papers
and manuscripts have characterized and explained
vegetation change from pre-European settlement to
the present (Raup 1966; Cronon 1983; Foster 1992;
Orwig and Abrams 1994; Ruffner and Abrams 1998;
Foster 2002). While native effects differ across these
studies, there are general patterns. For instance, many
early documents reflect a managed landscape with
tended agricultural fields interspersed through open
woodlands and numerous abandoned habitation areas.
This clearly suggests a cultural landscape. In a search
of historical documents of Cape Cod, one of the
earliest places written about by Europeans, Patterson
and Ruffner found evidence for large “open fields”

and “upland meadows” surrounding native settlements
(Plymouth Colony records, vol. 3, p. 85). A 1648 deed
records “the fields over the pond have been cleared

and improved by the Indians as long as the oldest can
remember” (Massachusetts Archives. 33: 245-247). As
in other places across the East, these “planting fields”
were the most commonly sought after real estate by
Freemen during the ensuing years of European expansion

(Williams 1989, Whitney 1994).
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Another common observation is the usefulness and
purposeful nature of many native burning regimes,
which usually were adopted by incoming European
settlers (Whitney 1994). Whether the reason was
reducing rattlesnake and insect populations, improving
browse or fruit production, or easing travel through the
forest, authors have reported the widespread adoption of
the native practices. Plymouth Colony records revealed
evidence for early prescribed burning of pine lands by
selected officials because they recognized the need to
reduce potential fire hazards around settlements and

improvements (Lovell 1984).

CONCLUSION

The use of historical evidence to reconstruct past
vegetation distribution and fire regimes spans
paleoecological, ethnobotanical, and archaeological
fields. While the field of historical ecology has grown
over the last 50 years to include many disciplines and
journal outlets, I hope that this introduction contains
sufficient examples of outstanding research and review
articles to allow newcomers to find new sources of
information. It is testament to the usefulness of these
historical analyses that so many authors rely on them to
corroborate other sources of evidence pertaining to past

landscapes and events.
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Abstract.—Although oak species currently occupy a dominant position in most eastern deciduous forests,
particularly on upland sites, many scientists and managers have expressed concern about the future of this
genus in the absence of the disturbance patterns that facilitated its establishment up to now. Reductions
in timber harvesting and fire in particular may give the advantage to competitors such as maples. Using
data from the Forest Inventory and Analysis program of the U. S. Forest Service, we looked at current data
and temporal trends to gauge the trajectory of oak forests in the Eastern United States. The area of the
two upland oak groups—oak-hickory and oak-pine—covered 160.3 million acres or 43 percent of eastern
timberland. The oak volume per acre of timberland has increased over the last four to five decades. Yet, we
are seeing a decline in the proportion of total timberland with at least 20 ft’ac of select red or white oaks
(the “select 0ak” stands). While the select oak basal-area component within these stands increased slightly,
it represents a decreasing proportion of the total basal area in the stand, suggesting that associated species
are increasing in their share of the overstory. While the total number of seedlings/saplings in the understory
of stands with select red or white oak’ basal area greater than 20 ft* ac” has been increasing, the proportion
of all seedlings/saplings that are select white oak seedlings/saplings has been declining over the last 20 or
so years. The declining proportion of regeneration represented by oak species suggests a future eastern U.
S. forest with substantially reduced proportions of oaks in the overstory. Reintroducing disturbances such
as fire is essential to maintain oaks’ overstory presence and associated biological and economic benefits.

OAK COMPOSITION AND STRUCTURE IN THE EASTERN UNITED STATES

INTRODUCTION AND METHODOLOGY

Oaks have been in eastern U. S. forests for at least 6,000
years Lorimer (1993). While current oak forests evolved
through a combination of ecological and human-
influenced factors (McWilliams et al. 2002), changes

in disturbance patterns are altering stand development
trajectories to the detriment of oak (Larson and Johnson
1998; Smith 2005). Other authors at this conference will
present their interpretation of oak regeneration patterns

'USDA Forest Service, Northern Research Station, Forest
Inventory and Analysis Program, 1992 Folwell Ave., St.

Paul, MN 55108; “USDA Forest Service, Northern Research
Station, 1992 Folwell Ave., St. Paul, MN 55108; *USDA
Forest Service, Northern Research Station, Forest Inventory
and Analysis Program, 11 Campus Blvd., Suite 200, Newtown
Square, PA 19073; Southern Research Station, Asheville, NC;
"Corresponding author, 651-649-5155, email: wkmoser@
fs.fed.us.

"The categories “select red oaks” and “select white oaks” have
historically referred to those species preferred by mill owners
for their uniform characteristics, quality and yield of higher
grades of lumber. In examining trends over the last 25 or so
years, we categorized stands as select red or white oak acreage
as in those stands with at least 20 ft’ac” of the total basal
area in select red white oak species and limited our analyses
to those categories. These trends reflect management and
utilization of those species that are most identified with the
name “oak” and that comprise a significant proportion of the
genus’ volume.
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that lead to eventual canopy occupancy (see Abrams, this
volume); in this paper we examine trends, status, and
implications of the structure and composition of oak
forests in the Eastern United States.

We used data from the national forest inventory and
analysis program (FIA) of the USDA Forest Service
(Frayer and Furnival 1999). The FIA program conducts
comprehensive forest inventories to estimate the area,
volume, growth, and removal of forest resources in the
United States, and measures the health and condition
of these resources. The program’s sampling design has a
base intensity of one plot per approximately 6,000 acres
and is assumed to produce a random, equal probability
sample. The national FIA program consists of five
regional programs® that provide estimates of forest

area, volume, change, and forest health throughout the
United States (McRoberts 1999). We used data from
three of these regional FIA programs—North Central,
Northeastern and Southern—to depict forest conditions
for the Eastern United States. For historical data we used

data generated from past Forest Inventory reports for

Soon to be four. The North Central and Northeastern FIA
programs will merge into the Northern FIA program by 1
October, 2006.
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Figure 1.—Oak species’ percentage of total timberland basal area, based on the most recent

FIA inventories from each state.

states in the Eastern United States and data generated by
the FIA Mapmaker program (Miles 2005). For current
structure and regeneration, we used data generated by
the FIA database.

Of the major deciduous forest-type groups in the
Eastern United States, oaks are common associates

of all but the northernmost groups of spruce-fir and
aspen birch. Oak is most prevalent in the two upland
oak groups: oak-hickory and oak-pine. Oaks also are
members of other upland deciduous forest types. As
defined by the FIA, upland oak forest type groups
included eight detailed types within the oak-pine

group and 11 oak types among the 17 types within the
oak-hickory group. These groups are defined by the
proportion of total stocking represented by oaks. Oak-
hickory group includes stands where half or more of the
stocking is contributed by oak or oak-dominated stands.
For the oak-pine group, stocking of oaks and other
deciduous species is from 25 to 50 percent (McWilliams
etal. 2002).

50 Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

RESULTS

Current Distribution of Mixed-oak
Stands in Eastern United States

We used inventory data from the FIA database to
identify the presence of oaks in the Eastern United
States. Figure 1 is a map that displays the proportion

of the total basal area occupied by all oak species. The
occurrence of oak throughout forest stands in the east is
readily apparent. This map shows that while eastern oaks
are present from Maine to Louisiana and Minnesota to
Florida, they comprise the most dominant portion of the
canopy in the Ozarks and in portions of the Appalachian
Mountains. Other areas with a high proportion of

oaks include the Central Lowlands of Minnesota and
Wisconsin, and the Tennessee River valley.

The area of the two upland oak groups covered 160.3
million acres or 43 percent of eastern timberland in the
most recent inventories (Table 1). Upland oak forests

compose at least 48 percent of the timberland in the

GTR-NRS-P-1
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Figure 2.—Average volume of oak species per acre of timberland (ft® ac™) by FIA program. North
Central states: lllinois, Indiana, lowa, Kansas, Michigan, Minnesota, Missouri, Nebraska, North
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Atlantic, Central, Gulf and Mid-Atlantic states. Other Some authors have suggested that the age-class

upland deciduous groups cover 67.7 million acres or distribution of oak stands is unbalanced and skewed

18 percent of eastern timberland. The Gulf states had toward older stands (Abrams and Nowacki 1992;

the most oak, with 32 percent of the total eastern U.S. Abrams 2005; Healy et al. 1997; Lorimer 1993). The

upland oak timberland area and 66 percent of the FIA stand-size variable can provide some indication

lowland oak timberland. of the stages of stand development (Oliver and Larson
1996), but the correlation with stand or tree age is less

Oak volume has generally increased across the region robust, because the classification is based solely on tree

(Fig. 2), in some cases at a declining rate. In upland diameter (McWilliams et al. 2002). Each FIA plot has

oak stands with at least 20 ft* ac’' of oak basal area, several “age” trees that are used to develop productivity

most acreage was in the sawtimber-size stands (Table equations. Because only the most dominant overstory

2). There are several explanations for this distribution. trees are sampled, the ages may not represent all plot

First, oaks are long-lived species and thus spend a lower trees; those data are not considered here.

proportion of their total life in the seedling-sapling

or poletimber size classes. Second, according to FIA FIA has timberland area delineated by forest types

protocol, mixed-age stands often are assigned to the size which, in turn, are combined into forest type groups. We

class of the largest component. For example, a stand that examined the components of upland oak type forest-

has one-third of the stocking in each size class is called type groups: oak-pine and oak hickory by forest type and

sawtimber. stand size class (Table 2). The white oak/red oak/hickory

52 Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference GTR-NRS-P-1
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forest type was by far the largest with approximately 50
million acres. The next largest forest type was in mixed
upland hardwoods, with slightly less than 30 million
acres. The loblolly pine/hardwood forest type was the

third largest at around 15 million acres.

Using the most recent data, oak timberland area had a
stand-size distribution of 19 percent seedling-sapling, 29
percent poletimber and 51 percent sawtimber. The oak/
hickory forest type group summary was similar at 17,
29, and 54 percent, respectively. The largest component
of this group was the white oak/red oak/hickory, a forest
type common in parts of the Southern Appalachians
and the Ozark Plateau (McWilliams 2002). Sawtimber
accounted for the majority of the acreage in this forest
type, with 61 percent of the area classified as sawtimber-
sized stands and only 11 percent classified as seedling-
sapling. Other individual oak-hickory forest types with
percentages of the total area in seedling/saplings that
were less than the oak/hickory group as a whole included
chestnut oak (3 percent), post oak/blackjack oak (14
percent), white oak (2 percent), northern red oak (3
percent), bur oak (5 percent) and scarlet oak (6 percent).

The oak-pine forest type group had a more balanced
stand structure, with 30 percent of the area in seedling-
saplings, 30 percent in poletimber, and 40 percent in
sawtimber. This group’s largest component, loblolly
pine/hardwood, distributed 39 percent seedling-sapling,
24 percent poletimber, and 38 percent sawtimber. The
forest types with percentages of the total area in seedling/
saplings that were less than the oak/pine group as a
whole included white pine/red oak/white ash with 11
percent seedling-sapling, shortleaf pine/oak 1(3 percent)
and Virginia pine/southern red oak (20 percent).

It is interesting to note both the higher average
percentage of seedling-sapling timberland area in
oak-pine forests vs. oak-hickory forests and the greater
percentage of regeneration among those oak-pine types
that are considered below the forest-type group average
compared to oak-hickory below-average forest types.
McWilliams et al. (2002) stated that these young oak-
pine stands commonly convert to pine stands as the pine

species outgrow their competitors, so how much of these

54 Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

oak-pine seedling-sapling areas will result in mature
forests with a significant component of oak remains to

be seen.

Oak Overstory: Status And Trends

To examine overall trends in oak forest species in

the overstory, we divided the estimated eastern U.S.
timberland into three categories based on FIA plot-level
data: stands with oak basal area greater than or equal to
20 fr*ac’ (OAK 20 PLUS), stands with oak basal area
less than that amount but greater than zero (OAK LT
20), and stands with no oak basal area (OAK ZERO)
(Fig. 3). The results vary across the region, but there is a
slight decline in the percentage of plots in the “oak basal
area greater than or equal to 20 ft’ac’” category and the
proportion of plots with zero oak basal area is increasing.
We can conclude that there is a downward trend in oak
basal area but as yet no precipitous decline across the

region.

We also examined upland oak overstory growing-stock
volume according to individual species. Table 3 shows
the volumes in descending order for species in the red
and white oak groups. Northern red oak had the largest
red oak volume followed by black oak. White oak had
the largest white oak group volume followed by chestnut
oak.

Mortality estimates are the principal indicator of health
from FIA inventories and are calculated on an equivalent
annual basis (McWilliams et al. 2002). Overall oak
mortality was 0.79 percent (Table 3). The mortality of
white oak species averaged 0.55 percent while red oak
species’ mortality averaged 0.98 percent of growing-
stock volume. Those red oak species with the highest
mortality included pin oak (1.78 percent), Nuttall oak
(1.74 percent) and scarlet oak (1.34 percent). The white
oak group species with the highest mortality rate was

overcup oak at 0.81 percent.

McWilliams et al. (2002) noted that species with the
highest mortality are subjected to the most stress agents
and gave examples of American elm and Dutch elm
disease and balsam fir and spruce budworm. While there

could be a host of localized factors affecting mortality,

GTR-NRS-P-1
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Figure 3.—Percentage of timberland area by oak category class, state and decade of inventory. Multiple
inventories in one decade are averaged. “No oak” = 0 ft? ac™ oak species basal area; “Oak 0-20” = 0-19.9 ft?
ac™ oak basal area; “Oak 20-plus” = 20+ ft* ac” oak species basal area.

disease situations that are density- and age-mediated,
such as oak decline in Missouri (Lawrence et al. 2002),
could help explain the apparent high mortality of scarlet
oak and pin oak.

Net Growth and Removals

The presence of a particular species is influenced not
only by environmental considerations but also by how
human activity impacts the species. A useful indicator
of oak resource dynamics (McWilliams et al. 2002) is
the ratio of growth to removals. Ratios less than 1.0
indicate overcutting of the resource while values above
1.0 indicate inventory expansion. We examined the
latest estimates of net volume growth and removal
volume by species (Table 4). The ratio for all oak species
was positive; species that were most closely matched in
terms of growth and removals included southern red
oak (1.05), Nuttall oak (0.88), willow oak (1.17), and
scarlet oak (1.18), suggesting that utilization of the oak
resource is regionally sustainable. The high proportion
of sawtimber stands implies that net growth will be

primarily from increases in current tree diameter rather

than ingrowth (McWilliams et al. 2002).

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

Status of Proportion of Oaks in
Eastern U.S. Forest Overstory

In most of those states with select red oak (Table 4)
stands that met the previously-mentioned criteria, mean
overstory basal area of select red oaks increased from

the 1980’s through 2003. Because oak regeneration
potential is at least partially related to the proportion of
oaks in the overstory (Johnson et al. 2002), it would be
helpful to examine trends in the proportion of oaks in
the total stand basal area. As the underlying theme of
this paper is “where oak is going,” we examined trends
in the percentage of total basal area that is in select red
oaks (Fig. 4). We looked at changes between inventories
in the 1980’s vs. 1990’s, 1980’s vs. 2000’s, and 1990’s
vs. 2000’s. While some states showed an increase in the
proportion of overstory basal area represented by SRO,
most states showed an overall decline during this period.

The situation was similar for white oaks. Regionwide,
there was an increase in white oak basal area in stands
with at least 20 ft*ac” of white oak, but this basal area
represents a decreasing proportion of total stand basal

area (Fig. 5).

GTR-NRS-P-1 55



Table 3.—Growing-stock volume, mortality, growth and removals, in cubic feet, of oak species groups in
the Eastern United States (excluding the Plains states); data based on the latest inventory for each state

Growing-stock

%

Growth

Species volume Mortality ~ Mortality =~ Net growth Removals  removals ratio
Red Oak
northern red oak 20,655,454,559 153,296,330 0.74 538,477,979 329,792,788 1.63
black oak 12,630,532,249 153,531,016 1.22 332,118,409 231,452,931 1.43
water oak 8,018,169,993 83,017,464 1.04 344,814,570 257,593,597 1.34
southern red oak 6,535,917,882 56,645,858 0.87 235,162,961 224,973,434 1.05
scarlet oak 6,460,923,509 86,851,528 1.34 157,857,759 134,157,620 1.18
laurel oak 3,374,331,616 35,516,992 1.05 137,585,927 99,398,151 1.38
willow oak 3,018,642,800 35,342,884 1.17 112,112,411 95,500,704 1.17
cherrybark oak 2,695,838,154 18,276,233 0.68 114,284,906 91,056,971 1.26
pin oak 804,771,728 14,337,991 1.78 21,554,964 15,717,424 1.37
northern pin oak 709,967,448 4,309,812 0.61 21,454,369 6,079,116 3.53
Nuttall oak 634,755,257 11,015,356 1.74 12,282,211 13,956,389 0.88
Shumard oak 557,716,992 3,466,047 0.62 23,187,254 16,453,650 1.41
live oak 513,642,097 1,082,584 0.21 11,480,662 3,167,426 3.62
shingle oak 402,528,673 2,815,132 0.70 17,596,495 2,769,956 6.35
blackjack oak 280,545,827 2,851,693 1.02 10,777,416 722,612 14.91
Total red oak 67,293,738,784 662,356,920 0.98  2,090,748,293 1,522,792,769 1.37
White Oak
white oak 28,401,475,433 139,793,091 0.49 843,535,496 568,816,692 1.48
chestnut oak 12,831,623,025 96,296,070 0.75 259,564,479 160,100,511 1.62
post oak 6,273,795,886 33,244,411 0.53 212,414,329 136,672,484 1.55
bur oak 1,936,207,204 4,064,910 0.21 93,947,682 15,584,760 6.03
overcup oak 1,522,137,119 12,326,322 0.81 40,340,051 29,043,911 1.39
chinkapin oak 904,100,004 2,287,263 0.25 28,954,892 6,237,172 4.64
swamp chestnut oak 883,000,453 5,083,805 0.58 24,765,460 20,524,158 1.21
swamp white oak 417,660,508 1,159,890 0.28 14,165,984 4,016,859 3.53
Durand oak 24,008,130 0.00 470,805 --
Delta post oak 20,239,202 0.00 833,243 514,152 1.62
dwarf post oak 7,357,431 0.00 674,570 -
Total white oak 53,221,604,395 294,255,762 0.55  1,519,666,991 941,510,699 1.61
Total oak 120,515,343,177 956,612,682 0.79  3,610,415,284 2,464,303,469 1.47

Table 4.—Select red and white oak species

Select red oaks Select white oaks
Northern red oak White oak Chinkapin
Cherrybark oak Swamp white oak Durand oak
Shumard oak Swamp chestnut oak Bur oak
and Johnson 1998; Johnson et al. 2002; Van Lear and
Oak Past

Waldrop 1989; Van Lear 1991). However, human
Historical disturbance patterns such as clearcuts, fire, or land-use changes altered disturbance type and intensity
land clearing contributed to oak’s current dominance (Abrams 2005; Smith 2005), creating environmental

conditions more favorable to other species (Parker and

Merritt 1995; Larsen and Johnson 1998; Smith 2005.

in upland forests (Liptzin and Ashton 1999; Rogers
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We examined temporal trends in the )

oak resource as a component of total
126%

= 1980-1990
01980-2000

timberland acreage. The dynamic

nature of property ownership in this 100%

@1990-2000

region affects the amount of land
5%

area in the timberland base and these

changes impact all species. Timberland o

acreage was highest in the early decades

Change between Decades

followed by a gradual decline to a low 2%

in the 1970’s that was sparked by the

intensification of land use, particularly

the conversion to agriculture in the -

50’s and 60’s, the decline of open ¥

space, particularly forestland, to urban

development (See Smith, this volume).
From 1970 to present, timberland

area increased due to the gradual
abandonment and reforestation of
farmland, particularly during periods of

economic downturn in the farm sector.

Oak Future

A common technique for regenerating oaks is the
two-cut shelterwood method (Johnson et al. 2002).

To take advantage of 0ak’s life history strategy, the

first cut removes enough overstory to create growing
space (light on the forest floor) for regeneration. While
seedlings/saplings may not grow rapidly in this partial
tree shade in the understory (Johnson 1993; Larsen and
Johnson 1998), the seedlings/saplings will maintain
and expand a root system even while being topkilled
repeatedly. With the established root systems, many

of the seedlings/saplings are able to grow faster after
removal of the residual overstory during the final cut of
the shelterwood.

This silvicultural treatment mimics the perceived natural
disturbance regime, exemplified by fire, that facilitated
natural oak establishment in eastern hardwood stands
(Johnson et al. 2002). Oak seedlings/saplings become
established in the understory, sometimes in gaps
(Ashton and Larson 1996; Rentch et al. 2003) and then
undergo a series of topgrowth and dieback until some

disturbance releases them to grow to the canopy.
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Figure 6.—Percentage change in trees per acre of all species of
seedlings/saplings on all timberland, between inventory decades.

Regeneration is heavily influenced by the size and
composition of the forest overstory (Smith et al. 1996).
We have seen a declining trend in the proportion of total
timberland in oak overstory, with several exceptions,
throughout the Eastern United States. Given the
relatively long lives of certain oak species, the current
oak presence likely reflects disturbance conditions far in
the past. However, oak regeneration, should reflect more
recent disturbances (or the lack of them). Accordingly,
we looked at oak seedling/sapling data from the last one
to three inventories in each state to gain insight into the
future of oak forests.

The Eastern U.S. forests are not lacking for regeneration.
In most states, we have observed increasing seedling/
sapling densities of all species between the 1980’s and
2000’s (Fig. 6). Observed declines in seedling/sapling
numbers occurred in certain states between inventories
in the 1990s and in the 2000s, and may merely reflect
the severe drought conditions in the Midwest (Lawrence
et al. 2002) rather than a long-term trend.

Red Oak Regeneration
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We first looked at seedlings/saplings of
select red oak species in what we defined
as select red oak stands. Of these species,
northern red oak is the most important
component of this category and
apparently benefited from the large-scale
anthropogenic influences of the 19" and
20™ centuries (Abrams 2005) and other
factors. Across the Eastern United States
we observed increases or slight decreases
in the number of select red oak seedlings/
saplings per acre over time (Fig. 7). While
several states showed dramatic gains in
the number of seedlings, most of the

changes were more modest.

As with the analysis of red oak in the
overstory, we were interested in temporal
trends in the proportion of red oak
seedlings/saplings to the total number
of seedlings/saplings. Across most of

the states, we have observed a decline in
the percentage of all seedlings/saplings
represented by select red oak species over
time (Fig. 8).

White Oak Regeneration
As with the red oak seedlings/saplings,

we have white oak regeneration
information from the last 20 or so years,
with some states better represented than
others. White oaks were an extremely
important component of the pre-
settlement landscape (Abrams 2005)
and still have the greatest growing-stock
volume of any oak species (Table 4).

White oaks are more shade tolerant than

red oaks, so given the increasing density of

80
I 1980's
[ 1990's
[ 2000's
60 -
g
8
(7]
g 40 1
=)
£
=
-]
w
20 -
0 L T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
ek B B B w%g& g0 4B oG o W 1 i g B gC AN Chyb b g
* o
State

Figure 7.—Select red oak seedlings/saplings per acre, by state and
inventory year.
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Figure 8.—Percent change in the proportion of all seedlings/saplings that are
select red oak species between decades, in stands with at least 20 ft? ac™ of
select red oak overstory. For example, “1980 — 1990” compares an inventory
conducted in the 1990’s with the same state’s inventory conducted in the
1980’s.

deciduous forests in the eastern U.S., we thought there

might be evidence of seedling/sapling accumulation in

the understory.

While the total number of seedlings/saplings in the
understory of stands with select white oak basal

2 - . .
area greater than 20 ft* ac” has been increasing, the
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proportion of all seedlings/saplings that are select white
oak seedlings/saplings has been declining over the last
several inventories (Fig. 9). The decline in white oak
proportion, extending across the entire eastern United
States and over several decades, suggests that this trend

is neither temporary nor an anomaly of the data, but
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stands, the select red or white oak basal-

area component increased slightly. While
the oak basal area has been increasing, it

represents a decreasing proportion of the
total basal area in the stand.

Johnson et al. (2002) detailed the importance of
accumulating oak regeneration in the understory and
outlines the disturbances, anthropogenic and natural,
that encourage this accumulation. Such disturbances
promote two processes: the concentration of early
growth on the oak seedling/sapling root system resulting
from repeated dieback of the above-ground component,
and the elimination of less fire-resistant species that
otherwise would compete successfully for resources. Two
of the most prominent disturbances are harvesting and
fire. Both disturbances have been declining in eastern
oak forests in recent times. Contributing to decreasing
proportions of oak seedlings/saplings and seedlings/
saplings as reflected in our data across the eastern United
States.

The declining proportion of regeneration represented

by oak species is particularly disquieting as it provides a
foretelling of future forest overstory composition. Given
these regeneration trends, it is hard to imagine a future
eastern U.S. forest landscape with the current proportion
of oaks in the overstory. While reinstituting disturbances
such as fire will be problematic in the highly populated
landscape of this region, it should be considered part of
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Figure 9.—Percent change in the proportion of all seedlings/saplings that are
select white oak species between decades, in stands with at least 20 ft* ac™ of
select white oak overstory.

the toolbox that resource managers use as they seek to

maintain the many benefits that oak forest provides.
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WHY SUSTAIN OAK FORESTS?
David Wm. Smith'

Abstract.—A brief overview and some personal thoughts are offered that deal with the implications of our
social and political systems on the long-term sustainability of our forest resources. The connection of the
most recent climatic events, in a geologic-time context, to the development of present day oak dominated
forests of the Eastern United States is discussed. The impacts of human activity and human infrastructure
during the recession of the Wisconsin Glacier that began about 15,000 years ago to the present are reviewed.
Changes in eastern oak forests since European settlement in the early 1600s, and more specifically in the
last half century are presented in greater detail. Also discussed are important characteristics of the more that
30 oak species native to the Eastern United States, the complexity of the oak dominated eastern forests, the
uniqueness of oak species for a variety of forest products and uses to satisfy human needs, and the critical
importance of the oaks for wildlife food and cover. Finally, seven reasons for sustaining oak forests are presented.

INITIAL THOUGHTS

How we will achieve sustainable management of our
oak forests is complex and encompasses much more that
just understanding the biological aspects of trees and
forests. It has become evident how differently various
groups look at or perceive forests. For most foresters
and land owners who grew up on farms or have been
intimately associated with their forested land, we think
about the evolution and changes that occur over periods
of tens and hundreds of years. We plan and carry out
management activities, the full results of which we may
not live to see. There is a significant body of scientific
knowledge and professional experience that we use

to make these long-term decisions. Is this knowledge
complete? Certainly not, but it is sufficient for us to
move forward and be relatively sure that we are moving
toward our goal of sustaining our forested ecosystems.
There are several obstacles that make the road to success
a bit difficult. We live in a democratic country and

our government functions through a well-established
political system. It is through this system that all
legislation (including that related to forests, forestry and
the environment) is formulated, discussed, and enacted
or rejected. With this political system there are some
drawbacks. We often are faced with new legislation

that results in what I term “political silviculture.” This
is forest resource management policy legislation that

often includes silvicultural practices or constraints on

silvicultural practices that denies or disregards established

"Emeritus Professor of Forestry, Department of Forestry,
Virginia Tech, Blacksburg, VA 24061, 540-552-6705, email:
smithdwm@vt.edu
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scientific knowledge and professional experience, or
when passage is influenced by issues and circumstances
that are not related to the legislation, is partisan, or
caters to special interests. Another concern is that
there is an ever growing disconnect between what we
use and where it comes from. This disconnect has
worsened as we moved from a predominately rural

to a predominately urban population over the past

100 years. The concept that toilet paper comes in

a roll and not from a tree and that milk comes in a
container and not from a cow pasturing in a field has
far reaching implications when it comes to the need

to practice forestry that will provide people across the
country and world with the products, and values and
uses they depend on and demand. We also must deal
with a general public that has little understanding

of the dynamics of forest establishment, growth and
development. For the majority of our society forests are
viewed like a picture or a “snapshot in time”—a view of
a forest as an entity that is static and does not change.
The fact is that the only thing constant in a forest is
change.

OAK FORESTS IN THE RECENT
GEOLOGIC PAST

To gain ideas and a perspective on how to develop

and organize this presentation, I talked to several
people who were knowledgeable about and interested
in eastern hardwoods and the implications of fire on
forest stand development in oak and mixed-oak stands
in particular. One person suggested that I explore what
may be known about oaks and oak species evolution
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in terms of geologic time. I thought for a moment and
the idea of tens of millions of years did not appear to

be relevant to this particular conference. In fact, just
thinking about what might have happened during the
Pleistocene geologic epoch (1.8 million to 8000 years
ago) seemed to be more than we really needed to be
concerned about. When you consider that glaciers came
southward an estimated 17 times during the Pleistocene
and our eastern forests migrated north and south the
same number of times (Goudie 1992), I do not think

it is necessary to concern ourselves with what happened
prior to that geologic period. What seems to be most
important to the question of whether we should attempt
to sustain the oak dominated forests of the Eastern
United States is what has happened since the last ice
age and what has been the influence of humans on the

development of today’s forests.

The Wisconsin Glacier, the most recent glacial period
of the Pleistocene, began about 100,000 years ago and
reached its southern most extent in the Eastern United
States about 15,000 years ago. (Nilsson 1983; Porter
1988). If we were to look at the Eastern United States
15,000 to 18,000 years ago, the sequence from north to
south would have been ice sheets/glaciers, tundra and
cold steppes, then white spruce forests, followed by jack
pine forests, southern pine-oak forests, and finally sand
dune-scrub communities in the lower half of Florida
(Bonnicksen 2000). The spruce forests extended into
North Carolina (Whitehead 1967; Wright 1981) and as
far south as central Missouri, Arkansas, and southeastern
Oklahoma. Some hardwoods including hornbeam

and northern red oak may have been interspersed with
the spruce in some places (Davis 1981; Delcourt and
Delcourt 1991, 1979). A band of mixed hardwoods,
including oak species, bordered the lower Mississippi
River and major tributaries in protected areas adjacent to
the spruce forests (Delcourt and Delcourt 1979, Wells
1970). The jack pine forests were just to the south of
the spruce forests and consisted of jack pine and red
pine with a few temperate hardwood species scattered
throughout the pine on favorable sites. The jack pine
forests extended southward to central Georgia, Alabama,
and Mississippi and westward to Mempbhis and the
lower Mississippi River Valley (Delcourt and Delcourt
1991; Whitehead 1973,;Wright 1981; Davis 1981).

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

The mixed-hardwood, and southern pine-oak forests,
lying to the south of the jack pine forests and containing
most of the present day oak species, were relegated to the
central and northern parts of Florida, and the southern
parts of Georgia, Alabama, Mississippi, Louisiana, and
Texas (Delcourt and Delcourt 1981; Porter 1988; Webb
1987). The southern half of Florida was too dry and hot
to support trees (Davis 1981; Wright 1981).

When considering this historical distribution of forests
15,000 to 18,000 years ago, it is evident that those
mixed hardwood, oak-pine, and pine forests occurred
only in the southern portion of the country and
occupied only about 20 percent of the land area they
occupy today. In addition, the species composition,
stand structure and distribution patterns probably were
different from those of the present. Since the last glaciers
started to recede, there has been a dramatic migration
northward coupled with a rapid evolution of species
composition and community structure, and adaptation
to complex climatic and geographic changes. Since the
end of the last Ice Age, the only thing constant in our
Nation’s forests has been change. I think the following
quote puts the evolution of our forests in perspective.
“Forests only exist in human minds. Groups of animals
and plants that we call forests come together for a short
time; then each species goes its separate way when
conditions change. Constant warming and cooling of
the climate, and the ebb and flow of glaciers, caused
the disassembly of old forests and the reassembly of
new forests. Some species thrive in glacial cold while
others do best in the warm periods between glaciations.
So different forests dominated the land under different
climates” (Bonnicksen 2000).

The Holocene geologic epoch that we are presently in,
began 8,000 to 10,000 years ago (USGS 2005). It is
during this warming period that the glaciers retreated,
our eastern forests began their migration north, and
the evolution of today’s forests began. Oaks have been a
part of the forests throughout this evolutionary process.
As an example, oak pollen from sediment core samples
of Holocene deposits in Cliff Palace Pond, a small
woodland pond, located below a sandstone ridge in the
northeastern part of Jackson County in southeastern

Kentucky, revealed the presence of oak pollen 9,500
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years ago (Ison 2000; Delcourt et. al. 1998). Oak pollen
showed a general increase to about 4,800 years ago, then
declined dramatically for about a thousand years and
then began to increase about 3,000 years ago. The oak
pollen has remained at its present high for most of the
past 3,000 years, with pollen from American chestnut
and pine also being significant (Delcourt et. al. 1998).
Delcourt and others measured charcoal particles and the
relative abundance of fire-tolerant and fire-intolerant
trees and shrubs. This study and similar studies have
proved to be extremely helpful in investigating the role of
fire, both natural and anthropogenic, in the regeneration
of oak species in the upland hardwood and mixed oak-

pine forests of the Eastern United States.

HUMAN MEDIATED CHANGE IN OAK
FORESTS

In a Geologic Time Context

The presence of humans and the impacts of man’s
activities have resulted in forests that are different than
those of the previous glacial cycles when forests migrated
north and south as the climate changed. Humans,
migrating eastward from Siberia, across Beringia (now
lying below the Bering Strait) and into Alaska, have
been present in North America for at least 15,000 years
(Bonnicksen 2000; Fiedel 1987; Fagan 1991, 1987). It
may have taken another 2,000 to 3,000 years for these
Paleoindians to work their way south and east into
what is now the Eastern United States. Paleoindians
probably reached southeastern Wisconsin between
13,400 and 12,300 years ago (Bonnicksen 2000; Hall
1998). During the last 8,000 to 10,000 years, as the
Wisconsin ice sheet retreated, human activity has had
an ever increasing influence on how hardwood forests
developed as they migrated north. The First Americans
migrated south as the climate warmed. By 12,000 years
ago, Paleoindians had settled in Florida and had moved
as far west as St. Louis, Missouri (Canby 1979; Graham
et. al. 1981). People were here and they were here to stay.
For the next 11,600 years, until the arrival of Europeans
in the early 1600s, fire was the primary anthropogenic
tool for mediating change in eastern forests. We do

not know how much change was directly or indirectly
attributed to human caused fire, but we are confident
that fire was used and for several thousand years. With

the initial European settlements along the East Coast and
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the rapid migration west came land clearing for farming,
the construction of towns and cities, and a rapid increase
in the human population of a growing nation. The
building of America had begun and the forests of the
East were in rapid transition—not from the gradual
climate changes measured in geologic times of tens of
thousands of years but from human-induced changes in
a matter of decades.

Since European Settlement

Think for a moment about some of the human-caused
or mediated events of the past 300 years that have
modified or permanently changed the oak dominated
forest landscapes of the Eastern United States. Probably
the first and most widespread was the conversion of
millions of acres of forest land to pasture for domestic
animals and the production of agricultural crops.

The chestnut blight, a disease caused by the fungus
Cryphonectria parasitica, virtually eliminated the
American chestnut from oak-chestnut forests of the
east—to the point where we changed the forest cover
type name to oak-hickory. The exclusion of periodic
understory fire in the past 100 years has had a significant
negative influence on the recruitment of oak species

and a positive influence on the recruitment of species
e.g., maple, beech, and blackgum, in many central and
eastern hardwood forests (Abrams 2000, 2005). One

of the most interesting and perhaps a most significant
event was related to the annual migration of the now
extinct passenger pigeon. Little is known about the
ecological impacts of the passenger pigeon and it is rarely
mentioned in the context of oak forests and changes in
these forests that must have occurred when one considers
the almost unbelievable numbers that were present.
Scott Weidensaul (1994) wrote: “In 1808, in Kentucky,
ornithologist Alexander Wilson watched the sky blacken
with birds—a flock he estimated at a mile wide that
passed him for four hours. They were passenger pigeons,
easily the most abundant species of bird in North
America and likely the most numerous land bird in the
world. Based on his observations, Wilson calculated

the flock’s number at 2.25 billion birds. They, and

their kin, were the single greatest living expression of
the bounty of the wooded sea.” Weidensaul noted that
the pigeons existed in a relatively few enormous flocks,

with each flock numbering in the hundreds of millions
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of birds. “Several billion birds feeding through a forest
would reduce the mast available to other nut-eaters and
would seriously reduce tree regeneration; the fractured,
mangled trees, collapsed under the sheer weight of the
roosting or nesting birds (to say nothing of the vast
quantities of guano), would have provided a flush of
sunlight and fertilizer for new plant growth, benefiting
grazers and browsers like elk and deer.” Passenger
pigeons were still nesting by the millions in the 1870s,
by the turn of the century they were almost gone from
the wild, and the last known passenger pigeon died in
the Cincinnati Zoo on September 1, 1914 (Weidensaul
1994). Think about this for a moment: a bird species
composed of billions becoming extinct in less than 50
years. It was during this same period that major forest
harvests of mature and old-growth oak forest types were
taking place within the natural range of the passenger
pigeon in the Eastern United States. Here were two
major landscape altering events occurring at the same
time—and both closely linked to oak forests. What
were the individual and the combined effects of these
two agents of change on the oak forests of today? It is
certainly worthy of some thoughtful conversation and

contemplation.

Eastern Oak Forests and Recent
Trends

The total land area of the Eastern United States, which
includes Minnesota, Iowa, Missouri, Oklahoma, Texas,
and all states to the East, is 948 million acres, or 42
percent of the U.S. land area. There are 384 million
acres of forest land in the East, or 52 percent of the total
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Figure 1.—Trends in U.S. forest-land
area 1630-2002.

U.S. forest land area. Today, the eastern U.S. is 40.5
percent forested. How has this forest land area changed
over time? In 1630 it is estimated that the eastern

U.S. was nearly 70 percent forested (Fig. 1). By 1907,
primarily as a result of land clearing for agricultural
crops and pasture, the forest-land base had declined

to 39.5 percent (652 to 374 million acres) of the total
land area. It is believed that this was the low point

in forest coverage in the eastern U.S. since sometime
during the early Holocene epoch when the ice sheets
were receding—some 8,000 to 10,000 years ago. Since
the first part of the 20" century, the eastern U.S. forest-
land base has remained remarkably constant at about 40
percent (Fig. 1).

The forest-land base has remained essentially constant
but what about forest types and species? When looking
at land area trends of the oak type groups, both upland
and bottomland, over the past 50 years, there appears
to have been an increase in the acreage of upland types
and a decrease in the bottomland types (USDA For.
Serv. 2003). The area occupied by the oak-pine type
group increased by 30 percent and the oak-hickory type
increased by 23 percent, while the bottomland oak-
gum-cypress type declined by 17 percent (Table 1). The
conversion of productive bottomland sites from forest
to agriculture uses and the oak-gum-cypress types to
pine plantations are significant factors in the decline in
bottomland hardwood acreage. The increase in upland
oak type groups likely is the result of the reversion of
agricultural land back to forest cover, especially land that

was cleared but proved to be marginal for agricultural
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uses. Overall, there was a 15-percent

increase in the total acreage of the oak type

Table 1.—Timberland area in the Eastern United States® of oak type
groups, 2002, 1997, 1987, 1977, and 1953

groups in the past 50 years (Table 1). It is

Oak- Oak- Oak-gum-  Oak types
important to note that these forest-type Year pine hickory Cypress total
groups are broad general classifications and million acres
species composition within a type group 2002 30.6 124.3 29.8 186.7
could vary by 15 to 20 Percent or more. 1997 33.4 124.0 293 186.7
For example, the oak-hickory type group
. « . . 1987 31.1 117.0 28.0 176.1
is defined as: “forests in which upland

. . . . 1977 34.6 108.6 26.6 169.8
oak or hickory, singly or in combination,
1953 25.0 101.3 35.7 162.0

comprise a plurality of the stocking except

where pines comprise 25 to 50 percent, in
which case the stand is classified as oak- East.
pine. Common associates include yellow-

poplar, elm, maple, and black walnut” (USDA For. Serv.
2003). Therefore, these data tell us little about possible

shifts in the oak component within these type groups.

An analysis of the hardwood resource data from the
Forest Service’s Forest Inventory and Analysis unit

over the past 40 years revealed some interesting and
compelling trends that may be helpful in obtaining a
better understanding of what has been happening in
eastern U.S. oak forests. The net volume of all hardwood
growing stock on timberland has shown a remarkable
increase of nearly 70 percent between 1963 and 2002
(Table 2). A significant part of this impressive net
volume increase probably is related to the skewed age-
class distribution in eastern hardwood forests. Major
harvests of original forests occurred in the Northeast,
Lake States, Appalachian Mountains, and in the South
between 1850 and 1920 (Sedjo 1991) The result is a
significant bulge in the 80- to 150-year age classes where
forest stands are vigorous and mortality is relatively low.
The rapid increases in net volume growth during the
past 40 years probably will level off in the next 10 to 20
years. Since 1963, the proportion of select white and red
oak net growing stock volume has remained about the
same at 16 percent. However, the proportion of growing-
stock volume of all other oaks has shown a decline of 16
percent. By contrast, the proportion of soft maple net
volume has increased by 60 percent and that of yellow-
poplar has increased by 35 percent. The proportion of
net growing-stock volume of “all other hardwoods” has
shown a slight decline of less than 5 percent (Table 2).
The proportion of hard maple and ash (both species were
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*Includes Minnesota, lowa, Missouri, Oklahoma, Texas, and all states to the

included in the “all other hardwood” category of Table 1)
net growing-stock volume has also increased in the past
40 years (USDA For. Serv. 2003). If we consider the oaks
to be an important component of eastern U.S. hardwood
forests, then the general proportional decline of oak net
growing-stock volume and the proportional increase in
volume of associated species in the relatively short period

of 40 years should be of major concern.

THE OAKS
Species and Distribution

Quercus is the classical Latin name of the oaks and is
thought to be of Celtic derivation meaning fine and
tree (Little 1979). The oaks are the largest tree genus

in the United States and arguably the most important.
Their worth is enormous when you consider the large
number of species, the vast potential for forest products,
the importance for wildlife food, cover and habitat,
their importance for aesthetics and scenic beauty, their
functional use in urban forests, and probably most
important, their ecological value as significant functional
components of most forested ecosystems, especially in
the Eastern United States. Little (1979) recognized 58
native oak species in the United States and Canada, and
about 10 native oak shrubs. Over half of the 58 native
species are found in the Eastern United States. Of the
24 oak species described in significant detail in Sifvics
of North America—Hardwood, Volume 2 (Burns and
Honkala 1990), 20 are considered eastern species and

4 are only found in the western United States. Smith
(1993) reviewed some of the regeneration-related silvical

characteristics of 31 oak species, 25 of which were
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Table 2.—Net volume of hardwood growing stock on timberland in the Eastern United States® of

selected species, 2002, 1997, 1987, 1977, and 1963

Total, all Select white

hardwood oak and Other Soft Yellow- All other
Year species red oak oaksmaple poplar hardwoods

100 million ft’ Percent of all hardwood species

2002 327.7 15.9 18.4 10.2 6.9 48.6
1997 316.4 16.2 18.2 10.2 6.7 48.7
1987 281.4 16.0 19.9 9.2 5.8 49.1
1977 241.3 16.4 21.0 7.9 5.7 49.0
1963 193.6 15.8 22.0 6.5 5.1 50.6

*Includes Minnesota, Iowa, Missouri, Oklahoma, Texas, and all states to the East.

native to the Eastern United States and 6 to the western
states. It is interesting that most eastern oak species
occur in association with a wide variety of overstory and
understory species. The combination of individual oak
species and associated overstory and understory species
are dependent on specific site conditions, and one or
more species of oak is adapted to virtually every forest
site condition that is found in the Eastern United States.
In fact, if you were to overlay the ranges of just five
species, northern red oak, white oak, bur oak, overcup
oak and live oak, you would cover all sites in the Eastern
United States except for several counties in northern
New York. The overstory and understory species greatly
influence oak regeneration distribution and success, and
oak growth and development throughout the rotation.
By contrast, the oaks of the Western United States
generally are smaller in stature and in the total area that
they occupy, Western oak species generally are found

on more arid sites and in clumps or small pure stands.
Competition from grasses and shrubs and drought often
are major factors in regeneration success and subsequent

seedling development on many western sites.

In general, oak species native to the Eastern United
States are strong, durable, and relatively long-lived
compared to associated species. Ages of 150 to 300
years for northern red oak, white oak, and chestnut

oak are not uncommon, and ages up to 700 years have
been recorded (Hora 1981). Very large oaks have been
documented in the east. Probably the best example is a
white oak that was cut in 1913 near Lead Mine, West
Virginia. This giant was 13 feet in diameter 16 feet from

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

the base and 10 feet in diameter 31 feet from the base
(Clarkson 1964). That amounts to 19,200 board feet
(International % inch log rule) or 23,100 board feet
(Doyle log rule) of lumber from the first log.

Uses and Values

The oaks serve as a raw material for a host of forest
products and as such have a significant impact on local
and regional economies throughout the eastern United
States. The wood from oak is noted for its beauty,
durability, strength, and decay resistance. Just think for a
moment about the many products from oak that we take
for granted, but use virtually every day: fine furniture,
flooring, paneling, structural timbers, pallets, charcoal,
veneer, molding, railroad ties, boxes and crates, cabinets,
cooperage, boat building materials, handles, musical
instruments, architectural woodwork, fuelwood, wood

composites, and mulch.

The oaks also are important in the urban forest

where they provide shade, food, and cover for urban
wildlife, protection from wind, visual buffer zones, and
aesthetically pleasing landscape components in parks,
along streets, in yards, and in public areas.

A shift in forest tree species composition from the

oaks to species including the maples, yellow-poplar,
blackgum or beech has serious implications for many
wildlife species in eastern hardwood forests. Acorns (hard
mast) from oaks represent a significant food source for
numerous mammals and birds, especially for fall and
winter diets when sufficient food is critical for survival
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(Martin et al. 1961). Wildlife, including deer, bear, wild
turkey, quail, grouse, squirrel, mice and many songbirds
depend on acorns for part of their diet. Some examples
of these songbirds include the red-bellied woodpecker,
tufted titmouse, blue jay and white-breasted nuthatch
(Martin et al. 1961; Smith and Scarlett 1987; Grubb and
Pravosudov 1994). Martin and others (1961) noted that
acorns rate at or near the top of the wildlife food list, and
listed more that 90 species of wildlife that use acorns.
Acorns are a highly digestible, high-energy, low-protein
food for many wildlife species (Kirkpatrick and Pekins
2002). Compared to many other seasonal food sources,
acorns are relatively slow to decompose and therefore
available for an extended period when other food sources
are limited or absent. Acorns ripen and are dispersed in
the fall and are available throughout the winter while

the seeds of red maple and silver maple ripen and are
dispersed in late spring and early summer. The seeds of

sugar maple and yellow-poplar ripen and are dispersed in

the fall.

The annual production of acorn crops is highly variable
and unpredictable and varies by species, region, and
environmental conditions (Koenig and Knops 2002).
Since hard mast often is a critical source of wildlife food,
the variability in annual acorn production is a factor

in limiting wildlife populations and greatly influences
periodic population fluctuations. The consequences

of declining oak species composition has serious
ecological implications. The results of a recent study in
Pennsylvania (Rodewald and Abrams 2002) is perhaps
the first study to suggest that shifts in forest composition
from oak toward maples may reduce bird species richness
and abundance within forest bird communities and

have a negative influence on certain species. The most
likely species to be impacted are long-distance migrants,
residents and bark-gleaning species. Few birds consume
maple seeds (Martin et al. 1961). When the food value,
quantity (weight), season of dispersal (soft maples), and
decomposition rates of maple seed are compared with

those of acorns, the latter clearly are superior.

Other physical factors of oaks versus maples and other
species, such as bark thickness, maximum tree size, and
longevity, also are important when evaluating shifts

in species composition. The rough and deep furrowed
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nature of most oaks compared to the relatively smooth
bark of red maple is an important and distinct advantage
for insect-foraging bird species (Jackson 1970). The
generally greater tree size, longer life, and the decay
resistance of the oaks are important in their enhanced
value as den and cavity trees. The larger size makes them
more adaptable for bear and larger animals, and the fact
that they live longer and are more resistance to wind fall
and other climatic events adds to the stability of wildlife
species that are dependent solely or in part on den cavity

trees.

For a more comprehensive discussion of the importance
of oak ecosystems to wildlife and the interactions of a
host of wildlife species with these oak dominated forests

see Oak Forest Ecosystems: Ecology and Management for

Wildlife (McShea and Healy 2002).

WHY SHOULD WE SUSTAIN OAK
FORESTS?

There is little question that change is the only thing that
is constant in forests. I believe that one of the overriding
issues is not the fact that changes in oak composition and
distribution are probably occurring all across the eastern
forests but that the rapid rate of change is unprecedented
in the context of biologic and ecologic time frames of
the past. We are seeing changes in less than a single
generation of oaks that we would have expected in

10 to 20 or more generations. Ecological balances

are not being reached as a result of human induced
changes. It is imperative that we strive to enhance our
understanding of the short and long-term, direct and
indirect implications of human activity on our forested
ecosystems. We must identify the information needed to
understand the biological processes and functions that
will result in forest resource management decisions that
will ensure the future biological quality and ecological
integrity of the forested-land base. We must diligently
identify, prioritize, plan, conduct, and analyze, research
programs that will fill the gaps in our present knowledge.
Above all, we must report research results and translate
and communicate them to people on the ground who
are working to solve real-time problems. Finally, we must
ensure that we have a built-in evaluation and follow-up
system so that future information needs and associated

research directions can be identified and considered
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effectively and efficiently. Forests always will be in a
state of transition and what we learned yesterday will

be helpful but not totally applicable to the conditions
today and in the future. We have no choice but to work
toward sustaining our oak forests. We human beings
have mediated global ecological changes and we have

by no means grasped the magnitude of the unintended
consequences of our actions. We are a significant part of
the problem so we must diligently and deliberately be
part of the solution. We should continue our efforts to

sustain oak forests because:

1. The oaks have ecological “standing.” I borrow
the word “standing” from the legal profession
where it implies “a connection.” The oaks have
been “connected” for millions of years. They
have been displaced, replaced, and then returned
over a notable length of geologic time. There
is little question that they are of significant
ecological importance in an evolutionary

context.

2. There are at least 31 oak species in the Eastern
United States and at least one oak species, (and
often several species) is adapted to or will grow

on virtually every forest site in the East.

3. The wood from most oak species is noted for its
strength, durability, rot resistance, high energy
value, and visual appeal that make it ideal for a
host of important wood products. Think about
a world without oak floors and fine furniture,
railroad ties, bourbon and wine barrels,

firewood, and pallets.

4. The oaks are among the longest living tree
species in the East and, therefore, tend to
stabilize forest communities that are subjected to
outside forces—both natural and anthropogenic.
The presence of oaks in forested communities
tends to make those same communities more

resilient.

5. The oaks provide essential habitat components
for many wildlife species, including large and
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small mammals, birds, and reptiles. The volume
and quality of food provided by acorns are
essential for a host of species. The durability and
size of oak cavity trees are seldom matched by

associated tree species.

6. Oaks add color, shape, contrast and stability to
virtually every landscape, in all four seasons and
in both rural and urban settings.

7. The oak tree is a symbol of American forests. It
has stature among tree species.

We should continue our efforts to sustain our oak forests

and greatly expand our efforts to achieve that goal.
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ECOLOGICAL AND ECOPHYSIOLOGICAL ATTRIBUTES AND RESPONSES

TO FIRE IN EASTERN OAK FORESTS
Marc D. Abrams'

Abstract.—Prior to European settlement vast areas of the eastern U. S. deciduous forest were dominated
by oak species. Evidence indicates that periodic understory fire was an important ecological factor in the
historical development of oak forests. During European settlement of the late 19" and early 20" century,
much of the Eastern United States was impacted by land clearing, extensive timber harvesting, severe fires,
the chestnut blight, and then fire suppression and intensive deer browsing. These activities had the greatest
negative impact on the once dominant white oak, while temporarily promoting the expansion of other oaks
such as red oak and chestnut oak. More recently, recruitment of all the dominant upland oaks waned on all
but the most xeric sites. Mixed-mesophytic and later successional hardwood species such as red maple, sugar
maple, black birch, beech, black gum and black cherry are aggressively replacing oak. At Fort Indiantown
Gap in southeast Pennsylvania, periodic burning over the last 50 years resulted in sites with lower tree
density and a higher proportion of overstory oak species than unburned stands. Oak saplings averaged
875 per ha in burned forests and 31 per ha in unburned forests. Red maple had overstory importance of 7
percent and 24 percent in burned and unburned stands, respectively. The leaf litter of many oak replacement
species (e.g., red maple, sugar maple, black birch, beech, black gum and black cherry) is less flammable
and more rapidly mineralized than that of the upland oaks, reinforcing the lack of fire. The trend toward
increases in non-oak tree species will continue in fire-suppressed forests, rendering them less combustible
for forest managers who wish to restore natural fires regimes. Moreover, many of the oak replacement
species are now growing too large, both above and below ground, to readily kill with understory fire. This
situation greatly differs from the western United States, where fire suppression during the 20" century has
made a variety of conifer-dominated forests more prone to stand-replacing fire. Thus, forest supervisors
in the East who wish to use fire as a management tool in oak forests need to act sooner rather than later.

KEY WORDS: historical ecology, disturbance, succession, fire suppression, oak replacement

INTRODUCTION

The increased importance of oak (Quercus) during the
Holocene epoch was associated with warmer and drier
climate and elevated fire frequency after glacial retreat
(reviewed in Abrams 2002). Significant levels of charcoal
influx occurred almost routinely with oak pollen in lake
and bog sediments throughout the Holocene (Delcourt
and Delcourt 1997). As American Indian populations
increased throughout the Eastern United States so did
their use of fire, land clearing, and other agricultural
activities (Whitney 1994). Thus, low to moderate levels
of biotic and abiotic disturbance and climate change
were an intrinsic part of the Holocene ecology, resulting

in a dynamic equilibrium in regional forests.

The magnitude of anthropogenic disturbances in
North American forests changed dramatically following

'Ferguson Building, School of Forest Resources, Pennsylvania
State University, University Park, PA 16802, 814-865-4901,
email: agl@psu.edu.
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European settlement. These included extensive logging,
land clearing, and catastrophic fire, followed by fire
suppression and the introduction of exotic insects and
diseases (Brose et al. 2001). All of these have led to
unprecedented and rapid changes in forest composition
and structure. This is particularly true for the Eastern
United States, which has seen the extirpation of the once
dominant chestnut (Castanea dentata) overstory from
blight, loss of vast white pine (Pinus strobus) forests from
logging followed by intense fires, a virtual cessation of
oak regeneration from fire suppression and intensive
deer browsing, and a rapid increase in native and exotic
invasives (Keever 1953; Abrams 1992, 1998; Whitney
1994). Some authors have characterized the landscape as

undergoing a near complete transformation over the last

350 years (Whitney 1994; Foster et al. 1998).

Oak was the dominant genus in the pre-European
settlement forests throughout much of the Eastern
United States (Abrams 1992; Whitney 1994). However,
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there has been little recruitment of oak during the 20*
century (Cho and Boerner 1991; Abrams et al. 1995),
with the possible exception of the southwest portion

of the eastern deciduous forest (parts of Missouri,
Oklahoma, and Arkansas) that lacks many of the later
successional, oak-replacement species (Abrams 1992).
There is evidence of a dramatic decline in oak forests
from presettlement to the present for much of the
Eastern United States (Glitzenstein et al. 1990; Fralish
etal. 1991; Whitney 1994; Abrams and Ruffner 1995).
Anthropogenic impacts during the late 19" and early
20" centuries included both the height and the end of
the clearcutting era, catastrophic wildfires, the beginning
of the fire suppression era, and chestnut blight. In

this paper I synthesize studies of land-use history,
witness trees (from early land surveys), dendroecology
(tree-ring studies), and fire history to investigate the
major ecological and environmental changes that have
occurred in the eastern deciduous forest following
European settlement. Due to the large increase in non-
pyrogenic, mixed-mesophytic tree species, the window of
opportunity to restore natural fire regimes in eastern oak

forests may be closing in the foreseeable future.

OAK ABUNDANCE IN THE
PRESETTLEMENT FOREST

Oak distribution in the pre-European settlement forests
of New England differed dramatically from north to
south. There is little or no oak in northern New England
except along the Connecticut River Valley (Table 1;
Burns and Honkala 1990; Cogbill et al. 2002). However,
in southern New England and eastern New York, white
oak was typically the first-rank species, with composition
percentages ranging from about 17 to 36 percent
(Table 1). Other dominant tree species in these forests
included white pine, hickory (Carya), chestnut, and
hemlock (Zsuga canadensis).

Oak species occurred in the southern and central regions
of the Lake States (Burns and Honkala 1990). White oak
represented 19 to 26 percent of certain presettlement
forests in southern and central Michigan and Wisconsin,
in some regions occurring with red pine (2 resinosa) and
white pine, as part of bur oak (Q. macrocarpa) savannas,
or with sugar maple (Acer saccharum) and red oak (Q.

rubra) (Cottam 1949; Kilburn 1960; Nowacki et al. 1990)
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The peak distribution for oak species in the
presettlement forest clearly was in the oak-hickory,
oak-pine, and former oak-chestnut regions of the Mid-
Atlantic, central Appalachians and Piedmont, Midwest,
and Central States (Table 1). In the Mid-Atlantic region,
oak was the first- or second-rank species in 16 of 18
studies reviewed here. In 12 of these examples, white oak
was the dominant species, with a frequency of 21 to 49
percent. White oak was second to black oak (Q. velutina;
33 percent) with a frequency of 17 to 30 percent in the
Piedmont of southeastern Pennsylvania (Mikan et al.
1994; Black and Abrams 2001). In the Ridge and Valley
of Pennsylvania, white oak was the first rank dominant
on valley floors, but was a codominant behind pine
species and chestnut oak on ridges (Nowacki and Abrams

1992; Abrams and Ruffner 1995).

In the Midwest and central regions, white oak

followed by black oak were the dominant species in

six of eight examples (Table 1). However, fine till soils

in northeastern Ohio and western New York were
dominated by sugar maple and beech (Fagus grandifolia),
with lesser amounts (5 to 14 percent) of white oak
(Seischab 1990; Whitney 1994). White oak and black
oak typically grew with hickory on drier and less fertile
sites throughout the region.

There is much less information on pre-European forest
composition for the South and Southeast (Table 1). The
few existing studies suggest that oak species were not
typically dominant but did achieve frequencies of 5 to 18
percent in forests with Magnolia, beech, maple, pine and
other oak species (Table 1). However, more numerous
studies of 20" century forests and old-growth remnants
farther north in the Piedmont and central and southern
Appalachians suggest that oaks were a dominant in the
original forest (Braun 1950, Peet and Christensen 1980,
Monk et al. 1990; Barnes 1991).

OAK DECLINE FOLLOWING
EUROPEAN SETTLEMENT

Significant changes in the composition of oak forests
occurred in most regions from presettlement the to
present. In 18 of 26 examples reviewed here, white oak
experienced a decline in frequency of 10 percent or more

(Table 2). Six examples reported no significant change,
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Table 1.—Percent composition of witness tree species in pre-European settlement forests in the Eastern United States

Region and location

Presettlement forest composition

Reference

Northeast
northern VT, NH
western NY
eastern NY
central MA
central MA
CT and RI
MA
eastern NY

Lake States
central MI
central MI
southern W1
central WI
central WI

Mid-Atlantic
northern NJ
northern NJ
northwest PA
southeast PA
southeast PA
southwest PA
central PA

Allegheny Mts
plateaus
stream valleys

Ridge and Valley
ridges
valleys
ridges
valley

eastern WV
ridges

valleys

southern WV
northern VA
southwest VA
western Virginia

beech(32), spruce (14), maple (12), hemlock (12), oak (5)
beech (32), sugar maple (18), basswood (12), white oak (11)
white oak (36), black oak (15), hickory (10), elm (6)

white oak (27), black oak (26), pine (18), hickory (9)

white oak (20), pine (20), hemlock (10), chestnut (8)

white oak (33), hickory (10), chestnut (9),

white oak (25), pine (16), maple (6), hemlock (6)

white oak (17), beech (16), hemlock (10), pine (9)

jack pine (20), red pine (19), white pine (11), white oak (2)
red pine (40), white oak (19), white pine (15), aspen (12)
bur oak (60), white oak (26), black oak (13)

sugar maple (37), white oak (25), red oak (16), elm (12)
pine (28), aspen (17), larch (12), white oak (10)

white oak (34), black oak (18), hickory (15), red oak (9)
white oak (31), hickory (25), black oak (19), chestnut (12)
white oak (21), beech (13), maple (17), black oak (6)

black oak (33), white oak (17), chestnut (15), hickory (15)
black oak (33), white oak (30), hickory (28)

white oak (40), black oak (9), hickory (9), dogwood (8)

white oak (26), chestnut (19), pine (19), maple (10)
hemlock (24), maple (21), white pine (15), birch (15)

chestnut oak (14), white oak (12), pine (19), chestnut (11)
white oak (30), pine (25), hickory (17), black oak (10)

pine (27), chestnut oak (18), white oak (11), chestnut (13)
white oak (41), white pine (12), hickory (12), black oak (9)

white oak (35), chestnut (15), chestnut oak (13), black oak (12)
white oak (23), maple (22), pine(15), basswood (10)

white oak (24), chestnut (12), hickory (9), chestnut oak (6)
white oak (49), red oak (26), hickory (7)

red oak (25), white oak (18), chestnut (9)

white oak (26), pine (13), chestnut oak (9), hickory (9)

Mid-west and central region

central MO
eastern IL
southern IL
south slopes
ridge tops
northeast OH
fine till
coarse till
north-central OH
southeast OH

South and southeast
north FL
central GA
southeast TX
eastern AL

white oak (32), black oak (11), sugar maple (9), elm (8),
white oak (27), black oak (18), hickory (6), elm (10)

white oak (81)
white oak (45), black oak (33),

beech (36), sugar maple (17), white oak (14)

white oak (37), hickory (13), black oak (6)

hickory (34), white oak (30), bur oak (11), black oak (11)
white oak (40), hickory (14), black oak (12), beech (8)

magnolia (21), beech (14), maple (7), white oak (5)

pine (27), black and red oak (21), post oak (18), white oak (7)
pine (25), white oak (18), pin oak (10), red oak (9)

white oak (13), beech (9), pine (9), maple (5)

Cogbill et al. 2002
Seischab 1990
Glitzenstein et al. 1990
Whitney and Davis 1986
Foster et al. 1998
Cogbill et al. 2002
Cogbill et al. 2002
Cogbill et al. 2002

Whitney 1994
Kilburn 1960
Cottam 1949
Curtis 1959
Nowacki et al. 1990

Russell 1981

Ehrenfeld 1982

Whitney and Decant 2001
Mikan et al. 1994

Black and Abrams 2001
Abrams and Downs 1990

Abrams and Ruffner 1995
Abrams and Ruffner 1995

Abrams and Ruffner 1995
Abrams and Ruffner 1995
Nowacki and Abrams 1992
Nowacki and Abrams 1992

Abrams and McCay 1996
Abrams and McCay 1996
Abrams et al. 1995

Orwig and Abrams 1994
McCormick and Platt 1980
Stephenson et al. 1992

Wuenscher and Valiunas 1967
Rodgers and Anderson 1979

Fralish et al. 1991
Fralish et al. 1991

Whitney 1994
Whitney 1994
Whitney 1994
Dyer 2001

Delcourt and Delcourt 1977
Cowell 1995

Schafale and Harcombe 1983
Black et al. 2002
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Table 2.—Percent frequency of present-day forest composition in the Eastern United States (examples chosen based on

availability of corresponding pre-European settlement witness tree data)

Region and location Present day Reference
Northeast
MA
Connecticut Valley  maple (30), oak (22), hemlock(15), pine (11), birch (11) Foster et al. 1998
Pellham Hills maple (27), oak (21), hemlock(15), birch (15), pine (11) Foster et al. 1998

Central Uplands maple (24), oak (23), pine(16), birch (12), hemlock (12)
Eastern Lowlands oak (35), maple (23), pine(21), birch (8)

Foster et al. 1998
Foster et al. 1998

central MA white pine (23), black oak (21), red oak (19), white oak (9) Whitney and Davis 1986
eastern NY maple (30), chestnut oak (14), red oak (10), pine (9), white oak (4) Glitzenstein et al. 1990
Mid-Atlantic
northwest PA red maple (22), black cherry (14), hemlock (7), white oak (3) Whitney and Decant 2001
southeast PA chestnut oak (26), red maple (18), black oak (15), white oak (4) Black and Abrams 2001
southeast PA box elder (23), red maple (19), ash(8), elm (7), white oak (1) Kuhn (unpublished data)
central PA
Allegheny Mts. red maple (35), white oak (19), red oak (11), chestnut oak (9) Abrams and Ruffner 1995
Ridge and Valley chestnut oak (28), red maple (14), red oak (14), white oak (13) Abrams and Ruffner 1995
valleys white oak (43), red maple (15), black cherry (10), pine (7) Nowacki and Abrams 1992
ridges chestnut oak (43), red oak (19), red maple (14), white oak (1) Nowacki and Abrams 1992
southwest PA red maple (30), beech (23), tulip poplar (17), white oak (5) Abrams and Downs 1990
eastern WV chestnut oak (15), red oak (14), red maple (12), white oak (9) Abrams and McCay 1996
northern VA white oak (30), hickory (13), poplar (13), dogwood (11) Orwig and Abrams 1994
southwest VA hickory (14), red oak (12), chestnut oak (8), white oak (5) McCormick and Platt 1980
Midwest and Lake States
southeast OH white oak (15), black oak (14), tulip poplar (11), hickory (8) Dyer 2001
northeast OH beech (11), white oak (11), hickory (9), black cherry (8), red maple (6) Whitney 1994
southern W1 sugar maple (28), elm (14), basswood (11), white ask (10), white oak (5) Whitney 1994
southern W1 (savanna)white oak (34), hickory (30), black oak (24), black cherry (12) ~ Whitney 1994
southern W1 (savanna)white oak (54), black oak (25), black cherry (17) Cottam 1949
central Wisconsin red oak (46), white oak (19), red maple (16) Nowacki et al. 1990
southern IL
south slope white oak (30), black oak (22), post oak (18), hickory (13) Fralish et al. 1991
ridge top white oak (53), black oak (17), hickory (14), post oak (7) Fralish et al. 1991
north slope white oak (21), red oak (22), sugar maple (13), black oak (13) Fralish et al. 1991
whereas two cases actually showed an increase or more Massachusetts oak (mainly white oak) decreased in
than 10 percent for the species. The latter examples are frequency by more than 20 percent in the Connecticut
rather special cases that involved the conversion of bur Valley and Eastern Lowlands (Table 2; Foster et al. 1998).
oak savannas to closed oak forests in southern Wisconsin In the Hudson Valley of eastern New York, white oak
following Euro-American settlement and fire suppression declined mroe than 30 percent (Glitzenstein et al. 1990).
(Cottam 1949; Whitney 1994). Similar declines were noted for white oak in northwest
and southeastern Pennsylvania, eastern West Virginia,
The magnitude of decline in the once dominant and northern Virginia (Orwig and Abrams 1994; Abrams
white oak has been dramatic. For example, in central and McCay 1996; Black and Abrams 2001; Whitney and
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Decant 2001). However, the largest decline in white oak
(from 81 percent to 30 percent) was reported on south
slopes in southern Illinois (Fralish et al. 1991).

Currently, oak is the first rank tree species in only 14 of
the 26 examples reviewed here compared to 24 of these
examples at the time of European settlement (Tables

1 - 2). There is a greater tendency for present-day oak
dominance in the Midwest and Lake States, where

they increased in former bur oak savannas and logged
and burned-over pine forests (Cottam 1949; Whitney
1994; Nowacki et al. 1990), or in the former prairie
peninsula outside the range of red maple (Fralish et al.
1991). Apart from these exceptions, white oak generally
experienced a significant decline in frequency even when
it maintained the dominant ranking in modern forests
(Fralish et al. 1991; Orwig and Abrams 1994; Foster et
al. 1998; Dyer 2001).

Large increases in red oak and chestnut oak also occurred
from presettlement to the present (Tables 1 - 2). Red oak
increased from 7 to 19 percent in central Massachusetts
and from 2 to 22 percent on north-facing slopes in
southern Illinois (Fralish et al. 1991; Whitney and
Davis 1986). Red oak has importance values of 37 to 51
percent in present forests of north-central Wisconsin,
where it formerly represented less than 1 percent of the
original northern hardwood-conifer forest (Nowacki

et al. 1990). Increases in red oak ranging from 9 to

19 percent and in chestnut oak from 7 to 25 percent
occurred in the Allegheny Mountains and Ridge and
Valley of Pennsylvania and West Virginia (Nowacki and
Abrams 1992; Abrams and Ruffner 1995; Abrams and
McCay 1996). In western Virginia, red oak increased
from 11 to 57 percent (from 1932 to 1982), while red
maple increased from 1 to 11 percent (Stephenson et al.
1992). Chestnut oak increased in frequency from less
than 1 percent to 26 percent in the Piedmont lowlands
of southeastern Pennsylvania (Black and Abrams 2001).
Red oak and chestnut oak apparently benefited from the
death of overstory chestnut (on ridges), selective logging
of white oak, and the intensive logging and burning of

both high- and low-elevation forests.

The witness tree studies reviewed here indicate that

the once dominant white oak grew on a wider range of
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sites and in greater numbers than any other eastern oak
species (Braun 1950; Peet and Christensen 1980; Monk
et al. 1990; Barnes 1991). Red oak appears frequently

in the witness tree record but only occasionally had a
frequency exceeding 5 percent. It is likely that there were
small populations of red oak across the eastern forest on
most landforms that provided adequate nutrients and

some protection from fire and drought.

After the clearcut era of the late 1800s and the

chestnut blight of the early 1900s, the fast-growing and
opportunistic red oak expanded dramatically from its
sheltered areas and grew over vast areas of the eastern
forest previously dominated by chestnut, pine, and white
oak (Keever 1953; Crow 1988; Nowacki et al. 1990;
Barnes 1991; Stephenson et al. 1992). It appears that red
oak flourished in response to large-scale anthropogenic
disturbances that were much less common in the pre-
European settlement forest. Moreover, the invasion of
red oak into relatively undisturbed old-growth white

oak forests probably was facilitated by its increase in
surrounding forests that were more highly disturbed

(Abrams et al. 1995; Abrams and Copenheaver 1999).

The post-settlement expansion of chestnut oak can be
best explained by the loss of overstory chestnut, pitch
pine (Pinus rigida) and white oak, and it being tolerant
of severe fires that occurred during and after the major
clearcut era in the late 1800s (Keever 1953; McCormick
and Platt 1980; Abrams and Ruffner 1995; Abrams and
McCay 1996). Despite often growing on ridge sites and
being a low quality timber species, chestnut oak did not
escape extensive cutting during the 19" century. It was an
important fuelwood for domestic uses and the charcoal
iron industry, and a source of tannin for the tanbark
industry (Stephenson et al. 1992; Whitney 1994). On
sites in which chestnut oak and white oak codominated
in the original forest, chestnut oak was the apparent
victor following the catastrophic disturbances. However,
many chestnut oak forests now are being invaded by red

maple (Table 2).

RISE IN RED MAPLE IN EASTERN OAK
FORESTS

By far, the largest increases in species frequency on

present-day upland oaks sites are from red maple (Tables
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Missouri, outside the range of red maple, sugar
maple now is the dominant later successional, oak

replacement species on mesic, nutrient-rich sites

(Pallardy et al. 1988; Fralish et al. 1991).

The situation for red maple is somewhat analogous stand (Coleman Hollow) is dominated by red maple
to the rise in red oak during the 20™ century in the (24 percent), chestnut oak (23 percent), white oak (20
Eastern United States (Abrams 1998). Before European percent), red oak (14 percent), and black oak (9 percent),
whereas the South Savage stand is dominated by

chestnut oak (20 percent), black birch (Betula lenta; 18

settlement, red maple generally was limited to swamps
and other areas sheltered from fire. Red maple is much
more sensitive to fire than red oak, and would have percent), red oak (17 percent), red maple (17 percent),

been less common on uplands. After 1900, red maple black oak (11 percent), and white oak (6 percent). A

quickly expanded out of the protected areas and began to
dominate most forest understories throughout its range.
The selective logging of the highly prized white oak gave
a clear opportunity to less common and/or less desirable
species, e.g., red oak, red maple, black birch, and black
cherry (Whitney 1994; Whitney and Decant 2001).

A CASE STUDY OF FIRE HISTORY
AND OAK RECRUITMENT IN AN
OLD-GROWTH OAK FOREST

Fire history and dendroecology (based on tree ring
analysis) were investigated for two stands in an old-
growth, mixed-oak stands in western Maryland
(Shumway et al. 2001). I believe the ecological history
and dynamics of these stands are representative of oak
forests throughout much of the eastern forest. One

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

greater abundance of rock outcroppings at South Savage
may have allowed for more black birch and less white
oak in the stand. The presettlement forest on Savage
Mountain contained white oak (27 percent), hickory
(18 percent), black oak (12 percent), chestnut oak (11
percent), chestnut (10 percent), and red oak (5 percent).

Basal cross sections were obtained from a partial timber
cut in 1986, which provided evidence of 42 fires from
1615 to 1958. Fires occurred on average every 8 years
during the presettlement (1600 to 1780) and early post-
settlement (1780 to 1900). These included seven major
fires year in which at least 25 percent of the sample trees
were scarred in a given year (Fig. 1). No major fire years
occurred after 1900 and no fires were recorded after

1960. The South Savage stand had a larger component
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of older trees, including a 409-year-old white oak, and
exhibited continuous recruitment of oaks from the late
1500s until 1900. Interestingly, white oak and chestnut
oak dominated recruitment from 1650 to 1800, whereas
red oak and black oak dominated recruitment from 1800
to 1900. The lack of red oak and black oak recruitment
prior to 1800 may be due to their relatively short
longevity at the site. However, it is difficult to explain
the large reduction in white oak and chestnut oak
recruitment after 1800, though they might have been
outcompeted by the other oaks. After 1900, red oak was
the only oak species to recruit in significant numbers.

This was associated with the loss of overstory chestnut

from the blight.

Coleman Hollow differed from South Savage in species
composition and the fact that it contained only two very
old oaks—white oaks 290 and 320 years old (Fig. 1).
Moreover, the abundant oak recruitment during the

19" century included large amounts of chestnut oak
and white oak not seen on Savage South. From 1900

to 1950, recruitment of chestnut oak and red oak was
joined by large numbers of red maple and black birch.
There was little recruitment of white oak in either stand
after 1900.

The results of this study indicate that periodic fires
burned through the forest understories between 1600
and 1900, and that some degree of burning continued
until 1960 because of its remote location. The fire
rotation at Savage Mountain is consistent with mean
fire intervals of 4 to 20 years in other oak forests in the
Eastern and Central United States (Guyette and Dey
1995; Sutherland 1997; Schuler and McClain 2003).
The long history of periodic burning at the study site
was associated with continuous oak recruitment. A
similar result was reported for a fire history and red

oak recruitment study in West Virginia (Schuler and
McClain 2003). Fires at Savage Mountain likely played
an important role in oak ecology, such as preparing a
thin litter seedbed, increasing sunlight to the forest floor,
and suppressing red maple and black birch. Indeed, red
maple and black birch were absent from the witness tree
record and among the older trees in the forests, even
though they can live for more than 200 years. Large

amounts of red oak, chestnut oak, red maple, and birch
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recruitment were associated with the chestnut blight
period from 1910 to 1950. A reduction and eventual
cessation of fire further facilitated red maple and

black birch invasion in the forest while retarding the

recruitment of all oak species.

IMPACTS OF RECENT, RECURRING
FIRE ON OAK FOREST COMPOSITION
AND RRECRUITMENT

The National Guard Training Center at Fort Indiantown
Gap near Harrisburg, Pennsylvania, has experienced
frequent fires since the 1950’s on the ridges and since
the 1980’ in the valleys as a result of military training
exercises. This represented an unique opportunity to
investigate the role of recent and repeated fire in oak
forests in the Eastern United States. We investigated four
frequently burned and two unburned sites replicated in
Ridge and Valley ecosystems (Signell et al. 2006).

The cross sections collected from stand VB1 indicate
that it initiated following a fire in 1941; a second fire
occurred in 1953 (Fig. 2). Most cross sections had

pith dates of 1953 but several individuals initiated in
1942 and one of these had a 1953 fire scar. VB1 has
also experienced major fires in 1984, 1986, 1990 and
1992, with mean fire return interval (FRI) of 2.7 years
for the period. The diameter distribution of VBI is bell
shaped rather than positively skewed as in VU (Fig. 3).
Oak dominated every size class and shade-tolerant/fire
sensitive species were uncommon. Total oak importance
value exceeded 94 percent in this stand. Cross sections
from stand VB2 showed recruitment dates from the
early 1940s. Like VBI, this stand experienced a fire-free
period following stand initiation. No fire scars were
found until the early 1980s, after which at least three
fires occurred, in 1982, 1985 and 1990, resulting in a
mean FRI of 4 years. VB2 has a bell-shaped diameter
distribution similar to that for VB1, and oak dominated
all size classes (Fig. 3). However, VB2 has more shade
tolerant-species present in the smaller diameter classes,
including red maple and blackgum, than were observed
in stand VB1. Total oak importance value in stand VB2
was 81.1 percent.

Stands RU and RB1 were part of an uninterrupted
forest stand in 1952. Tree-ring data show that the
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Figure 2.—Fire scar records obtained from tree basal cross sections at
Fort Indiantown Gap, Pennsylvania. Horizontal lines represent the visible
growth rings for each tree, and vertical bars represent fire scars (adapted

from Signell et al. 2005).

oldest trees in both stands originated around 1845

(Fig. 2). No fire scars were found in any of the cross
sections obtained from these stands until 1952, when
both stands experienced a fire severe enough to scar
many of the approximately 100-year-old chestnut oaks
present at the time. Between 1952 and 1956, a road was
constructed between the two stands. Following the road
construction, RB1 experienced fires in 1979, 1983 and
1991, while RU has been free of fire (Fig.2).

RU had high stem density, mostly from chestnut oak,

red maple, and black birch (Fig. 4), but few individuals
more than 30 cm in diameter at breast height, and they
were mostly chestnut oak. Nonetheless, these large trees

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

contributed greatly to the high basal area in this stand.
Red maple and black birch dominated the smaller size
classes (Fig. 4). RB1 had lower stem density than stand
RU. Of the major species, only scarlet oak had more
stems in stand RB1 versus RU. Most black birch and
red maple were concentrated in rocky patches. Chestnut
oak had the highest importance in this stand; overall oak
importance was 63.7 percent. Stand RB2 had several
large chestnut oaks and red oaks that were clustered on
a rocky boulder field. Fire occurred in 1890 and 1900,
soon after stand establishment (Fig. 2). No fire scars
were recorded between 1900 and 1952. Many of the
smaller trees recruited following a fire in 1953. RB2 had
additional fires in 1986, 1991, 1996, and 2000 (Fig. 2).
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Figure 3.—Diameter distributions for unburned (VU) and burned valley stands
(VB1, VB2) at Fort Indiantown Gap, Pennsylvania. Quve = Quercus velutina, Qual
= Quercus alba, Quru = Quercus rubra, Qupr = Quercus prinus, Quco = Quercus
coccinnea, Nysy = Nyssa sylvatica, Bele = Betula lenta, Acru = Acer rubrum

(adapted from Signell et al. 2005).

RB2 has high tree density, with oak species dominating
all diameter classes (Fig. 4). There were substantial
numbers of red maple and black birch, primarily on
rocky patches. Oak importance was 69.2 percent in this

stand.

Burned sites generally had lower tree density and a

higher proportion of overstory oak species (64 to 92

82
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percent relative importance value) than unburned stands
(47 to 49 percent importance). Oak saplings averaged
875 per ha in burned forests and 31 per ha in unburned
forests. Red maple, the most aggressive oak replacement
species in the Eastern United States, had overstory
importance of 7 percent and 24 percent in burned and
unburned stands, respectively. Oak saplings ranged
from 824 to 1,545 per ha in three of the four burned
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Figure 4.—Diameter distributions for unburned (RU) and burned ridge stands
(RB1, RB2) at Fort Indiantown Gap, Pennsylvania. Quve = Quercus velutina,
Qual = Quercus alba, Quru = Quercus rubra, Qupr = Quercus prinus, Quco =
Quercus coccinnea, Nysy = Nyssa sylvatica, Bele = Betula lenta, Acru = Acer

rubrum (adapted from Signell et al. 2005).

stands and 0 to 62 per ha in the unburned stands. Oak

sapling density was only 62 per ha in one recently (2002)

burned ridge stand that had the highest tree density.
There were no red maple saplings in three of the four
burned stands. Oak saplings were most abundant when
overstory density was less than 400 trees per ha and
understory tree density was less than 200 trees per ha.

When overstory or understory tree density exceeded

400 and 200 trees/ha respectively, oak regeneration was
virtually absent. The results of this study suggest that
periodic fire often reduces overstory and understory
stand density and promotes successful regeneration of
relatively shade intolerant oak species in the Eastern
United States. However, high tree density in forests
will retard the development of oak understories and

subsequent recruitment even if periodic burning occurs.
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Table 3.—Adaptations to fire, drought and understory conditions in upland oaks relative to non-oak hardwood

species (adapted from Abrams 1996)

Fire Drought

Understory

Thick bark

Rotting resistance after
scarring; tyloses in white oaks

Deep rooting

Deep and extensive rooting Thick leaves
Vigorous sprouting in young trees
Improved fire-created seedbed

Increased germination High leaf nitrogen
Increased seedling survival

Lowered seed and seedling predation

stomatal closure

High osmotic adjustment
High wilting threshold

Low nonstomatal inhibition of

photosynthesis

Leaves not drought deciduous

High predawn leaf water potential

High leaf mass per area

High stomatal density

High net photosynthesis
High leaf conductance
High drought threshold for

Low-moderate shade tolerance

Large seed and cotyledons

Large initial seedling and roots
Relatively high net photosynthesis
Relatively low respiration

Low light compensation point
Medium light saturation values
Slow seedling shoot growth

High c-based phenolics

Shoot dieback
Intense seed and seedling predation

Often overtopped by competing species

Responsive to canopy gaps

Increase in mixed-mesophytic hardwoods
decreasing litter layer flammability

ECOPHYSIOLOGICAL ATTRIBUTES OF
UPLAND OAK SPECIES

Upland oaks are prevalent across a broad array of sites,
including drought-prone areas, have evolved with
periodic understory burning and are transitional to

later successional species in the absence of fire on most
sites. Thus, upland oaks presumably possess a suite of
ecophysiological adaptations for drought and fire but not
for competing in a closed forest understory dominated
by more shade-tolerant species. In this section I
summarize the ecophysiological attributes of upland oaks
as they relate to its success in the presettlement forest

and subsequent decline following European settlement

(Table 3).

Fire Adaptations

In an early opinion survey of the fire resistance for 22
northeastern tree species, oaks (chestnut oak, black oak,

white oak, and scarlet oak) were rated in four of the top
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six positions (Starker 1934). A ranking of increasing bark
thickness and fire resistance reported that bur oak > black
oak > white oak > red oak (Lorimer 1985). White oaks
(subgenus Leucobalanus), including bur oak, chestnut
oak, and white oak, can produce tyloses, eccentric
outgrowths of cell walls in response to wounding,

which allow for effective compartmentalization of fire
scar injuries. In this respect, white oaks should be more
resistant to fire than red oaks (Table 3). Fire also may

be beneficial to oaks relative to other hardwood species
because of their deep and extensive rooting, vigorous

sprouting ability, and increased germination and survival

on fire-created seedbeds (Table 3).

Drought Adaptations

Oaks are among the most deeply rooted tree species

in the Eastern United States, which allows them to
maintain relatively high predawn shoot water potential
from superior overnight rehydration (Table 3). Oak

leaves typically are more xerophytic, having greater
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thickness, mass per area and stomatal density, and higher
nitrogen content than leaves of non-oak species. These
factors contribute to the relatively high photosynthesis
and transpiration in white oak and other oak species.
Oaks need to develop the necessary tissue water relations
to support high level of gas exchange, and they often
exhibit low osmotic potentials, low relative water content
at zero turgor, and low water potential threshold for

stomatal closure than non-oak species (reviewed in

Abrams 1992).

Adaptations to Forest Understory
Conditions

Most upland oaks are considered to have intermediate
shade tolerance (Table 3; Burns and Honkala 1990),
though Crow (1988) considered red oak to have low
shade tolerance. Oaks produce a large acorn that allow
for high initial growth, though white oaks typically
exhibit low shoot growth after the first year in forest
understories (Cho and Boerner 1991). Sapling density
is low for most oaks, especially for white oak. This
indicates that there is a severe “bottleneck” between the
oak seedling and sapling stages (Crow 1988; Nowacki et
al. 1990).

The physiological mechanisms for slow growth in oak
seedlings are complex. Photosynthetic rates of oak in
shaded conditions are often higher than in non-oak
species, while oak respiration rates are low to moderate
(Table 3). Oak seedlings often produce large root systems
but experience recurring partial or complete shoot
dieback (Crow 1988; Abrams 1992, 1996). Allocating
carbon in this manner has its limitation, particularly for
the once dominant white oak. White oak is reported to
have slower height growth than chestnut, red oak, and
black oak (Whitney 1994). Following a 1985 tornado,
white oak seedling/sprouts had among the lowest rates of
height growth for seven species (including black oak, red
oak, and black cherry; Kauffman 2002).

Upland oaks are well adapted to dealing with a range
of moisture conditions, and their moderate shade
tolerance is conducive to gap-phase regeneration in
fire-maintained forests. However, upland oaks grow

slowly in deeply shaded forest understories dominated by
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later successional species and in heavily disturbed areas,
where they are overtopped by competitors. Intensive
deer browsing, despite the production of carbon-based
defense chemicals, only exacerbates the situation (Table
3). Moreover, the increase in later successional, mixed-
mesophytic hardwoods is reducing the flammability of
the litter layer, which likely will result in less frequent
and intense surface fires in the future. These ecological
stressors represent a serious threat to the survival of

upland oaks.
CONCLUSION

Paleoecological and dendroecological evidence suggest
that the process of fire and oak recruitment in upland
forests went on for many hundreds and thousands of
years. This cycle was broken during the 19" and early
20t century, leading to a dramatic decline in the once
super-dominant white oak followed by declines in

other oak species. It is doubtful that oaks on mesic sites
represent a true self-perpetuating climax in the absence
of fire (Lorimer 1985; Abrams 1992; Schuler and
McClain 2003). Thus, the broad ecological distribution
of oaks in the Eastern United States can be attributed
directly (probably in large part) to extensive understory
burning in the pre-European and early settlement forests.
If not for these fires, most oak sites would have been
dominated by red maple, sugar maple, birch, beech, and
black gum, a trend that now is apparent throughout

most of their range.

There has been a nearly complete cessation of oak
recruitment over the last 50 to 100 years in all but the
most xeric and nutrient poor sites. There now is strong
competitive pressure on oak regeneration from a number
of later successional and gap opportunistic trees. The
conversion of flammable oak litter, with high lignin
content, in forest understories to less combustible and
more rapidly decomposed litter of mixed-mesophytic
and later successional tree species (Melillo et al.

1982; Lorimer 1985; Washburn and Arthur 2003) is
rendering eastern oak forests less prone to burning.

By contrast, fire suppression in the Western United
States and resultant increases in live and dead fuel,
stand density, and changes in species composition have

made many conifer-dominated forests more prone to
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fire (Biswell 1967; Parsons 1976; Brown et al. 2000).
The declining combustibility of eastern forests may be
further exacerbated by intensive deer browsing, which
has reduced the leaf litter from most woody species,
especially oaks. Thus, forest managers wishing to restore
historical burning regimes to eastern forests in the hope
of encouraging more oak regeneration while reducing
native invasive tree species should act sooner rather than

later as the window of opportunity may be closing.
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RESEARCH EFFORTS ON FUELS, FUEL MODELS, AND FIRE BEHAVIOR
IN EASTERN HARDWOOD FORESTS

Thomas A. Waldrop'’, Lucy Brudnak', Ross J. Phillips', and Patrick H. Brose’

Abstract.—Although fire was historically important to most eastern hardwood systems, its
reintroduction by prescribed burning programs has been slow. As a result, less information
is available on these systems to fire managers. Recent research and nationwide programs are
beginning to produce usable products to predict fuel accumulation and fire behavior. We introduce
some of those tools and examine results from regional studies of hardwood fuel distribution.

INTRODUCTION

A broad array of natural disturbances has contributed to
the development of eastern hardwood ecosystems. The
role played by natural and anthropogenic fire has not
been appreciated until recent years. There is considerable
knowledge on the fire-dependent pine ecosystems of

the Western United States and the Southeastern Coastal
Plain. However the role of fire is not well recognized for
the Central Hardwood region, Southeastern Piedmont,
and Southern Appalachian Mountains. In these areas,
prescribed burning programs and supporting research has
lagged behind that of the West and Southeastern Coastal
Plain because of the perceived damage to hardwoods,
difficulty of controlling high-intensity fires on slopes,
and the potential for soil/site damage (Van Lear and
Waldrop 1989). Consequently, basic fire-planning
information such as fuel models and fire behavior models

are missing or poorly calibrated.

Although fire was never entirely missing from the eastern
hardwood region, prescribed burning only began to

be used in hardwood stands during the 1980’s for site
preparation (Phillips and Abercrombie 1987) and in the
1990’s for restoration of individual species (Waldrop

and Brose 1999) or entire ecosystems (Sutherland and
Hutchinson 2003). Fire managers use a number of tools
to describe fuels and predict fire behavior. Many of these
tools were developed for western systems and have not

been tested for eastern hardwoods. The purpose of this

"USDA Forest Service, Southern Research Station, 233
Lehotsky Hall, Clemson, SC 29634-0331; 2USDA Forest
Service, Northern Research Station, PO BOX 267, Irvine
PA 16329; "Corresponding author, 864-656-5054, email:
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paper is to examine several existing models of fuels and
fire behavior, describe several ongoing projects that will
develop new models, and describe fuel characteristics

specific to the eastern hardwood region.

National Projects with Hardwood
Fuel Components

Models have been developed for application in numerous
ecosystems throughout the United States. Probably the
most well known and used in eastern hardwood systems
are BEHAVE (Burgan and Rothermel 1984), FARSITE
(Finney 1998), and FOFEM (Reinhardt and others
1997). Newer projects include LANDFIRE (http://www.
landfire.gov), a photo series for major natural fuel types
of the United States (http://www.fs.fed.us/pnw/fera/),
and the USDA Forest Service Forest Inventory and
Analysis (FIA) National Assessment of Fuel Loadings
(Woodall 2003). We present a brief description of

each that is intended as an introduction rather than

an exhaustive evaluation of all available fuel and fire

behavior models.

BEHAVE and BEHAVEPIus
The BEHAVE fire prediction system was developed

by Forest Service researchers to predict fire spread

and intensity (Burgan and Rothermel 1984; Andrews
1986; Andrews and Chase 1989; Andrews and
Bradshaw 1990). Three later versions of this model
(BEHAVEPlus v.1, v.2, and v.3) were developed to
allow use in a Windows®-based environment and to
incorporate updates in fire and modeling technology.
This series of programs uses 13 fuel models that describe
common fire-prone fuel types like grasslands, chaparral,
coniferous forests, and logging slash (Anderson 1982).
A set of 40 additional models, described by Scott and
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Burgan (2005), was added in the most recent version
of BehavePlus (3.0.1) that allow both static and
dynamic simulations (that is, simulations that involve
seasonally changing fuelbeds). The most commonly
used fuel models for eastern hardwood systems are
models 6 (hardwood slash), 8 (closed timber litter),
and 9 (hardwood litter) (Brose 1997). The system also
allows input of local fuel measurements by developing
a customized fuel model. These are used for areas
where fuel conditions are not adequately described by
the standardized fuel models (Burgan and Rothermel
1984). A description of each version of BEHAVE and
BEHAVEPIus is found at http://fire.org. Free program
downloads are available at this site.

Published tests of BEHAVE in eastern hardwood systems
are rare but have been presented by Brose (1997) for
oak-dominated (Quercus sp.) shelterwood stands in
central Virginia and by Grabner and others (1997) for
oak savannas in Missouri. Both studies used the original
BEHAVE model. No published tests of the 40 new fuel
models are available for eastern hardwood systems. Brose
(1997) compared actual flame length (FL) and rate of
spread (ROS) measurements from winter, spring, and
summer burns to values predicted by BEHAVE using
fuel models 6, 8, 9, and a customized fuel model. Of
the four, the customized fuel model most accurately
predicted both flame length and rate of spread. Model
6 overestimated these measures of fire behavior while
models 8 and 9 consistently underestimated them.

The custom fuel model provided accurate predictions
with 1* values of 0.88 for flame length and 0.96 for rate
of spread. Grabner and others (1997) also compared
observed and predicted values for FL and ROS.

They tested BEHAVE fuel models 1 (short grass), 2
(timber and grass), 3 (tall grass), 9 (hardwood litter),
and a customized fuel model. In this comparison, the
customized fuel model and fuel model 2 provided
reasonable estimates of ROS but all models poorly
estimated FL. In both studies, the authors concluded
that BEHAVE was a useful tool for eastern hardwood
systems, especially when site-specific fuel measurements
can be used as input for a customized fuel model. When
those types of measurements are impossible, BEHAVE
fuel models can be substituted with a reasonable degree
of confidence.
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A limitation of BEHAVE is that it was developed to
produce information on the intensity and rate of spread
of point source fires. It does not take into consideration
changes in topography, weather, or the influences of the
fire itself on its environment that can affect observed

fire behavior. The original 13 models are not dynamic
but some of the new models have been designed that
way. Currently, BEHAVE is intended to be used by

an experienced fire manager who can combine the
outputs with experience to develop an expectation of fire

behavior.

Fire Area Simulator

The Fire Area Simulator, FARSITE (Finney 1998), is
a GIS-based fire growth model originally developed
for planning and management of prescribed natural
fires. Its use has since expanded to suppression efforts
for wildfires, evaluating fuel treatments (Finney 2001;
Stephens 1998; Stratton 200;, van Wagtendonk 1996),
and reconstructing past fires (Duncan and Schmalzer
2004). Developed in the Western United States, the
model has been validated on fires in Yosemite, Sequoia,
and Glacier National Parks (Finney 1993; Finney and
Ryan 1995). While the use of this model is growing in
the Southwest, Midwest, Florida, and in other countries,
it has received little attention in the Eastern United
States. FARSITE uses the same spread and intensity
models as BehavePlus and, therefore, is subject to some
of the same limitations. It requires a minimum of five
raster layers to generate simulations: elevation, aspect,
slope, fuel model, and canopy cover. The landscape
data (elevation, slope, and aspect) are used for making
adiabatic adjustments for temperature and humidity as
well as for computing slope effects on fire spread and

solar radiation effects on fuel moisture.

Phillips and others (2005) tested FARSITE on study
sites in the Southern Appalachian Mountains that had
been treated with mechanical fuel reduction (chainsaw
felling of small trees and shrubs) or left untreated.
They used measurements from systematically placed
temperature sensors during prescribed burns to recreate
test fires and compared fire behavior simulated by
FARSITE with observed behavior. Initial simulations

using default settings resulted in overpredictions for all
fire behavior fuel models (FBFM) because the standard
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fuel models estimate fire behavior during the western fire
season when fuel moisture contents are low (Anderson
1982). Actual fuel moisture values collected prior to
burning were input into FARSITE, and subsequent
simulations underpredicted fire spread for FBFM 9

and FBEM 11 but still overpredicted spread for FBFM
6. After adjustments, the rate of spread, flame length,
and fire intensity for FBFM 9 appeared to adequately
represent fire behavior in the leaf litter of oak-hickory
(Carya sp.) forests. FBFM 11 seemed appropriate for
modeling the mechanical treatment. For FBFM 6,
adjustments allowed realistic rate of spread. However,
the other variables of flame length and fire intensity
were excessive, with predicted flame lengths of up to 20
m and fire intensities up to 27,000 kW/m, which were
not observed during the prescribed burn. The authors
suggested that FARSITE should be viewed as an option
for fire modeling in the Southern Appalachians, but that
work is needed on developing fuel models that better
represent existing conditions of fuels in this region. In
particular, fuel moisture the and presence of ericaceous
shrubs presented difficulties for simulations. New fuel
models introduced by Scott and Burgan (2005) were not
incorporated into FARSITE at the time of this test.

First Order Fire Effects Model

FOFEM, the First Order Fire Effects Model, has been
under development by the USDA Forest Service’s Fire
Laboratory at Missoula, Montana. It has been used
widely by fire and land managers across the United
States and has been endorsed by the National Wildfire
Coordinating Group. FOFEM synthesizes the results
of many fire effects studies into one computer program
that can be easily and quickly used by novice or expert
resource managers. Currently, FOFEM (v. 5.2) provides
quantitative fire effects predictions for tree mortality,
fuel consumption, smoke production, and soil heating
from prescribed fires and wildfires. Although still under
development, FOFEM provides the framework for
predicting fire effects in most forest cover types listed by
Eyre (1980) in the United States (http://fire.org/index.
php?option=com_content&task=view&id=57 &Itemid=
31).

Tests of FOFEM for eastern hardwood systems have
not been published, though independent use of the
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program suggests that mortality and litter consumption
are highly overpredicted and that duff consumption

is underpredicted. Although the scope of FOFEM is
intended to be national, most of the models within
FOFEM currently are based on western conifer forests.
Mortality predictions are fitted to bark thickness and
percent crown scorch relationships described by Ryan
and Reinhardt (1988) for western conifers. Studies in the
Southeast indicate that crown scorch is a poor predictor
of mortality of southern pines (Wade and Johansen
1986; Waldrop and Lloyd 1988) and is not relevant

to mortality prediction for dormant-season burns in
eastern hardwoods (Yaussy and others 2004; Waldrop
and Mohr 2005). Litter consumption is assumed to

be 100 percent in FOFEM; this does not reflect the
patchy nature of burns in eastern hardwood systems
(Waldrop and others 2004). FOFEM uses models of
duff consumption developed by Hough (1978) for
southern pine communities but no models are available
for eastern hardwoods. The Joint Fire Science Program
recently funded a proposal to modify FOFEM for use in
the Southeastern Coastal Plain (unpublished). However,

calibration for use in eastern hardwoods has not been

scheduled.

The Landscape Fire and Resource
Management Planning Tools Project

The Landscape Fire and Resource Management Planning
Tools Project, or LANDFIRE Project, was initiated by
federal land agencies that asked principal investigators

to develop maps needed to prioritize areas for hazardous
fuel reduction. The objective of the project is to

provide the spatial data and predictive models needed

by land and fire managers to prioritize, evaluate, plan,
complete, and monitor fuel treatment and restoration
projects essential to achieving the goals targeted in the
National Fire Plan. This project will generate consistent,
comprehensive maps and data describing vegetation,

fire, and fuel characteristics across the United States. The
consistency of LANDFIRE methods ensures that data
will be nationally relevant, while a 30-m grid resolution
assures that data can be locally applicable. LANDFIRE
is a multiagency project among the USDA, USDI, and
The Nature Conservancy. The principal investigators are
located at the Rocky Mountain Research Station’s Fire
Sciences Laboratory (MFSL) and the USGS National
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Center for Earth Resources Observation and Science
(EROS), in Sioux Falls, South Dakota) (http://www.
landfire.gov/index.html).

The first step began with the selection of two prototype
areas with which to develop the best methods for
mapping the rest of the country (Schmidt and others
2002). Selected areas included the central Rockies of
Utah and the Central Rockies of Montana, and north-
central Idaho. Protocols for producing comprehensive
digital maps of current vegetation composition and
condition, wildland fuel, historical fire regimes, and
fire-regime condition class were developed using the
Utah study area as a test case. Lessons learned during
this process were applied to the study area in Montana
and Idaho and completed in May 2005 (Keane and
others 2002). The Wildland Fire Leadership Council
chartered national implementation of LANDFIRE in
October 2003. A national organizational structure was
developed in addition to a project plan and associated
schedule. The LANDFIRE technical teams at MESL,
EROS, and The Nature Conservancy have developed
strategies and procedures for building on the approaches
used in the LANDFIRE Prototype. National delivery of
LANDFIRE products will occur incrementally over the
next 5 years as follows: Western United States in 2006;
Eastern United States in 2008; and Alaska/Hawaii in
2009 (http://www.landfire.gov/ABOUT_Milestones3.
html).

LANDFIRE includes a national Rapid Assessment
component which will deliver a “first pass,” coarse- to
midscale assessment of fire regime conditions that is
moderately accurate but quickly delivered. The Rapid
Assessment will map and model potential natural
vegetation, historical fire regimes, and fire regime
condition class via existing datasets and expert opinion.
The Rapid Assessment completed 12 workshops to
create succession models and mapping rules for potential
natural vegetation groups across the country. Participants
included land managers and scientists from numerous
organizations. Succession models were developed in the
workshops for numerous biophysical settings defined as
communities of vegetation that persist for long periods
at landscape scales under natural disturbance regimes.

Vegetation models currently are undergoing scientific
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and technical review (http://www.landfire.gov/ABOUT_
Milestones2.html).

Photo Series for Major Natural Fuel
Types of the United States

Most managers have little available fuels data of the
extent, detail, or resolution needed for fire behavior and
effects prediction. A sequence of photos called a “photo
series” provides a quick, easy means for quantifying

and describing existing fuel properties for selected sites
across a landscape. To measure fuels in the field, the user
matches observed field conditions to the fuels shown in
one of the photographs. Measurements of fuels given for
each photograph can be used as a reasonable estimate
for that area. Photo series are available for western
systems but few exist for the East (Wade and others
1993; Scholl and Waldrop 1999). Only two have been
completed for the eastern hardwood region (Wilcox

and others 1982; Sanders and Van Lear 1988). The Fire
and Environmental Research Applications (FERA) team
from the Pacific Northwest Research Station initiated

a nationwide effort to produce photo series in major
natural fuel types in 1995. The work was conducted in
three phases. Phase I was commissioned by the USDI
and covered 18 fuelbed types that were published in six
volumes. Represented fuelbeds were western types with
the exception of longleaf pine (Pinus palustris Mill.),
pocosin, and marshgrass types in the Southeast. Phase 11
was funded by the Joint Fire Science Program in 1998.
Eastern types included sand hill pines, hardwood/conifer
mixtures, marshgrass, and pine/palmetto. Hardwood/
conifer sites were measured in north Georgia and
oak/hickory sites were measured in Kentucky and Ohio.
Phase III was funded by the Joint Fire Science Program
and the National Fire Plan. Work began in 2001.
Eastern types included mixed hardwoods, cutover mixed
hardwoods, pitch pine, and additional sand hill pines.
Publications and additional information are available on
the FERA website: http://www.fs.fed.us/pnw/fera/.

An interesting development in newer photo series is

the digital photo series. The Natural Fuels Photo Series
is designed for field use and is a source of high quality
fuels data for a variety of forest and range ecosystems
throughout the United States. These data were developed
for on-the-ground assessments and are not fully utilized
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in the planning environment. Technological advances
since the inception of the original Photo Series projects
coupled with development of new fire- and natural
resource-based software applications highlight the need
to bring the Photo Series concept into the electronic age.
The Digital Photo Series will be a software application
that will include a fuels database with a user-friendly
interface that will leverage the already high value of the
Photo Series data. The Digital Photo Series is nearing
completion (http://www.fs.fed.us/pnw/fera/).

FIA National Assessment
The Forest Inventory and Analysis program (FIA) of

the Forest Service has been monitoring forest resources
for 75 years and represents the most comprehensive,
consistent, and current assessment of U.S. forests
available. FIA added measurements of fuel loading

to a subset of its permanent inventory plots in 2001.
The inventory, known as the Down Woody Materials
(DWM) Indicator, has been implemented in 38 states
to provide a regional-scale estimation of fuel complexes.
The process measures 1-, 10-, 100-, and 1,000-hr fuels
annually using planar intercepts, fixed radius sampling,
and point sampling. The goal of the project is to provide
a seamless link to fire and fuel models and to serve as a
robust source of fuels data for national and regional fire
scientists and managers (Woodall 2003). Fuel profiles
are available for Minnesota, South Carolina, and the
North Central States at http://www.ncrs.fs.fed.us/4801/
national-programs/indicators/dwm/.

Chojnacky and others (2004) examined data on DWM
collected in 2001 by FIA on plots in several states.
DWM data from 778 plots were used to compute
biomass for coarse woody material, fine woody material,
licter, duff, and shrub/herb cover. Regression equations
were used to predict DWM components for extension
to FIA’'s more intensive plot network. Seven regression
equations were applied to the FIA data to create maps of
DWM biomass. General trends showed that woody fuels
and duff were most heavily loaded in the northern states
and decreased from north to south. The litter layer and
the shrub and herb layer followed an opposite pattern
with heavy abundance in the south and decreasing to
the north. The authors suggested the patterns were due
to differences in climate and decomposition and that
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these patterns could be used to assess regional fire-fuels

conditions.

Regional Projects with Hardwood

Fuel Components

Hardwood fuels have been measured in numerous
individual studies conducted for various purposes
throughout many eastern hardwood systems.

Examples include low-quality hardwood stands on the
Cumberland Plateau (Muncy 1981; Waldrop 1996),
pine-hardwood mixtures in the Southern Appalachians
(Phillips and Abercrombie 1987), white pine-hardwood
mixtures in North Carolina (Clinton and others 1998),
central hardwoods in the Missouri Ozarks (Hartman
2004; Kolaks and others 2003; Kolaks and others
2004; Shang and others 2004), and mixed-oak stands
in Central Ohio (Riccardi 2002; Sutherland and
Hutchinson 2003). Hardwood fuels were described

for studies of stand-replacement prescribed burning in
the Southern Appalachians by Swift and others (1993),
Waldrop and Brose (1999), and Welch and others
(2000). A photo series was developed for Southern
Appalachian pine-hardwood clearcuts by Sanders and
Van Lear (1987). The National Fire and Fire Surrogate
Study (NFESS) (Youngblood and others 2005)

has three sites in eastern hardwoods: the Ohio Hill
Country, Southern Appalachians, and the Southeastern
Piedmont. Fuel characteristics for these sites were
described by Iverson and others (2003), Phillips

and others (2005), and Waldrop and others (2004),
respectively. The Great Smoky Mountains National Park
is conducting a parkwide vegetation mapping project
using photogrammetric and GIS techniques to support
an all-taxa biodiversity inventory. As a component

of this project, fuels are being mapped using the 13
fuel categories described by Anderson (1982). A fuel
module was developed by He and others (2004) for the
LANDIS forest landscape model (Mladenoff and He
1999) and used by Shang and others (2004) to simulate
fuel dynamics in the Missouri Ozarks.

Each of these studies provides valuable information
about localized fuel loads and response to one or
more variables. However, there remains a lack of
understanding of how hardwood fuels are distributed

across the landscape, an important and beneficial
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concept for fire management planning. Studies by
Iverson and others (2003), Kolaks and others (2004),
and Waldrop and others (2004) suggest that loading

of dead and down fuels is controlled by the varying
inputs associated with different species and productivity
levels across the landscape and varying decomposition
rates at different sites. At any time since disturbance,
fuel loads are a function of the amount input from
dying vegetation minus the amount lost from decay.
Waldrop and others (2004) also showed that fuels can
be distributed across the landscape by gravity or by
cultural treatments. Several studies of fuel and landscape

interaction are described here.

LANDIS
He and others (2004) developed the LANDIS fuel

module to simulate fuel dynamics for the Missouri
Ozarks. The model simulates fuel inputs and
decomposition for each of 24 land and cover types

over a 200-year simulation. Species input data were
from extensive inventories measured on the Mark

Twain National Forest in the Missouri Highlands.
Decomposition rates were those reported by Trofymow
and others (2002) for Canadian forests. In a test of the
model, Shang and others (2004) described fuel buildup
and wildfire frequency that would occur under three fuel
management treatments. A valuable product of the work
is a GIS map of fuel accumulation across the study area
over time. This map will allow fire managers to better
predict where fuel amelioration is needed. LANDIS has
been applied and tested successfully in a number of forest
types in Missouri, Wisconsin, California, Canada, and
China. A current effort by researchers from Texas A&M
University and the Forest Service is the parameterization
of LANDIS for ridgetop pine-hardwood communities
in the Southern Appalachians. Although untested, local
site-specific input and decomposition rates may be
necessary to simulate the diverse topography of those

mountains.

FORCAT

Another model designed to study dynamics of fuel
loading was reported by Waldrop (1996). He used the
FORCAT model (Waldrop and others 1986) to simulate

inputs and decomposition of coarse fuels for xeric and
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mesic forest types on the Cumberland Plateau of East
Tennessee. FORCAT is a gap model of forest succession
that is a member of the family of models produced by
Botkin and others (1972) and Shugart (1984). The
simulation was set to examine fuel loads after a major
disturbance; in this case, clearcutting was used. A
uniform decomposition rate of 6 percent was used for

both sites as suggested by Harmon (1982).

The estimated fuel load immediately after clearcutting
was 49 Mg/ha on the xeric site and 69 Mg/ha on the
mesic site (Fig. 1). On both sites, these levels were
higher than at any other time during the 200-year
simulation period. Fuels decompose rapidly in clearcuts
at a period when inputs are small. In this simulation,
decomposition exceeded inputs through year 32.
Between years 30 and 75 there was a rapid increase

in fuels for both simulated sites. FORCAT predicted
decreases in stand basal area during this period as crown
closure occurred and several large trees began to die.
The period of rapid accumulation on the xeric site lasted
until the stand was about 70 years old. Fuels continued
to accumulate but at a slower rate, to a maximum at
year 91. For the remainder of the 200-year simulation
period, decomposition slightly exceeded inputs and fuel
loads decreased gradually. Tree growth on the simulated
mesic site exceeded that on the xeric site, producing a
more rapid rate of accumulation (Fig. 1). On this site,
fuels accumulated rapidly from years 30 through 89.
Between years 90 and 200, fuel loading decreased much
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Figure 1.—Fuel dynamics after clearcutting xeric and mesic
sites (predicted by FORCAT using a 6 percent decomposition
rate for both sites).
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more rapidly than on the xeric site. Species on the mesic
site were longer lived than those on the xeric site and
the trees continued to grow. Mortality was higher on
the xeric site during this period due to moisture stress.
Therefore, inputs were less on the mesic site than the
xeric site. Loads of coarse woody fuel projected by
FORCAT were similar to those reported by Muller and
Liu (1991) for old-growth stands on the Cumberland

Plateau.

The work of Abbott and Crossley (1982) indicates

that decomposition rates are higher on moist sites. By
assuming a decomposition rate of 8 percent on the mesic
site and 6 percent on the xeric site, the difference in
simulated fuel loads between sites was greatly reduced
(Fig. 2). Even though loading was much higher on the
mesic site in year 1, it decomposed to a smaller amount
than the xeric site by year 32. By year 75, fuel loading
again was greater on the mesic site, but beyond that
point the lines converged. During the last 50 years of

the simulation, fuel loads on the two simulated sites
were nearly identical. This comparison (Fig. 2) illustrates
the observation of Abbott and Crossley (1982) that
differences in decomposition rates between sites can

be more important than differences in sizes or input of
woody debris. Although the mesic site produced far more
biomass than the xeric site, the relatively small difference
in decomposition rates (8 vs. 6 percent) produced similar
fuel loading throughout the 200-year simulation. This
study is limited in scope, but suggests that fuel loads may

be somewhat uniform across site types.
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Figure 2—FORCAT predictions of fuel loads by site type and
decomposition rate.
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Field Measures in the Missouri Ozarks
Kolaks and others (2003) collected fuels data in the

Southeast Missouri Ozarks to determine whether aspect
had an effect on fuel loading in previously undisturbed
stands. Aspect ranges included exposed slopes (135 to
315 degrees), ridges with no aspect, and protected slopes
(315 to 135 degrees). Fuel measurements were made at
15 points within each of 12 experimental units. They
found no difference in loading of 1-, 10-, and 100-
hour fuels or vertical structure of fuels across aspects,
suggesting that the different input and decomposition
rates across the landscape balance the loading of these
fuels. However, the authors found significantly higher
loading of 1,000-hr fuels on protected slopes. They
attributed this to lower decomposition rates on moist
sites, but we suggest (from experience gained from the
study described below) that this is an anomaly due to
the limited size of the study. The study was continued
to determine whether aspect affects fuel loading after
thinning and prescribed burning (Kolaks and others
2004). Both thinning and burning increased fuel

loads across all aspects, though the increase followed
the pattern of protected > ridge > exposed. This result
agrees with the general pattern that moist sites produce
greater quantities of fuel. Burns consumed fine fuels
more than those more than 3 inches in diameter. Total
consumption did not differ among aspects but the

data suggest that a greater proportion of fine fuels was
consumed on exposed slopes, likely due to differences in

fuel moisture.

Field Measures in the Southern
Appalachian Mountains

A large-scale study was funded by the Joint Fire Science
Program in 2001 to develop hyperspectral image maps of
fuel loads for study sites in Tennessee, North Carolina,
Georgia, and South Carolina (http://jfsp.nifc.gov/JESP_
Project_Info_4.htm). The remote sensing component
of the study will be completed by summer 2006. The
field component is complete and has similarities to

the studies by Waldrop (1996) and Kolaks and others
(2003). Preliminary analyses were reported by Brudnak
and Waldrop (2005) and Stottlemyer and others (2005).

Additional analyses are presented here.
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Table 1.—Fuel characteristics by slope position and aspect in the Southern Appalachian

Mountains of TN, NC, GA, and SC

Slope/Aspect Litter 1 hr 10 hr 100 hr 1,000 hr Fuel Ht Kalmia Rhododendron
t/acre Inches  Percent Percent
Northeast
Lower 1.68a" 032 091 3.8 24.0 4.3 10.6a 37.0
Upper 1.82b 030 091 3.5 180 46  13.6a 19.7 b
Ridge 1.83b 0.29 1.04 4.2 16.2 4.6 13.1a 6.1a
Southwest
Upper 1.75ab  0.30 0.97 3.7 17.3 4.3 21.0b 6.8a
Lower 1.70 a 0.29 0.92 3.4 18.3 4.1 15.6a 154b

'Means followed by the same letter within a column are not significantly different at the 0.05 level.

Fuels data were collected at 250 randomly selected plots
in each of four study areas (10 square miles in size).
Study areas are on the Chattahoochee National Forest
in northeastern Georgia, Nantahala National Forest

in western North Carolina, Sumter National Forest

in northwestern South Carolina, and Great Smoky
Mountains National Park in southeastern Tennessee.
Plot locations were generated randomly within each
10-square-mile study area using ArcView® GIS software
and were stratified by slope position and aspect. Fifty
plots each were located on middle and lower slopes on
northeast (325 to 125 degrees) or southwest (145 to
305 degrees) aspects. An additional 50 plots were on
ridgetops for a total of 250 plots in each of the four
study areas. A GPS receiver was used to locate the

plots in the field. Additional plots were included when
necessary to provide adequate representation of all slope
position/aspect combinations. Methods for measuring
dead and live fuels followed standard protocols and were
described by Brudnak and others (2005). The resulting

dataset had measurements from 1,008 plots.

Downed woody fuels showed few differences in fuel
loading across aspect/slope position plots (Table 1).
Differences were observed only in the litter layer. The
litter on the 1,008 sample plots tended to be heaviest
along the ridges and decreased going downhill on

both southwest and northeast slopes, suggesting that
decomposition exceeded leaf litter inputs on the wetter

sites. Although this difference among site types was
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significant, the relative differences were small. There
was approximately 8 percent less litter on northeast
lower slopes (1.68 t/acre) than on ridges (1.83 t/acre).
There were no significant differences among slope/aspect
combinations for loading of 1-, 10-, 100-, and 1,000-hr
fuels or average fuel bed depth. These are preliminary
data because analyses of impacts such as disturbance or
cover type are not yet complete. However, these findings
closely agree with those of Kolaks and others (2003),
indicating that down woody fuels tend to be uniformly
distributed across slopes and aspects.

Another component of fuels in eastern hardwood
systems that must be considered is live fuel cover,
particularly from ericaceous shrubs. Waldrop and Brose
(1999) and Phillips and others (2005) reported a strong
relationship of fire intensity to cover of mountain laurel
(Kalmia latifolia). Van Lear and others (2002) discussed
the importance of thododendron (Rhododendron sp.)

on the ecology of the Southern Appalachians. Although
generally moist-site species, they occasionally ignite and
can act as vertical fuels. In this study, both mountain
laurel and rhododendron were missing from most
measured plots but occurred in thick clumps where they
were found. Mountain laurel was found at all aspect/
slope position combinations but was significantly more
abundant on southwest upper slopes (Table 1). Wildfires
that might occur could reach dangerous intensities if
they burned uphill on dry southwest slopes and ran into
thickets of mountain laurel. Rhododendron also was
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present at all slope/aspect combinations but was more

common at lower slope and northeast-facing plots.

Fire Behavior in Eastern Hardwoods

Prediction of fire behavior in eastern hardwood systems
is complex and includes too many variables to describe
in this paper. Factors such as fuel moisture, temperature,
relative humidity, windspeed, wind direction, slope,

and aspect contribute to this complexity in ways that
are similar to other ecosystems across North America.
Eastern hardwoods have several differences because most
trees are deciduous. After leaffall, abundant sunlight
reaches the forest floor changing the microclimate there
differently than would be the case under a protective
canopy of conifers. Hardwood leaves generally are flat
and can be difficult to ignite once decomposition is
underway. However, leaves of oaks typically curl more
than do those of maple (Acer sp.), beech (Fagus sp.),

and birch (Bezula sp.), making hardwood fuelbeds more
complex than those of conifers. Fires that occur in dry
weather soon after leaffall often have a high rate of
spread but are of low severity due to a moist duff layer.

Data and other research discussed in this paper indicate
that dead woody fuels have a fairly uniform distribution
across different slope positions and aspects. Although
the reason for this is unknown, it is suggested that the
heavy fuel production that occurs on productive sites is
balanced by rapid decomposition on those same sites.
Regardless, managers should be more concerned with
live fuels, such as ericaceous shrubs, jackpots (localized
heavy loads due to a limb or tree falling), and past
disturbances rather than the overall loading of downed
woody fuels. Waldrop and Brose (1999) and Waldrop
and others (2005) compared fires of several intensities
for successful stand replacement of Table Mountain
pine (Pinus pungens Lamb.). They found that fires that
did not burn into jackpots or mountain laurel remained
relatively cool throughout a 900-acre burn. Where flames
reached a jackpot, lower limbs were scorched and some
tree mortality occurred. If mountain laurel cover was
over 40 percent, flames climbed into the crowns of trees
and consumed all of the leaves. In areas where cover of
mountain laurel was more than 85 percent, flame heights
were twice that of overstory trees and carried from one

crown to the next.
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Additional work is necessary to better understand the
relationships of hardwood fuels to fire behavior. Ongoing
studies include the NFEFSS sites in Ohio, North Carolina,
and South Carolina. Numerous temperature sensors are
scattered throughout the sites to monitor fire behavior.
Both groups of scientists are beginning to use sensors
located at different heights above ground to produce a

three-dimension view of test fires.

Studies funded by the National Fire Plan and Joint

Fire Science Program are being conducted in Ohio to
examine landscape-scale fire behavior. The studies entail:
1) predicting the spatial and temporal variability in key
drivers of fire behavior, particularly fuel moisture and
loading, and 2) monitoring fires using both airborne
remote sensing and in-fire monitoring technologies. The
first part of the work will provide a better understanding
of fuel characteristics and better predictive capabilities

as to when and how fuels will burn (that is, their

frontal intensity, rate of spread, residence time, fuel
consumption, and extinction). The monitoring data

will be used to test and calibrate fire behavior models,
including BEHAVE and a coupled fire-atmosphere model
(heep:/ fwww.fs.fed.us/ne/delaware/4153/4153.heml).

SUMMARY

Although research on fire in eastern hardwoods has
lagged behind that of other U.S. regions, there are
numerous ongoing studies and several prediction
products already available. The BEHAVE system tested
well in two hardwood systems for predicting rate of
spread, especially when customized fuel models were
available. FARSITE has not been used extensively in the
region but shows promise as local fuel measurements
become available. FOFEM includes the computer code
to allow prediction of fire effects in eastern hardwoods.
However, it has not been calibrated for the region.
LANDFIRE is an aggressive nationwide effort to provide
fuel and vegetation maps of the entire country. Products
for eastern systems should be available in 3 years. Phase
I1I of the Photo Series for Major Natural Fuel Types

of the United States is nearing completion and should
include fuel models for eastern hardwoods. And the
Forest Service FIA is measuring fuels across the United
States and providing valuable information about regional
fuel patterns.
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In addition to nationwide programs, numerous local
studies have been completed that describe local fuel
types. Three independent studies compared hardwood
fuel loads for different slope positions and aspects.

All found few differences and suggested that higher
productivity on moist sites was balanced by higher
decomposition on those same sites. Major sources of
fuel, and thus areas of concern for fire managers, were
localized jackpots and presence of mountain laurel and
rhododendron. Additional work is needed to better
predict fuel loads throughout the eastern hardwood
region and to model fire behavior within complex

interactions of weather, fuel, and topography.
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SOIL, FIRE, WATER, AND WIND:
HOW THE ELEMENTS CONSPIRE IN THE FOREST CONTEXT

Ralph E.J. Boerner'

Abstract.—Reviews our current understanding of the impact of fires typical of eastern oak forests on
soil properties, soil organisms, and water quality. Most oak ecosystem fires are dormant-season fires
whose intensity falls at the low end of the range of wildland fires. Direct heating of the mineral soil
generally is minor except where accumulations of woody debris smolder for lengthy periods. Considerable
proportions of nitrogen, phosphorus, and cations may be lost during fire through a combination of
volatilization and ash convection. Post-fire precipitation events govern the return of nutrients in ash to
the mineral soil, and the interaction of the soil exchange capacity, geomorphology, and weather control
the proportion of nutrients from ash that will be retained for later plant use. Exposure of mineral soil by
fire may lead to increased sheet erosion, but soil hydrophobicity does not seem to be important in oak
ecosystems. Nitrogen availability and organic carbon content of soils may increase after fire, though both
appear to be lesser in magnitude and duration than in other ecosystems. Impacts on fungi, bacteria, and
microarthropods in the mineral soil are small, whereas those in the forest floor are proportional to the
degree of consumption and the extent of heating due to smoldering woody fuels. Microbial activity and
microarthropod populations recover quickly except after repeated annual burning. Little is known of
effects of fire on other groups of soil organisms (e.g., nematodes and earthworms). The geomorphology
of much of the eastern oak region is complex and heterogeneous. In such terrain, the difficulties inherent
in scaling up plot-based studies to land areas of management scale are considered in the context of
demonstrated landscape-scale variations in belowground effects of fire. GIS-derived landscape-scale metrics
can be used to help generate management-scale recommendations from smaller scale research studies.

INTRODUCTION

Analysis of pollen and charcoal deposits taken from
water bodies along the plateaus of the Appalachian
Mountains demonstrates that fire has been a frequent
and consistent part of the forests, savannas, and
grasslands of Eastern North America for at least the last
4,000 years (Delcourt and Delcourt 1997). Further,
evidence from macrofossils and pollen indicates that
forests dominated by fire-dependent trees such as oak
(Quercus) and pine (Pinus) have covered much of Eastern
North America for at least 10,000 years (Delcourt and
Delcourt 1987). Thus, the history of fire in eastern
forests precedes the development of significant human

populations in the region.

During and after European settlement, many observers
noted the use of fire by Native Americans. Whitney

(1994) summarized more than 20 historical references

1Department of Evolution, Ecology, and Organismal Biology,
The Ohio State University, Aronoff Laboratory, 318 West
12th Avenue, Columbus, OH 43210, 614-292-6179, email:
boerner.1@osu.edu.
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to the use of fire by Native Americans in oak forests and
savannas, from Massachusetts to Missouri, and from

the early 1600’s to the early 1800’s. Some of these early
observers even commented on the positive (Lorain 1825)
or negative (Coxe 1794; Lorain 1825) effects of fire on
forest soil productivity.

The key role that fire plays in the ecology of oak-
dominated forests was recognized by ecologists as early as
the 1920’s and 1930’s (e.g., Daubenmire 1936; Cottam
1949). Ironically, this is the same time period in which
organized fire suppression policies came into force and
became effective, at least in Ohio (Sutherland and others
2003).

Quantitative studies of the effects of fire on the soils of
oak forests, and on the waters draining such forests, did
not become common until after World War II. Thus,
current and recent studies of the effects of fire on forest
soil and water have taken place not in the context of the
long, continuous history of fire that preceded the 20"
century but in the artificial context of forests already
affected by many decades of fire suppression.
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FIRES IN OAK FORESTS

The term “forest fire” conjures images of fires in
western pine forests, with flames rising 30 meters or
more, trees exploding, and fire storms carrying burning
brands for miles. Although such intense fires can occur
in our region, especially during lengthy droughts

in forest types with a significant pine component
(Forman and Boerner 1981), such intense, stand-
replacing fires are uncommon in oak forests. Most
fires in the oak forests of the central hardwoods occur
during the dormant seasons (spring and autumn).
Such fires typically move along the forest understory
without climbing into the canopy (Sutherland and
others 2003).

Fire has both immediate, direct effects as well as

delayed effects on soil, soil organisms, and water that
emerge in the days, weeks, and months after fire (Fig.

1). The degree to which those effects are felt is, in turn,
regulated by weather, by the structure of the landscape,
and by the legacies of past management, fire history, and
land use (Fig. 1). In reviewing the available information
on these topics I will rely where possible on studies from
eastern oak forest ecosystems, and will supplement with
studies from other temperate ecosystems (particularly
pine forests and shrublands) only where there is
insufficient direct evidence from eastern oak forests.
Those interested in reviews of fire effects on ecosystems
in general may consult recent, broadly based reviews,
such as those of Neary and others (1999), Ice and others
(2004) and Certini (2005).

SOIL HEATING

As a generalization, surface fires moving across the floor
of a forest do not present a strong potential for severe
soil heating because only a small percentage of the heat
generated by the fire is partitioned downward into the
soil. Further, mineral soil is a poor conductor of heat,

especially when the soil is relatively dry (Raison 1979).

How much the temperature of the mineral soil increases
during fires is the key to understanding the impact of
the fire on soil organisms. Temperatures of 70°C for

as little at 10 minutes will kill almost all fungi and

soil microfauna, and also a significant proportion of
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Figure 1.—Schematic of immediate fire effects and post-fire
emergent effects on soil physical, chemical, and biological
properties, with regulating factors indicated at left.

soil bacteria (Lawrence 1956). Temperatures of 60°C
are considered lethal to plant roots (Steward and
others 1990) and temperatures above 60 °C denature
enzyme systems of metabolically active cells of most

microorganisms.

In areas where a distinct humus layer is absent or

where that forest floor layer does not begin to smolder,
insufficient heat is transferred downward into the
mineral soil for temperatures to rise above ~60°C at
depths below several centimeters (Anson and Gill

1976; Steward and others 1990). Saa and others

(1993) measured soil temperatures at a depth of 5 cm

in the mineral soil during surface fires in pine forests
and shrublands in Spain. They did not record soil
temperatures > 50°C either during or after fire. Similarly,
Hayward (1938) recorded soil temperatures during a fire
in a longleaf pine (Pinus palustris Mill.) forest in North
Carolina and found that temperatures at 2.5 cm into
the mineral soil did not exceed 40°C at any time during
or after the fire. Thus, fires moving across the forest
floor are unlikely to produce increases in mineral soil
temperatures sufficient to cause significant soil organism

mortality.
One situation in which temperatures may rise

sufficiently to induce considerable mortality is when

localized concentrations of organic materials, either
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as woody debris (Miller and others 1955; Busse and
others 2004) or as a particularly thick, dry humus layer
(Miyanishi 2001), smolder in place for an extended
period. Miller and others (1955) monitored surface

and mineral soil temperatures during and after a fire in
a New Zealand shrubland. aThere was no significant
change in temperature at a depth of 5 or 10 cm in the
mineral soil under this fire as it moved across the site.
However, in areas where localized wood heaps burned for
several hours, sensors recorded maximum temperatures
of 100°C at 5 cm and 60°C at 10 cm into the mineral
soil. Similarly, temperatures of 100 to 200°C have been
recorded under smoldering Arctostaphylos residues at

a depth of of 7.5 to 12.5 cm in a mixed-conifer forest

in California (Busse and others 2004). Thus, localized
heavy fuel accumulations such as slash piles from
harvesting or detrital accumulations from storm damage
present a situation in which direct heating effects may
have significant negative effects on soil biota, including
plant roots.

VOLATILIZATION AND ASH
CONVECTION

Two pathways by which nutrients may be lost from

an oak forest during and shortly after fire are direct
volatilization (conversion of elements in fuel to gas
phase) and ash convection (conversion of elements to
solid, inorganic ash subject to wind action). Which
nutrients are subject to being volatilized depends on
the element’s chemical properties, the properties of the
compound in which that element is found, and the
behavior of the fire. Similarly, losses via ash convection
depend on the local weather conditions, the behavior
of the fire, and the characteristics of the fuels being
combusted.

Under controlled laboratory conditions, organic
compounds containing nitrogen (N), phosphorus

(P), and sulfur (S) often begin to volatilize when
temperatures approach or exceed 200°C (Table 1). The
temperatures reached in the fuelbed (-650°C) during
flaming or smoldering after the flames have passed are
considerably higher than that critical temperature. This
helps explain why the amount N lost by volatilization is
so closely dependent on the amount of fuel consumed

(e.g., Raison and others 1985).
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One of the few estimates of the loss of N via this
pathway in oak forests is the report of Hubbard and
others (2003) of losses of 55 kg N/ha from litter + wood
and 6 kg N/ha from humus as the result of prescribed
fires in oak-pine stands in Georgia and Tennessee. They
indicated that losses of this magnitude could be replaced

by atmospheric deposition of N in a relatively short time.

One also can gain perspective on the potential
importance of this pathway of N loss from estimates
generated in other temperate ecosystems dominated by
woody plants. Losses of N from vegetation and detritus
to the atmosphere have been estimated at 70 percent in
a North Carolina longleaf pine savanna (Christensen
1977), 33 percent in a mixed pine plantation in South
Carolina (Wells 1971), 39 percent in a mixed conifer
forest in Washington (Grier 1975), and 39 percent in a
chaparral shrubland in California (DeBano and Conrad
1978). In general, losses of N to the atmosphere are
proportional to fuel mass loss during fire (Raison and
others 1985).

Compared to N, base cations such as calcium (Ca),
magnesium (Mg), and potassium (K) and inorganic
forms of P have considerably higher laboratory
volatilization temperatures (Table 1). Nonetheless,

losses of cations and P from vegetation and detritus
during a fire can be significant. Estimates of Ca loss
range from 11 percent in a Washington mixed conifer
forest (Grier 1975) to 15 percent in a longleaf pine
savanna (Christensen 1977), to 17 percent in a mixed-
eucalypt forest (Harwood and Jackson 1975). The same
three studies report losses of K ranging from 9 to 46
percent and losses of Mg ranging from 13 to 17 percent.
Similarly, estimates of the loss of P through this pathway
range from 10 percent in a mixed-eucalypt forest in
Tasmania (Harwood and Jackson 1975) to 46 percent in
the longleaf pine site described by Christensen (1977).

The degree of combustion of the fuels and the resultant
nature of the particulate materials available for transport
can influence the relative importance of volatilization
and ash convection as pathways for nutrient export.
Raison and others (1985) determined that low intensity

fires in three subalpine Eucalyptus forests resulted a ratio
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Table 1.—Estimates of temperatures at which various
elements/compounds of ecological importance
volatilize under laboratory conditions; elements/
compounds are listed in order of increasing
minimum volatilization temperature

Element Form Volatilization
°C

N organic forms 175-200°

N fumaric acid dinitrile 189"

N alanine <200

N adenine <200"

P phosphoric acid 203

P phosphobenzoic acid 249"

N aminobenzoic acid 249"

P organic forms 340-360"

S organic forms 375°

K inorganic forms 550°

P inorganic forms 770

K base metal 774

Ca CaCO, 825-898"

Mg MgCO, 900"

Mg base metal 1107°

P potassium 1320°
hexametaphosphate

Ca base metal 1487°

“Agee (1993).

*Weast (1969).

of 57 percent particulate to 43 percent nonparticulate
loss of P when combustion produced black ash,

and a ratio of 73 percent particulate to 27 percent
nonparticulate loss when combustion proceeded all the

way to very fine grey ash.

Although small losses of cations via direct volatilization
may occur even in low intensity fires (e.g., Raison and
others 1985), losses from the ecosystem of P and cations
of the magnitudes listed also must represent exports

of ash and other particulate combustion products

due to the action of either ambient wind or air drawn
(entrained) into the combustion zone because of the
buoyancy of hot flame gases. Fire intensity (the rate of
heat release from flaming per unit length of fire line,
kW/m) determines both flame length and the velocities
of air entrainment. Thus, it would be expected that
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losses of nutrients by ash convection would increase with
fire intensity, a pattern suggested by Raison and others
(1985). In addition, fire intensity tends to increase when
fires burn in wind, so wind and fire intensity often may
act together to increase nutrient losses in ash. Given the
strong spatial heterogeneity in fuel consumption and
intensity typical of most oak ecosystem fires, there likely
are large spatial differences in nutrient losses either from
volatilization or ash convection. Thus, one can generalize
that losses of nutrients to the atmosphere may result

in large losses of nutrients from the ecosystem, what
proportion of the ecosystem nutrient capital is lost and
via which atmospheric pathway depends on the element
of interest, its biochemical context, the local weather

conditions, and the behavior of the fire.

ASH DEPOSITION AND SOIL
NUTRIENT AVAILABILITY

The material that remains after fire has consumed

part or all of the fuel it can access is a combination of
patches of uncombusted material, partially combusted
woody material, and ash, the end product of complete
combustion of the carbon (C) skeleton of the fuel
materials. The inorganic materials that comprise the
ash/partially combusted materials and whatever soluble
organic compounds are present in the latter are all easily
dissolved by rainfall. Whether these materials remain
in the mineral soil or are lost from the system through
leaching or overland runoff depends on several factors,
most notably weather patterns, topography, and the

properties of the mineral soil at that site.

During the first month after an early spring fire in a
South Carolina pine plantation complex, approximately
80 mm of rainfall resulted in ~70 percent of the Ca and
K in the ash being dissolved and transported downward
into the soil (Lewis 1974). Similarly, in a study of
post-fire nutrient dynamics in a mixed conifer forest

in Washington, Grier (1975) observed that 90 percent
or more of the ~150 kg Ca/ha, 50 kg K/ha, and 85 kg
Mg/ha present in ash were dissolved and transported
during the first precipitation event after the fire: 67

cm of snowmelt. In both of these cases, there was little
actual loss from the ecosystem as the vast majority of the
nutrients dissolved from the ash remained in the mineral

soil.
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The impact of ash deposition and dissolution on soil
nutrient status is most obvious when fire has been
both frequent and concentrated in space. For example,
in their study of an oak forest site in Pennsylvania

that had been used as a charcoal hearth from 1771 to
1884, Mikan and Abrams (1995) reported that Ca and
Mg availability in the soils under the former hearth
were 12.1 and 4.8-fold greater, respectively, than in
the surrounding forest. Thus, repeated deposition of
concentrated ash caused changes in nutrient status that

were still apparent more than a century after the last

hearth fire.

A similar example is from the study of the effects of
burning concentrated slash piles (i.e., jackpot fires) after
logging in an English oak forest (Jalaluddin 1969). In
this study, the slash was piled in areas of < 2.0 m in
diameter and burned for nearly 3 hours. Samples taken
several days after the fires indicated that dissolution

of the resulting ash had increased soil pH from 6.0 to
9.0. However, within 6 months, continued leaching of
the soil resulted in the pH returning to ~ 6.0. Thus,

the effects of fire on nutrient status are sensitive to the
amount of ash deposited in a fire, the number of fires on
that site, and the intensity/duration of the leaching of
the site by precipitation following ash deposition.

After a single fire in a pine-oak ecosystem in Kentucky,
Blankenship and Arthur (1999) reported that soil pH
had increased by 0.2 to 0.3 unit, demonstrating the
effect of a single fire and subsequent ash dissolution on
soil base status. After two or four fires in a mixed-oak
ecosystems in Ohio, Boerner and others (2004) reported
fire-induced, significant and persistent increases in soil
pH of 0.2 to 0.6 unit. This study also reported increases
in extractable Ca®", reductions in extractable aluminum
(Al*), and in increased molar Ca:Al ratios, though
these differences were statistically significant only in the
more nutrient-poor sites (Boerner and others 2004). In
sites with significant limestone influence in the soils,
changes in base cation status were transitory. Similarly,
Knoepp and others (2004) observed increased soil

pH, exchangeable Ca, and exchangeable Mg after site
preparation (fell-and-burn) burning in western North
Carolina.
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Although most studies of the effects of fire on nutrient
status focus on a single fire or several fires over a decade
or less, two longer term experiments in oak forests

may help shed light on chronic effects of burning on
oak forest soils. Eivasi and Bayan (1996) assessed the
nutrient status of soils in oak-hickory flatwoods in
Missouri that had been subjected to annual or periodic
(~ 4 year interval) burning for 40 years. They found

no significant effects of fire at either frequency on soil
pH, Ca, K, or Al. They did report that available P was
reduced to 24 percent of controls by annual burning and
to 35 percent of controls by periodic burning. Thor and
Nichols (1973) reported a similar lack of change in pH
from eight annual or two periodic burns in oak stands
on the Highland Rim region of Tennessee. DeSelm and
others (1991) resampled the Thor and Nichols (1973)
sites after 27 years of annual or periodic burning, and
again reported that burning had no significant effect on
soil pH or the availability of K or P. Thus, although the
effect of lengthy periods of burning had no effect on
base-cation availability in either ecosystem, the long-
term effect of low-intensity fire on P availability remains

unclear.

No aspect of the belowground responses to fire has been
more intensively studied than the availability of N in the
soil. This is partially the result of the generally accepted
view that most ecosystems are N-limited. Whether
eastern oak ecosystems are still N-limited in 2005 given
the chronic deposition of N from fossil fuel combustion
and agricultural sources is an open question and beyond
the scope of this review.

Wan and others (2001) performed a meta-analysis of
the effects of fire on soil N availability and concluded
that, over all ecosystem types, inorganic N availability is
increased by fire. Ammonium (NH,") availability peaks
soon after fire but returns to pre-fire levels in less than

a year. The pulse of NH " is due to a combination of
liberation from organic matter degraded during the fire,
activity of heterotrophic soil biota, and N-fixation by
symbionts of newly colonizing plants. Nitrate (NO )
availability peaks some months later (generally 6 to 12
months after fire), and is the result of enhanced NH4+

availability and increased activity of nitrifying bacteria.
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However, when the results were stratified by fire type or
intensity, Wan and others (2001) concluded that high
intensity wildfires and slash fires resulted in increased
NO,  and NH "whereas prescribed burning did not.

As the majority of fires in eastern oak forests may be
more like prescribed fires than wildfires or slash fires in
grasslands, shrublands, or coniferous forests, one might
speculate that the conclusions of Wan and others (2001)
would have been different had their analysis been limited

to ecosystems with a significant oak component.

Soil organic matter is a key part of a forested ecosystem.
This material is an essential store of nutrients (especially
N and C), is essential to exchange processes that regulate
the availability of Ca, Mg, S, P, and K to plants and
microbes, helps stabilize soil structure by cementing soil
particles into stable aggregates, and insulates the soil
against changes in microclimate. Enhancement of soil
organic matter development in forests also is a pathway
that is being examined as a possible mechanism for
ameliorating the effects of CO released by fossil fuel

combustion.

Johnson and Curtis (2001) performed an extensive
meta-analysis of the effects of disturbance on soil organic
matter in forests. They concluded that ecosystems that
had experienced fire approximately 10 years earlier had
an average gain in soil organic C of approximately 8
percent. They attributed this change to a combination
of factors, including infiltration into the mineral soil

of organic matter from partially combusted fuels,
conversion of labile (easily decomposed) organic matter
into recalcitrant (stable) organic matter, and the effects of
the colonization of burned areas by plants which harbor
N-fixing symbionts.

Despite a rich literature from coniferous ecosystems

that demonstrates significant loss of soil organic matter
during and after fire, few studies have demonstrated
major changes in soil organic-matter content following
fire in eastern oak ecosystems. Knighton (1977) observed
no significant change in soil organic C following one to
three fires in Wisconsin oak forests, and Knoepp and
others (2004) reported no significant change in soil

C over 5 years following site preparation burning in
oak-pine stands in North Carolina. We observed only
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slight changes in soil organic matter in Ohio oak-hickory
sites subjected to one to four prescribed fires (Boerner
and others 2000b; Boerner and Brinkman 2004). It

is important to note that the lack of change in soil
organic matter after fire may be specific to low-intensity,
dormant-season fire regimes. For example, soil organic
matter was reduced by as much as 50 percent following
intense wildfire in an Israeli pine-oak (Pinus halepensis
Mill-Quercus calliprinos Webb) ecosystem (Kutiel and
Naveh 1987).

Results from single fires or from studies of several fires

to the longer term are projected with considerable
uncertainly. And, this is exacerbated by somewhat
conflicting results from the two longer term studies of
fire in oak forests that do exist. Eivasi and Bayan (1990)
could not detect significant changes in soil organic-matter
content in the soils of a Missouri oak flatwoods ecosystem
even after more than 40 years of annual or periodic
burning. By contrast, Philips and others (2000) reported
significant reductions in A horizon organic-matter
concentration and content after 35 years of annual fires

(but not periodic fires) in a Tennessee oak forest.

Some of the material deposited on the ground surface
after a fire is partially combusted, charred woody
material. The blackened materials that comprise a
considerable portion of this charred fuel have been
termed “black carbon,” and have become a focus of
research on organic matter changes after fire (Certini
2005). Black carbon can comprise as much as 40
percent of the soil organic matter in ecosystems exposed
to frequent fire (Ponomarenko and Anderson 2001),
and this material may have sorptive properties that

are important in regulating soil solution chemistry
and biochemistry for some time after fire (Wardle and
others 1998). However, no estimates of the abundance

or importance of black carbon in oak forests have been

published.

EXPOSURE, EROSION, AND
HYDROLOGY

Changes in the soil water and hydrological regimes of an
ecosystem typically are proportional to the proportion
of the litter, humus, coarse woody debris, and woody
stems that are consumed during the fire. Fires that
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consume most or all of the forest floor and root systems
may produce major changes in watershed hydrology.

For example, Folliot and Neary (2003) reported an
increase of 90 percent in watershed output after a high-
intensity fire in a ponderosa pine (Pinus ponderosa Laws.)
ecosystem in Arizona. By contrast, low-intensity fires
that do not consume the entire forest floor and/or fires
that affect only part of a watershed may not produce
hydrological changes that can be resolved by typical
monitoring methods (Bethlalmy 1974).

The volume of water leaving a forested watershed in
streamflow and ground water recharge is a function of a
range of factors, including interception of precipitation
by the canopy and subsequent evaporation, transpiration
by plants, evaporation from the ground surface, overland
runoff, water storage in the soil, and transport of water
through the soil profile to groundwater or surface
waters. As low-intensity, dormant-season fires in eastern
oak forests typically do not have a major impact on
canopy structure and understory vegetation grows/
regrows rapidly after fire, neither canopy interception/
evaporation nor transpiration likely will be affected
strongly by fire. Evaporation from the blackened soil
surface may be enhanced after fire but such an effect
likely will be limited to the period before the canopy
leafout and understory development in the spring
(Iverson and Hutchinson 2002).

Fires that consume the entire forest floor also may

affect the water-holding capacity of the top several
centimeters of the soil through changes in soil texture
and structure (Austin and Baisinger 1955). Severe
heating may cause clay-size particles to fuse into larger
particles, thereby affecting soil texture and porosity;
however, the intensity necessary to produce such effects
is not typical of oak ecosystem fires. Changes in surface
soil permeability or porosity also may occur as the result
of the volatilization of organic compounds that had
served to cement soil aggregates (Dyrness and Youngberg
1957). This can result in reduced porosity as impacted
aggregates crumble and plug large soil pores (Mochring
and others 1966). Severe and/or repeated burning also
has the potential to increase soil bulk density, though
such effects typically are less evident after low intensity,

periodic fires (Moehring and others 1966; Agee 1973).
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Whether water impacting on the forest floor/soil surface
percolates into the soil or runs off over the surface
depends not just on the permeability of the soil but also
on whether water is free to move downward through

the soil. In ecosystems where coarse-textured soils are
overlain by resinous forest floor materials, combustion of
the forest floor can cause volatilization of hydrophobic
organic compounds. If there is significant downward
transport of those volatilized materials, they may
condense as hydrophobic coatings on soil aggregates,
resulting in the development of what has been termed

a hydrophobic or water-repellant layer (Agee 1973).
Significant hydrophobicity has been observed after fire in
coniferous forests and chaparral (e.g., DeBano and others
1970), and once developed can result in significantly
increased erosion, as water that would normally
percolate vertically through the profile is instead routed
downslope through the surface soils along the water-
repellant layer (Agee 1973). Although examples of

fire producing nonwettable soil layers are common in
coniferous ecosystems to the west and north of the oak
forest region, I have found no reports of hydrophobicity

developing after fires in oak forests.

As regulation of water flow and water quality are among
the most important ecosystem services we expect forested
watersheds to supply, the issue of the effect of fire on
water quality merits consideration. Again, in ecosystems
subject to large, intense fires, water quality may be
affected greatly by surface runoff and particulate erosion.
However, in ecosystems such as the eastern oak forests,
fires do not typically produce effects on the watershed
that are likely to produce such large or chronic changes
in erosion and runoff. Instead, leaching of soluble
materials from the ash and partially combusted fuels
through the soil profile and into ground water or water

bodies is of greater concern.

Knighton (1977) analyzed the effects of zero to three
annual burns on the quality of water leaving an oak-
hickory forest in central Wisconsin. He reported
solution concentrations of Ca** and Mg”* to be
significantly greater in leachate below the burned areas
than in leachate from unburned controls. The solution
concentrations of NO " and PO:' also were greater in

leachate from burned sites, and the degree of enrichment
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was proportional to the number of fires a site had
experienced. However, Knighton (1977) pointed out
that the increases in N and P concentration with fire
frequency were not statistically significant due to high-
among sample variability. Similarly, Lewis (1974) noted
increases of 50 to 125 percent in concentrations of Ca”"
and K* (but little change in NOS' and PO:‘) in soil
leachate after fires in South Carolina pine plantations,
but great variation among samples resulted in the
differences not being statistically significant. Whether
water quality is affected by low-intensity, dormant-season
fires is likely to be determined by the relationship among
ash deposition, post-fire precipitation, and soil nutrient
storage capacity. Thus, predictions of fire effects on water

quality will be site and situation specific.

SOIL BIOTA AND ECOSYSTEM
PROCESSES

The assemblage of animals in the forest floor and soil of
a forested ecosystem is both highly diverse and critically
important to ecosystem processes. These animals form

a complex food web that is responsible for much of the
conversion of coarse detritus produced both below-

and aboveground into fine organic materials that are
suitable for subsequent microbial decay. Without these
micro- and mesofauna present, leaf litter decomposition
essentially ceases (Edwards and Heath 1963).

Of the many groups of arthropods present in and on
the forest floor and soil of forested ecosystems, the
Collembola (springtails) and Acari (mites) are the most
important to the decay process (see also Rieske-Kinney,
this volume). In southern Ohio mixed-oak forests,
three annual burns reduced the numbers of springtails
and mites by more than 50 percent, while a single

fire resulted in no significant change in abundance

in either group (Dress and Boerner 2004). There are
even suggestions in that study that conditions after

a single fire may have supported greater densities of
microarthropods than did those of the unburned
controls. Metz and Farrier (1971) reported that mites
and springtails in the forest floor decreased in abundance
in direct relation to fire frequency in a South Carolina
pine plantation. When fires were applied every 4

years, there was sufficient time for recolonization and

population growth to return numbers to pre-fire levels,
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whereas when fire was applied annually, abundances
remained depressed over time. By contrast, Metz and
Farrier (1971) reported no significant effect of annual or

periodic fire on mites and springtails in the mineral soil.

As sparse as the database for microarthropods might be,
that for other faunal groups is even more depauperate.
Matlack (2001) reported no longterm effect of fire

on nematode numbers or diversity in southern pine
plantations. Bhadauria and others (2000) observed that
annelid earthworm abundance was depressed by fire in a
mixed oak-pine forest in northern India. However, they
also reported that earthworm abundance returned to pre-
fire levels over several months after fire as the result of
migration from neighboring, unburned areas. Bhadauria
and others (2000) suggested that post-fire conditions

in the burned areas might be better suited for annelid

growth than conditions present in unburned areas.

The effects of fire on the soil microbial community can
be evaluated by examining individual species, species
groups, or microbially mediated processes such as the
conversion of organic, N-containing compounds to
inorganic N as NH " (N mineralization). In a South
Carolina pine plantation, Jorgensen and Hodges (1971)
found that both fungal and bacterial abundance in the
forest floor were reduced by annual fire, but abundances
of both groups in the forest floor of plots burned on

a 4-year cycle were greater than those of unburned
controls (Fig. 2). The same pattern was apparent for

bacteria in the upper 5 cm of the mineral soil, whereas

HH No Fire
Filamentous 771 Periodic Fire Bacteria +
Fungi B8 Annual Fire Actinomycetes
(1081g) (10%/g)
80
60
40
20 %
10
5
0 i
Forest Mineral Forest Mineral
Floor Soil Floor Soil
(0-5 cm) (0-5 cm)

Redrawn from Jorgenson & Hodges (1971)

Figure 2.—Effects of fire on soil and forest floor
microorganisms, redrawn from Jergensen and Hodges (1971).
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fungal abundance in the mineral soil was not affected
by fire treatment (Jorgensen and Hodges 1971). The
notion expressed in this study that periodic fire produces
conditions for soil microbes superior to those present

in unburned sites parallels those from the studies of soil
invertebrates described earlier (Bhadauria and others
2000; Dress and Boerner 2004.

Blankenship and Arthur (1999) demonstrated a
significant, positive effect of a single winter fire in an
eastern Kentucky oak-pine ecosystem on bacterial
biomass, and this was accompanied by an increase in the
bacteria:fungi biomass ratio in this ecosystem. A similar
shift in the bacteria:fungi ratio after a low-intensity
slash fire was reported by Perry and others (1984) in a
northwestern coniferous forest. As the fungi in those
coniferous systems are responsible for producing the
compounds that make Fe available for plant uptake
(hydroxymate siderophores), Perry and others (1984)
believed that there was a potential for iron deficiency
of tree seedlings after fire, especially where pH has

been increased. Whether such short-term effects on the
microbial community occur broadly in oak ecosystems
and for how long such effects might persist is unknown.
Fonturbel and others (1995) found no chronic or lasting
effect of prescribed fire on heterotrophic bacteria or
filamentous fungi in a pine ecosystem in Spain, but the
applicability of this finding to eastern oaks is uncertain.
Eivasi and Bayan (1996) found that 40 years of annual
or periodic burning reduced microbial biomass in a

Missouri oak forest by 32 and 21 percent, respectively.

Mpycorrhizal fungi are key symbionts for virtually all
forest plants. There are two major groups of mycorrhizal
fungi found in the eastern oak regions (as well as several
more limited groups of mycorrhizae sensu latu that are
not considered here). Ectomycorrhizal fungi (ECM)

are a group of higher fungi (basiodiomycetes and
ascomycetes) that form symbioses with many conifers
(e.g. Pinus, Picea, Abies), oaks (Quercus spp.), hickories
(Carya spp.), and beech (Fagus grandifolia Ehrh.).
Arbuscular mycorrhizal fungi (AMF), also referred to

as endomycorrhizae, vesicular-arbuscular mycorrhizae
and (VAM), are a much smaller and less diverse group
of lower fungi that form symbioses with herbaceous
plants and with woody plants that do not form ECM
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symbioses. Both AMF and ECM are critical to plants for
the acquisition of B, as P is relatively immobile in most
forest soils. In addition, ECM can be important in N
uptake and pathogen resistance.

The colonization of roots by arbuscular mycorrhizal
fungi is sensitive to soil heating, at least under laboratory
conditions. Colonization of plant roots by AMF was
reduced by ~50 percent when soil temperatures exceeded
50 to 60°C, and was reduced by 95 percent when soil
temperature reached 90°C (Klopatek and others 1988).
Whether this is important under field conditions is
uncertain, as Knorr and others (2003) reported no
significant effect of one to four fires on the abundance
of the AME-specific glycoprotein glomalin in oak forest
soils in Ohio.

Severe fires can alter ECM community structure in
bishop pine (Pinus muricata D.Don.) stands on the
Pacific coast (Baar and others 1999). The decrease in
ECM abundance and diversity that takes place after fire
in western conifer forests may occur because the bulk of
the fungal mycelium in those ecosystems is located in
the humus layer of the forest floor, and that layer often
is completely lost in severe wildfires (Harvey and others
1986). However, the applicability of this work to eastern
oak ecosystems is uncertain. First, not all eastern oak
forests exhibit a strongly developed humus horizon in
the forest floor. Second, two studies in oak ecosystems
suggest that fungi present in the mineral soil can rapidly
recolonize the forest floor in the months after fire.

Tresner and others (1950) found that the species
composition of fungi in a Wisconsin oak forest did not
change with depth from the forest floor down through
the upper mineral soil. They concluded that colonization
of disturbed surface layers from deeper soil is possible
without changing fungal community structure.
Jalaluddin (1969) examined fungal dynamics in soils

of small plots on which concentrated piles of slash had
been burned. Fungal abundance in the center of those
intensely burned plots was only 3, 6, and 11 percent

of control levels at 1 week, 3 months, and 6 months
after fire. However, at the edges of the burned plots,
where recolonization from neighboring, unburned soils
could occur, abundances were 17, 31, and 43 percent of
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control levels at those same points in time. Thus, even
when intense fire effectively sterilizes the mineral soil,
thus precluding recolonization from below (sensu Tresner
and others 1950), mycelial ingrowth from surrounding
areas can facilitate reestablishment of the fungal
assemblage relatively quickly (Jalaluddin 1969).

Studies of changes in microbial function due to fire

are more common than direct studies of community
structure or abundance. In western conifer systems, a
significant proportion of the N lost during fire may be
offset by N_ fixation by leguminous plants and their
Rhizobium symbionts (Agee 1996). Among N-fixing
woody species, black locust (Robinia pseudoacacia L.)
has the most potential to contribute to the post-fire

N economy in this way. Although black locust and its
bacterial symbionts fix considerable amounts of N_ and
may have been common in burned areas historically,
this species is now most common in postagricultural old
fields in the southern portion of the oak forest region
(Boring and Swank 1984); thus, there are few data with
which to assess its impact after fire.

In Georgia loblolly pine forests, considerable amounts
of N may be fixed by herbaceous perennials (e.g.,
Desmodium spp. and Lespedeza spp.) using the same
symbiosis (Hendricks and Boring 1999). As both of
these genera are widespread in the Eastern United States,
the potential exists for this pathway to be important in
oak ecosystems. Determining whether this potential is

achieved awaits specific studies in oak forests.

In contrast to the sparse database on N_ fixation in oak
2
forests, many studies have demonstrated increases in N
mineralization after single fires (reviews by Raison 1979;
Boerner 1982; Wan and others 2001). These increases
often are attributed to the alteration of organic matter by
fire in such a manner as to render it more susceptible to
microbial attack, to increases in microbial activity, and
to changes in microclimate. Boerner and others (2000b,
2004) quantified soil organic matter, N mineralization
rate and nitrification rate in four southern Ohio mixed-
oak forests subjected to annual or periodic burning.
At the full watershed scale, there was no consistent or

persistent change in any index of microbially mediated
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N mineralization. In that study, pre-fire conditions and
landscape characteristics were more important than fire
behavior in explaining changes in C and N dynamics
(Boerner and others 2000b). In a subsequent study of
thinning+burning in a neighboring site, Boerner and
Brinkman (2004) found no significant effect of a single
fire on N mineralization in Ohio mixed oak-forests; a
similar lack of fire effect on N mineralization has been
reported for oak-pine forests in Georgia and Tennessee
(Hubbard and others 2003) and oak-pine stands in
North Carolina (Knoepp and others 2004).

It is important to note that the results of single fires or
relatively short-term studies may not scale across longer
time periods accurately. Vance and Henderson (1984)
measured rates of N mineralization in the same long
term Missouri stand used by Eivasi and Bayan (1996)

a decade later. They found that N mineralization was
reduced by longterm burning (30 years) and concluded
that this change was a consequence of a change in
organic matter quality rather than quantity. This is
consistent with what one would expect if long-term
burning results in an accumulation of black carbon over

time (Ponomarenko and Anderson 2001).

Yet another approach to examining the impact of fire

on the soil microbial assemblage is measuring the
activity of the enzymes that microbes secrete into the
soil to perform digestion processes. The activity of acid
phosphatase is commonly used as a measure of overall
microbial activity and as a surrogate measure for the rate
at which N and P are mineralized from organic matter
by microbes. Single fires in Ohio mixed-oak forests
(Boerner and others 2000a) and pine forests in Spain
(Saa and others 1993) and two to four fires over 5 years
in Ohio mixed-oak forests (Boerner and Brinkman 2003)
demonstrated reductions in acid phosphatase after fire,
indicating an overall reduction in microbial metabolism.
However, in the Ohio studies there were significant
increases in phenol oxidase activity (Boerner and others
2000a; Boerner and Brinkman 2003). Phenol oxidase

is an enzyme produced by fungi for the breakdown of
recalcitrant organic compounds such as those that are
likely to be left behind after the more labile organics are

volatilized during fire or consumed shortly after fire.
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Again, these short-term effects may not reflect what
might happen over a long period of fire. Eivasi
and Bayan (1996) reported significantly lower
microbial biomass, acid phosphatase activity, and f-
glucosidase activity in soils of Missouri oak-hickory
sites exposed to annual or periodic fire for four

decades.

Our overall understanding of the impact of fire in
oak ecosystems on the soil microbial assemblage is
growing but is not yet to the stage where a synthesis
is achievable. Studies of community composition
suggest that effects of one or several fires are rapidly
ameliorated. Most functional studies suggest

that the effects of fire are too modest to resolve
analytically or are ones related primarily to changes
in the relative proportions of labile and recalcitrant
organic matter. However, long-term studies suggest
that microbial activity and abundance may be
significantly reduced if fire occurs frequently over
many decades.

LANDSCAPE AND SCALE ISSUES

Forests with a significant oak component occur in a
variety of landscape contexts in Eastern North America,
from sandy coastal plains to Appalachian Piedmont and
plateaus to the slopes of the Appalachian Mountains.
Some of the oak region is recently glaciated, whereas
other parts have not experienced glaciation for more
than 10°years. Much of the eastern oak region consists
of terrain that is dissected into ridges, hills, and valleys
within which are strong gradients of microclimate (e.g.,
Wolfe and others 1949). In such complex landscapes,
the behavior and effects of fire may vary so much among
landscape positions within a watershed that considering
only whole-watershed average effects may obscure

important ecological patterns at the landscape scale.

To illustrate how fire behavior varies across the
landscape, I present an example from the Ohio Hills Fire
and Fire Surrogate (FES) research sites in southern Ohio.
The individual treatment units for the FFS project are
areas of 20 to 30 ha in southern Ohio on which 50-m
grids have been superimposed. Although the majority

of studies that report fire behavior do so in terms of the
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Figure 3.—Interpolated maps (semivariance analysis + kriging)
of Integrated Moisture Index (IMI) and heat index in the

forest floor based on 50-m grid points in two southern Ohio
watersheds. The IMI data were supplied by L. Iverson and fire
behavior data by M. Dickinson.

maximum temperature experienced by thermocouple
probes, this may not be the most useful metric for
understanding fire effects. The potential impact of fire
is better described by the integration of thermocouple
probe temperature over the time a fire is actually present
at a point. When expressed at a single point (above a
single sensor) this metric is referred to as the heat index
(Bova and Dickinson 2005) and is expressed in units
such as °C-sec.

Figure 3 presents interpolated maps of two of the Ohio
FES treatment units, with a metric of landscape position
and long-term soil moisture potential (Iverson and
others 1997) on the left and a map of heat index on

the right. The heat index map clearly portrays both the
variations in fire behavior across this landscape as well as
the strong patchiness or spatial heterogeneity typical of
fire in these forests. Unfortunately, the time and expense
involved in instrumenting a site for measurements

of heat index and the unpredictability of wildfire
occurrence combine to make measurements of actual fire

intensity in oak forests uncommon.
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The recent development of integrative, GIS derived
metrics designed to represent within-watershed scale
gradients of elevation, aspect, slope shape, soil type/
depth, and other aspects of microclimate have made
available tools to allow us to begin to understand the
landscape ecology of fire in a quantitatively rigorous
manner. For southern Ohio, Iverson and others (1997)
developed an Integrated Moisture Index (IMI) that
integrates a large number of microclimate and soil
parameters into a single metric. By stratifying sampling
designs based on this integrated measure, we have been
able to resolve within-watershed variations in fire effects

on the soil.

In Ohio mixed-oak forests where fire has been effectively
suppressed, soil pH, inorganic N, extractable Ca™, Mg,
and Al’", and molar Ca:Al ratio commonly vary among
landscape positions, with relatively xeric ridgetops and
upper, south-to-west-facing slopes having lower pH,
cation availability, and molar Ca:Al ratio than other
landscape positions (Table 2). N mineralization rate,
and nitrification, and inorganic N in the soil solution
tend to increase with increasing long-term soil moisture

potential, or from xeric through median to mesic IMI
classes Table 2).

By contrast, glomalin content tends to be greatest in the
most xeric landscape positions (Table 2). As the content
of this AM fungal-specific compound is thought to be
directly proportional to AM fungal activity and inversely
proportional to P availability, this suggests that the latter
varies across the landscape in a manner parallel to that
of N, This has been supported by direct analyses of P
availability among landscape positions (Boerner and
others 2003).

In some studies, relatively xeric landscape positions tend
to have greater soil organic C content than more mesic
positions, though others demonstrate no significant

within-watershed scale variations in organic matter
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(Table 2). Soil enzyme activities, as indices of microbial
activity, parallel total soil organic C closely, as do the
abundances of various soil arthropod groups (Table

2). Thus, variations in soil biological and chemical
properties among landscape positions within the small
watersheds of the Appalachian plateaus are so diverse and
significant as to cast doubt on the utility of watershed-
scale averages, and point out the need for sampling
designed to detect treatment effects to be stratified by
landscape position.

This is illustrated by comparing responses to fire at the
whole watershed-scale treatment unit level to those in
the various landscape positions within that treatment
unit (Table 3). In some cases, watershed-wide responses
parallel (at least in direction) those in the individual
landscape positions, e.g., phenol oxidase activity at Arch
Rock (Boerner and others 2000a, Table 3) and both soil
organic matter and N availability at Arch Rock (Boerner
and others 2000b, Table 3). Far more common are
situations in which there are significant effects of fire in
one or more landscape positions that are not reflected
in the overall, watershed-scale, treatment unit effect
(Table 3), and even some where the effects at different
landscape positions are opposite in direction, e.g., acid

phosphatase and chitinase at Young’s Branch (Boerner
and others 2000a, Table 3).

On level terrain with relatively small variations in
topography and soils over fairly large areas (e.g.,

till plains and some coastal plains), extrapolating
manipulative experimental studies on plots in the m” size
range to the km® scale at which management decisions
are made and applied is a straightforward process of
multiplication. By contrast, on the complex and dynamic
landscapes of the Appalachian plateaus, such scaling up
is more complex. GIS-based, integrative tools such as the
IMI make the conversion from small plot-based studies
to broad-scale prediction possible in a way that is only
now being realized by ecologists and forest managers.
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Table 2.—Variations in soil properties among landscape positions within Ohio mixed-oak

forests in the absence of fire (except Boerner and others (2000b) in which fire had no significant
effect on soil properties). The Integrated Moisture Index (IMI) classes of Iverson and others
(1997) are used to denote landscape positions. Upper case letters reflect relative ranks, with
A=highest and C=lowest; landscape positions with different upper case letters were significantly

different, based on the anova or ancova used in the indicated source.

Sources/site(s) Parameter Integrated Moisture Index Class
Xeric Median Mesic
Boerner and others (2003)  Soil pH B A
Four southern Ohio Inorganic N
sites pooled PO;‘

Morris and Boerner (1998)
Watch Rock

Decker and others (1999)
Arch Rock and Young’s
Branch pooled

Dress and Boerner (2001)
Arch Rock

Boerner and others (2000b)
Arch Rock

Boerner and others (2000b)

extractable Ca**
extractable Mg2+
extractable AI**

Ca:Al molar ratio

Soil pH
Organic C
N mineralization

Nitrification

Acid phosphatase
Chitinase

Phenol oxidase
B-glucosidase
Organic C

Live root mass
Dead root mass

Root production

Organic C
N mineralization

Nitrification

Organic C

O O > WO > 2>2 222> WH>P BP0

W oW WO WS > >EE WWW > > > W

b e - -~ R e -~ B @ T -~ e S @ B i S

Young’s Branch N mineralization
Nitrification
Knorr and others (2003) Glomalin content
Arch Rock
Dress and Boerner (2004)  Oribatid Mites A B B
Arch Rock Collembola A A A
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Table 3.—Fire-induced variations in soil properties at the watershed scale and among landscape
positions within Ohio mixed-oak forests. The Integrated Moisture Index (IMI) classes of Iverson
and others (1997) are used to denote landscape positions, and the column labeled “Pooled”
represents the full watershed. Effects of fire are indicated as 0=no significant effect, {=significant
decrease, and T=signiﬁcant increase, based on the anova or ancova used in the indicated source.

Sources/site(s) Parameter Integrated Moisture Index Class
Pooled Xeric Median Mesic

Boerner and others (2000b) Organic C 0 0 0 0
Arch Rock Total Inorganic N 0 0 0 0
Boerner and others (2000b) Organic C 0 1 ) 0
Young’s Branch Total Inorganic N 0 0 1 0
Boerner and others (2000a) Acid phosphatase \ 0 \ 0
Arch Rock Chitinase 0 0 0 0
Phenol oxidase 1 1 1 1
Boerner and others (2000a) Acid phosphatase { s 2 1
Young’s Branch Chitinase \ \ 0 1
Phenol oxidase 1 0 0 1
Dress and Boerner (2001) April Root Mass { 0 0 2
Arch Rock May Root Mass 0 0 1 0
June Root Mass \ 0 0 \

CONCLUSIONS volatilization and ash convection. Ash convection also

The last century has seen literally thousands of individual
studies of the effects of fire on the forest floor and soils
of American forests, shrublands, and grasslands. Despite
this rich literature, the available database for the eastern
oak forest ecosystems is surprisingly sparse, particularly
in studies that have continued past the first post-fire year.

Most fires in oak ecosystems for which there are data
generally have intensities that fall in the lower end of
the range for North American ecosystem fires, though
occasional higher intensity, stand-replacing fires have
been reported. Most of the unconsolidated litter and a
portion of the humus layer are combusted during typical
oak forest fires, yet significant heating of the mineral soil
is limited to areas where accumulations of fuel smolder
for extended periods. As a result, direct mortality of
organisms in the soil is low, and mortality in the forest

floor is proportional to the extent of consumption.

A considerable portion of the N in detritus and

vegetation may be lost to a combination of direct
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can result in significant losses of P and base cations.
Fire behavior, intensity, and weather are important
regulators of these processes. The nutrients contained
in ash typically are dissolved by the first several
precipitation events following fire, and the proportion
of those solubilized nutrients that remain in the soil for
subsequent plant use depends on the exchange capacity
of the soil, landscape geomorphology, and weather.

In shrublands and coniferous forests, development of
hydrophobicity in soil during and just after fire is often
an important factor in determining how much of the
post-fire precipitation and solubilized nutrient load are
lost to runoff. However, the literature does not suggest

that this is an important process in eastern oak forests.

The availability of N, a potentially limiting nutrient
for post-fire plant growth, and the total amount of
organic matter in the soil are typically greater after fire,
though this may be a more transient phenomenon in
oak forests than in coniferous forests and shrublands

where fire intensities are considerably greater. The
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possible importance of the charcoal (black carbon)
remaining after partial combustion of woody material

to post-fire biological activity is anl area of current fire
research in coniferous forests and grasslands, though little

information on black carbon in oak forests is available.

Microbial activity, biomass, and community structure

in the forest floor often is affected in proportion to the
consumption of this organic-rich layer. By contrast,
short-term effects on microbes in the mineral soil seem
to be primarily the result of progressive soil heating
under accumulations of organic materials that smolder
for longer periods. Recovery of the microbial assemblage
from fire is relatively rapid and is the result both of
propagules in situ and colonization from surrounding,
unburned areas. Similar spatial and temporal patterns
have been reported for microarthropods in the forest
floor and soil, but the database on other soil invertebrates

groups is so sparse as to warrant no generalization.

Much of the oak forest region of Eastern North America
is complex in geomorphology, and this complexity is a
challenge when experimental studies must be scaled up

to land areas as large as those for which management
decisions are made. The use of GIS-derived measures of
landscape structure and heterogeneity to stratify sampling
designs, inform statistical analyses, and integrate plot
results to the landscape scale has emerged as a viable tool

for generating management-scale information.
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RESPONSES OF OAK AND OTHER HARDWOOD REGENERATION TO
PRESCRIBED FIRE: WHAT WE KNOW AS OF 2005

Patrick H. Brose'’, Thomas M. Schuler’, and Jeffrey S. Ward’

Abstract.—An obstacle to using prescribed fire to manage mixed oak forests is the varied results of previous
fire studies. It has been reported that fires enhanced, hindered, or had no effect on the competitive position of
oak in the regeneration pool. We review a portion of the published literature and identify key factors that led
to the relative competitiveness of oak reproduction benefiting from or being harmed by prescribed fires. These
key factors are synthesized into general guidelines to help practitioners understand how fire can be a positive
force in the oak regeneration process. We also point out some situations where fire hinders the competitive
position of the oak regeneration, and provide suggestions for researchers studying fire in mixed oak forests.

INTRODUCTION

There is developing consensus that fire has had a close
association with and has shaped the species composition
of mixed-oak forests in the eastern United States for the
last several thousand years (Crow 1988; Abrams 1992;
Brose and others 2001). Scars on stem cross sections are
evidence that prior to the fire control era that began in
the 1920s, fires in Ohio, Maryland, and West Virginia
occurred at intervals of 5 to 15 years during the previous
four centuries (Sutherland 1997; Shumway and others
2001; Schuler and McClain 2003). Other fire-scar
studies have documented fire return intervals ranging
from 2 to 24 years from New Jersey to the western
portion of the mixed-oak forest in Missouri (Buell 1953;
Dey and others 2004). Evidence of reoccurring fire

also predates European contact in the eastern United
States. In a charcoal and pollen accumulation study

in the southern Appalachians, Delcourt and Delcourt
(1997) found evidence of landscape-level fires in a

forest dominated by oak, American chestnut, and pine
throughout the past 3900 years.

The heretofore unrecognized close association of fire
and oak forests in the eastern United States has led
researchers to investigate the use of prescribed fire to
sustain and regenerate oak forests. Eastern fire studies

cover a wide range of stand characteristics, species mixes,

"USDA Forest Service, Northeastern Research Station, Irvine,
PA 16329; “USDA Forest Service, Northeastern Research
Station, Parsons, WV 26287; *Connecticut Agricultural
Experiment Station, Department of Forestry and Horticulture,
New Haven, CT 06504; "Corresponding author, 814-563-1040,
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fire intensities, associated silvicultural practices, and
number of fires, and include an equally wide range of
results. The competitive position of oak reproduction in
the regeneration pool can be enhanced or hindered or
not be affected. In this paper we review a portion of the
fire/oak literature, grouping studies during the past four
decades by stand structure (fully stocked mature and less
than fully stocked mature), fire intensity (low and high),
number of burns (single, twice, three to five, and six or
more), and response of oak regeneration. We synthesize
the common denominators for when the competitive
position of oak reproduction is enhanced or harmed by
prescribed fire and provide guidelines on using fire to

help regenerate mixed oak forests.

Single Fires

Mature Stand, Low-Intensity Fire

This is by far the most common stand and fire type

in the literature (Fig. 1). In this group, mature stands
are in the understory reinitiation stage of development
(Oliver and Larson 1996), usually are at least 75 years
old and are near the end of a typical timber rotation
for oak sawlogs. Low-intensity fires are defined as those
with flames less than 2-feet long, which consume only
the leaf litter and small woody debris, and cause little,
if any, overstory mortality. The effect of these fires in
this setting may be beneficial, detrimental, or neutral
with respect to the relative competitiveness of oak
regeneration (Fig. 1). American beech (Fagus grandifolia)
remained the dominant species after a light surface fire
in New York (Swan 1970). Nyland and others (1982)
reported that the dense understory that develops after a

single fire in New York could inhibit oak regeneration.
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In a study of the same burns, McGee and others
(1995) found that the single fire increased

the competitive status of American beech and
red maple (Acer rubrum) while reducing the
importance value of northern red oak (Quercus
rubra). Prescribed fire reduced northern red

oak survival and did not increase basal diameter
growth in northern Georgia (Loftis 1990a).
Low-intensity fires increased red maple and black
birch (Betula lenta) density relative to oak in
Connecticut (Ducey and others 1996). In this
study there was no difference in height growth
of oaks between the low-intensity and unburned
sections (Moser and others 1996).

One of the more widely reported studies is the
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Figure 1.—Distribution of reviewed studies of the response of
hardwood regeneration to single fires. The studies were divided into
12 groups based on stand structure, i.e., had the overstory been
harvested to some degree, reported fire intensity (flame length or
overstory mortality), and whether the fire benefited, harmed, or did

National Fire and Fire Surrogates project in
southern Ohio. Low-intensity fires in unmanaged
stands did not increase the number of oak

seedlings after 1 year (Iverson and others 2004) or 2
years (Apsley and McCarthy 2004). In an associated
study, McQuattie and others (2004) found that burning
had no significant effect on seedling height of black

oak (Q. velutina) and red maple. However, in this

study, seedlings of both species were more massive on
burned than unburned plots. A later report of the same
study found that red maple seedlings, but not those of
chestnut oak (Q. prinus), were taller in burned than
unburned sections 2 years after the burn (Apsley and
McCarthy 2004). In a related study also in southern
Ohio, Hutchinson and Sutherland (2000) reported

that red maple and white oak seedling frequencies were
unchanged 3 years after a light surface fire. The effect
of low-intensity fire on comparative height growth was
equally ambiguous.

Several studies of low-intensity fire in mature stands
have reported beneficial effects on oak regeneration.
Barnes and Van Lear (1998) found that 2 years after a
low-intensity spring fire in the southern Appalachians,
regeneration (less than 2.0 inches in d.b.h.) densities of
oak, hickory (Carya spp.), and sourwood (Oxydendrum
arboreum) increased, while red maple density decreased.
This change in species composition resulted in a slight
increase in relative density of oak regeneration from 31

percent before the prescribed burn to 37 percent 2 years
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not affect the competitive position of oak in the regeneration pool.

later. In Kentucky, Adams and Rieske (2001) found
that the seedling height and diameter growth of white
oak (Q. alba) was enhanced by a prescribed burn. A
separate study on Kentucky ridgetops reported increases
in density of both oak and red maple seedling densities
after prescribed fire (Kuddes-Fischer and Arthur 2002).
A low-intensity fire in south-central New Jersey resulted
in low mortality of small oaks (Little 1946).

Mature Stand, High-Intensity Fire

In this category, high-intensity fires are defined as those
with flames longer than 2 feet or killing significant
numbers of overstory trees. Studies reporting on this type
of fire in mature stands are less common than for the
previous group (Fig. 1). Generally, these fires enhanced
the competitive status of oak regeneration. Several of
the researchers examined the aftereffect of wildfires by
comparing burned areas and adjacent unburned stands.
In New York, high-intensity fires did not change the
average frequency of black oak but reduced the average
frequency of red maple and white oak (Swan 1970).
Swan also reported that the percentage of oaks top-killed
by the fire was lower than that for red maple, sugar

maple (Acer saccharum), and American beech.

Both absolute and relative densities of oak were increased

7 years after a high-intensity prescribed fire in North
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Carolina (Maslen 1989). Although survival of oaks
within a given size class was higher than for non-oak
species following the fire, height growth was greater for
non-oak than for oak species. Another North Carolina
study reported that the density of scarlet (Quercus
coccinea) and chestnut oak increased 1 year after a high-
intensity fire while the density of red maple, northern
red oak, and white oak decreased (Elliott and others
1999). In Connecticut, Ducey and others (1996)
reported the density of northern red oak, eastern white
pine (Pinus strobus), and black birch was higher 7 years
after a high-intensity prescribed burn than on unburned
plots while the density of red maple and white oak

was decreased by the fire. As a follow-up to the Ducey
paper, Moser and others (1996) reported that the height
growth of oaks was greater following the high-intensity

fire than that of oaks in the unburned controls.

Perhaps the primary reason for the increase in survival
and growth of seedlings after high-intensity fires is that
the amount of light reaching regeneration following fire-
induced mortality of overstory trees was increased. Loftis
(1990b) reported that the survival of northern red oak
seedlings increased following a reduction in overstory
density (similar to a high-intensity fire) as opposed to

a reduction in understory density (similar to a low-

intensity fire).

High-intensity fires are not a panacea for regenerating
oaks. In addition to the resulting economic loss of
timber (Hepting 1941; Little 1946; Paulsell 1957;
Loomis 1973; Ward and Stephens 1989), high-intensity
fires may inhibit the development of oak regeneration
relative to other species. In West Virginia, the density of
northern red and chestnut oak advanced regeneration
decreased 5 years after a fire that reduced overstory
basal area by 17 percent (Wendel and Smith 1986). In
contrast, red maple density increased slightly over the

same period.

Cut Stand, Low Intensity Fire

This stand type differs from the mature type in that
cutting by group selection, shelterwood, clearcut,

etc preceded the fire by one or more years and the
regeneration layer was developing into saplings, i.e., the

stand initiation stage (Oliver and Larson 1996). There
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were fewer studies of fire for this stand than for mature
stands (Fig. 1).

In West Virginia, Collins and Carson (2003) reported
that prescribed burning of recently created gaps reduced
the abundance of northern red oak while the density of
competitors was increased or not affected. Dolan and
Parker (2004) found that a combination of burning
and thinning did not result in the establishment of new
oak seedlings on mesic or xeric oak sites in Indiana,

but did result in greater consistency with respect to the
number of shade-tolerant and intolerant seedlings in
the understory. Jackson and Buckley (2004) noted an
increase in small oak seedlings but attributed this to the
sprouting of large oak seedlings that had been top-killed
by fire a year earlier.

Fire studies in cut stands with a longer interval between
the harvest and fire have shown substantial benefits

to the oak regeneration. Brose and Van Lear (1998)
and Brose and others (1999a) reported increases in

the relative dominance of oak when burning was done
4 years after a heavy shelterwood cut. Kruger and
Reich (1997) reported comparable results from fires
conducted in 4-year-old oak shelterwoods in Wisconsin.
In Connecticut, burning several years after a heavy
shelterwood cut or a complete overstory removal also
has increased the competitive position of oak in the
regeneration pool (Ward and Gluck 1999; Ward and
Brose 2004).

Cut Stand, High Intensity Fire

This grouping of papers was the smallest (Fig. 1) but
included the oldest fire study in the eastern United
States. A high-intensity fire in 1932 topkilled half of the
stems less than 6 inches d.b.h. in a 30-year-old sapling
stand in Connecticut. Fifty-five years after that fire, Ward
and Stephens (1989) reported that oak densities were
twice as high in burned than in unburned areas. The fire
had no long-term effect on the density of other species

groups. Comparable results were reported for Rhode

Island (Brown 1960).
One of the first attempts to use fire along with a
partial reduction in overstory stocking to increase the

importance of oak in the understory was by Wendel
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patterns, though it likely was increased by

the addition of fuels from the thinning 2 years
carlier. Average fire scar height was about 5 feet,
indicating a high-intensity fire for hardwood
leaf litter. The fire reduced the number of stems
more than 5 inches d.b.h. from 115 to 93 per
acre and reduced basal area from 90 to 73 feet/acre. In
the understory, red maple and black locust seedlings
and sprouts increased in number while the number of
northern red and chestnut oak decreased.

In a fire study conducted in the Virginia Piedmont,
Brose and Van Lear (1998) and Brose and others (1999a)
found that high-intensity fire was especially beneficial

to the relative competitiveness of oak regeneration if the
fire occurred during the spring versus summer or winter.
High-fire intensity also was more beneficial to oak than
low-intensity fire in studies by Ward and Gluck (1999)
and Ward and Brose (2004).

Multiple Fires

Multiple prescribed burns at interval of 2 to 3 years were
suggested by Sander (1988) to control unwanted woody
competition. However, the impact of multiple burns
may vary by the number of burns and their frequency
(Fig. 2). Some researchers reported that periodic burns
increase the competitive status of oak regeneration. A
prescribed fire in Kentucky followed 2 years later by

a wildfire increased the number of oaks in the shrub
stratum (20 inches tall to 1 inch d.b.h.) more than six
fold (Arthur and others 1998). This combination of
fires also doubled the number of red maple in the shrub
stratum versus the unburned plots. However, the plots
that had been burned only once had higher red maple
densities than the plots that had been burned twice. The
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Figure 2.—Distribution of reviewed studies of the response of
hardwood regeneration to multiple fires. The studies were divided into
12 groups based on the number of periodic burns and whether the fire
benefited, harmed, or did not affect the competitive position of oak in
the regeneration pool.

second fire reduced the density of red maple sprouts and

increased the number of chestnut oak sprouts.

In New York, both the relative and absolute densities of
northern red oak reproduction more than 4.5 feet were
greater on plots that had burned twice than on plots
that had been burned once in New York (McGee and
others 1995). This study also reported that northern red
oak densities were higher following two high-intensity
than two low-intensity fires and that the two hot burns
increased the competitive status of American beech.
Periodic burns at intervals of 5 years or less have nearly
eliminated red maple from red pine (Pinus resinosa)

stands in Michigan (Henning and Dickmann 1996).

Barnes and Van Lear (1998) reported that after three
winter burns in South Carolina, there were fewer oaks
than after a single spring fire. However, the winter-
burned stands contained more than 5,000 stems/acre of
oak regeneration and the height of oak sprouts following
three burns was more than twice that of sprouts after a
single spring burn. Following three periodic prescribed
fires in Tennessee, oak regeneration was abundant,
averaging more than 1,500 stems/acre (Clatterbuck
1998). Basal diameter and relative height growth of
white oak seedlings were increased by two prescribed
burns in Kentucky (Adams and Rieske 2001). However,
relative height growth was greatest for seedlings in plots

burned only once.

GTR-NRS-P-1




Other researchers maintain that periodic burning should
be used with caution if the management objective is

to regenerate oak. In a study in Tennessee, Thor and
Nichols (1973) found that two periodic burns separated
by 5 years increased the density of oak, sumac (Rhus
spp.), and sassafras (Sassafras albidum) regeneration and
eliminated red maple reproduction. However on the
same plots, four additional periodic burns at intervals

of 4 to 5 years the same plots increased the absolute

and relative densities of red maple (DeSelm and others
1991). Concurrently, the density of post (Q. stellata),
scarlet, and southern red oak (Q. falcata) decreased.

In Missouri, periodic burning reduced the density of
small oak saplings (Sasseen and Muzika 2004) while

oak mortality increased with burning frequency (Dey
and Hartmann 2004). For example, a single fire only
resulted in 10-percent mortality among black oaks with
a basal diameter of 1 inch, but three or more fires killed
25 percent of stems. In New Jersey, the mortality of

oak saplings (one inch d.b.h) increased as the intervals
between fires decreased. Mortality was 100 percent

on annually burned plots, 62 percent on plots burned

at 3-year intervals, and 11 percent mortality on plots
burned at intervals of 10 years or longer (Somes and
Moorhead 1950). In Kentucky, Green and others (2004)
reported that red maple seedlings were tallest on plots
burned three times than on those burned twice or not

at all. They also noted that oak seedlings were tallest on
unburned plots. Although red maple seedlings were taller
than oak seedlings, mortality was higher in red maple.

In most studies researchers reported that annual burning
reduces all regeneration density, including oak seedlings
and saplings (Little and Moore 1949; Chaiken 1952;
Paulsell 1957; Grano 1970). Although 6 years of annual
burning in Tennessee increased total regeneration density
and the density of oak regeneration (Thor and Nichols
1973), an additional 21 years of annual burns on these
same plots eliminated all regeneration except for winged
sumac (R. copallina) and oak (DeSelm and others 1991).
Although some oak remain (primarily post oak) total
density has declined by 97 percent or more. In the
Missouri Ozarks, four annual burns greatly reduced or,
in one case, eliminated small oak saplings less than 1.5
inches d.b.h. (Sasseen and Muzika 2004) and 14 years
of annual burning eliminated large sapling stems in

Fire in Eastern Oak Forests: Delivering Science to Land Managers. Proceedings of a Conference

Minnesota (White 1983). The frequency of red maple
seedling decreased after three annual burns in southern
Ohio (Hutchinson and Sutherland 2000); surprisingly
the frequency of white oak seedlings was not changed by

the annual burns.

Synthesis

Every possible response of oak regeneration to fire is
found in the literature, though commonalities among
studies are apparent when the competitive position of
the oak reproduction is enhanced or hindered. Results
were most varied for single, low-intensity prescribed fires
in mature stands. Where oak regeneration was harmed
in this setting (Loftis 1990a; Nyland 1982; McGee and
others 1995; Moser and others 1996), the studies were
conducted on high-quality sites. The oak stems were
small and they had been growing in dense shade. These
stems probably had small root systems and minimal root
carbohydrate reserves, and likely were of low vigor at the
time of the fire. Several researchers have reported that
such stems, regardless of species, usually do not survive
fire of any intensity (Johnson 1974; Loftis 1990a; Brose
and Van Lear 2004). Also, the fires did not significantly
increase the amount of sunlight reaching the forest floor,
so oak stems sprouting after the fires were forced to grow

new tissue in sub optimal light conditions.

When single low-intensity surface fires benefited oak
regeneration in mature stands (Little 1946; Barnes and
Van Lear 1998; Adams and Rieske 2001; Kuddes-Fischer
and Arthur 2002), the studies were conducted on dry,
hot, sandy soils or xeric upper slopes. Oak regeneration
tends to accumulate on such sites because they have
sparser canopy cover and more sunlight reaches the forest
floor (Johnson and others 2002). Thus, the regeneration
has larger root systems and greater root carbohydrate
reserves, and is more vigorous. Brose and Van Lear
(2004) found that such oak regeneration generally

sprouts after a low-intensity fire.

Single low-intensity fires in cut stands also produced
varied results. The major differences between studies
reporting a positive effect on oak regeneration and those
reporting no effect or a negative impact were related to
the intensity of cutting and the length of time between

the cutting and the fire. The positive studies (Kruger
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and Reich 1997; Brose and Van Lear 1998; Ward and
Gluck 1999; Ward and Brose 2004) were conducted in
heavily cut shelterwoods or clearcuts and at least 4 years
had passed between the cutting and the fires. In the
neutral and negative studies (Collins and Carson 2003;
Dolan and Parker 2004; Jackson and Buckley 2004), the
degree of cutting was much lighter e.g., small gaps and
low thinning, and only 1 or 2 years elapsed between the
cutting and the fire. There is a clear relationship among
the amount of light, number of growing seasons, and
size/vigor of oak seedlings (Miller and others 2004). In
the positive studies, the oak reproduction at the time of
the cutting had sufficient light and time to build large
root systems so it was more likely to sprout after the fires.
In the neutral and negative studies, the regeneration
reacted like small, low-vigor seedlings experiencing fire in

a mature stand: it died or responded poorly.

The high-intensity fires in mature and cut stands
generally benefited oak by being more detrimental to
the survival and growth of non-oak species than to the
oaks. This disparity is attributed to inherent differences
in germination strategy between oaks and many of their
competitors. Acorns have hypogeal germination, i.c.,
cotyledons remain in the shell and serve as a below-
ground energy source for seedling development. Seeds
of common competitors, e.g., red maple, have epigeal
germination, i.e., cotyledons emerge and rise above

the shell to form the first photosynthetic leaves. This
difference in germination strategy places oak seedlings’
root collar, and the accompanying dormant buds, lower
than that of red maple. This difference in germination
strategy is accentuated by wildlife. Acorns are routinely
buried an inch or more into the forest floor by birds
and small mammals while seeds from red maple and
other competitors typically are not cached. Thus, an
oak seedling generally has a deeper root collar than a
red maple seedling due to seed burial and hypogeal
germination. Consequently, hotter fires are more likely
to kill the dormant buds of red maple than those of oak.

Another important silvical difference between oak
regeneration and the reproduction of many competitors
is the developmental rate of the root system. Upon
germinating, oaks send a strong radicle deep into the soil
to establish a taproot and emphasize root development
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over stem growth (Kelty 1988; Kolb and others 1990).
Most competitors take the opposite approach; root
development is sacrificed to promote rapid stem growth.
Thus, oak regeneration usually has shorter stems than
those of the competition but has larger root systems.
Because of these silvical characteristics — hypogeal
germination, emphasis on root development, and seed
burial by wildlife — oak regeneration is less detrimentally
affected by high intensity fires than its competitors.

The adverse effect of high-intensity fire on oak
regeneration in previously cut stands (Wendel and Smith
19806) likely was caused by the short interval between
cutting and the fire. Also, a high deer population may
have preferentially browsed oak sprouts more than those
of competitors during the 5 years between the fires and

data collection.

Generally, two to five fires spread over a decade or

more have benefited the competitive position of oak

in the regeneration pool, likely due to selecting against
species with inherently smaller root systems and
creating/maintaining an understory light regime more
favorable to the development of oak rootstocks. Multiple
periodic burns may be a reasonable mimic of single,
high-intensity fires in that they both create more open

understories (but at different time scales).

However, multiple periodic fires do not always benefit
oak. Merritt and Pope (1991) compared single burns
conducted in the fall with a second burn conducted in
the spring two growing seasons later. Consistent with
other studies, both the first and second prescribed fires
significantly reduced the number of competing shade-
tolerant saplings 10 to 20 feet tall; however, neither the
first or second prescribed burn aided in the establishment
of new oak seedlings. Merritt and Pope concluded that
it was not advisable to use fire alone, including multiple
fires, to aid in the establishment of new oak seedlings in

stands described as “recently mature.”

Although the root mass/size of oak regeneration
dwarfs that of most competitors of similar-size, it can
be exhausted by multiple resprouting. This is evident
in studies in which multiple periodic fires or annual
burning were examined. There seems to be a point at
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which repeated fire does not continue to benefit the oak
component of the regeneration pool. Where that point
is and how rapidly it is reached likely is a function of
several stand characteristics.

None of the reviewed fire/oak papers focused exclusively
on oak and all contained information on other eastern
species. From these papers, species can be grouped

into three broad classes: susceptible, intermediate, and
resistant to fire. Susceptible species, which are poor
sprouters following fire, include black birch, eastern
hemlock (Zsuga canadensis), eastern white pine (2
strobus), hophornbeam (Ostrya virginiana), sugar maple,
and yellow-poplar (Marquis 1975; Kruger and Reich
1997; Brose and Van Lear 1998; Ward and Brose 2004).
Fire-resistant species include the oaks, sympatric species
such as the hickories (Carya spp), and those capable of
consistent root sprouting e.g., aspen (Populus spp.), black
locust (Robinia pseudoacacia), and sassafras, as long as
there is sufficient light for sprouts to survive (Kruger
and Reich 1997; Brose and Van Lear 1998; Waldrop
and Brose 1999). Intermediate species differ from
resistant species in how their sprouting ability responds
to changes in fire intensity, fire seasonality, and seedling
size. This is particularly true of red maple (Huddle and
Pallardy 1996, 1999). Small red maple is readily killed
by fire, even low intensity burns (Reich and others 1990)
but the sprouting ability of this species develops as size
increases (Brose and Van Lear 2004; Ward and Brose
2004). In most dormant-season burns and low-intensity
fires, large advance red maple regeneration equals that
of oaks in sprouting ability (Brose and Van Lear 1998).
However, red maple is a markedly poor sprouter as fire
intensity increases, especially during the growing season.
Other intermediates that exhibit a wide range of root
sprouting ability include American beech, blackgum

(Nyssa sylvatica), and pin cherry (Prunus pensylvanica).

Guidelines for Foresters and
Researchers
The following guidelines can aid foresters who plan to

use fire to regenerate oak forests:

1. Prescribed fire is best used after significant
reductions in overstory stocking to release

existing oak seedlings, sometimes referred to
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as advanced regeneration, from competition.
Prescribed fires should occur after released oak
seedlings have had time to develop robust root
systems (root collar diameter > 0.75 inch) that
can sprout vigorously. The recommended time
is 3 to 5 years after a shelterwood harvest that
reduces stocking by about 50 percent in a fully
stocked stand (Brose and others 1999a, b).
Measures to protect valuable residual trees likely
will be needed (Brose and Van Lear 1999).

. Prescribed fires in late spring or summer are

the most lethal to oak competitors because their
root reserves are at their lowest levels. In some
locations, the window of opportunity for such
burns may be too short for planning purposes,
so the focus should be on spring burns just

before or during leaf expansion.

. In the absence of adequate numbers of existing

oak seedlings, the use of fire to establish new oak
seedlings generally has not been successful. Some
factors related to understories with inadequate
densities of advanced oak regeneration are not
related to the fire and oak relationship. Fire can
create conditions suitable for oak establishment
by reducing litter layers and reducing
understory and midstory competition, but in
the absence of large acorn crops, the newly
available growing space will be used by other
species in 1 to 2 years. Seedling establishment

is largely dependent on large acorn crops that
can overwhelm seed and seedling consumers,

for example insects, rodents, and white-tailed
deer. Avoid burning when an acorn crop has

just occurred (Auchmoody and Smith 1993) or
when oak seedlings are small, of low vigor, or
recently established (Loftis 1990a; Brose and
Van Lear 2003).

. The use of fire following clearcuts has produced

encouraging results in some locations. When
oaks are present in the regeneration but

other species are at much higher densities, a
moderately intense prescribed fire can increase

the relative density of oak by taking advantage
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of this species’ superior sprouting characteristics.
Like shelterwood harvests, prescribed fires after
clearcuts should be scheduled to allow oaks
time to develop robust root systems that can
produce vigorous sprouts. The time needed
may be less than the 3 to 5 years recommended
for the shelterwood regeneration process, but
allow sufficient time for seeds of other species

to germinate. Fires in clearcuts do not injure
valuable residual trees unless some are retained

for other management objectives.

. Deer browsing is important in many areas

and must be addressed should densities exceed

a critical threshold before the regeneration
process. High deer densities drive forest
succession and discriminate against sprouting
oaks after a fire (Collins and Carson 2003;
Horsley and others 2003). This is an added
obstacle on productive mesic sites where
competition from non-oaks is greatest. In such
cases, the use of fencing or other drastic means is

necessary to mitigate the impact of deer.

. A successful oak regeneration plan likely will

ensure a diversity of woody species in the new
stand. None of the silvicultural studies we
reviewed reported the elimination of common
oak competitors though many documented
the virtual loss of oak when the regeneration
plan favors other species intentionally or

unintentionally.

The following are reminders concerning the essentials

of high-quality research as well as points to consider in

conducting fire research in oak forests:

1.
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Classify or measure fire intensity and/or severity
at the same scale used to monitor regeneration
response. This was by far the most common
shortcoming in the studies we reviewed. The
authors of several early fire/oak papers did not
describe fire behavior while others included
only general descriptions (cool, hot) at the stand
level. Fortunately in more recent papers, fire

behavior is described in more appropriate terms,
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for example, flame length, rate of spread, and
char height, to help the reader gain a mental
picture of the fire. The best papers report fire
behavior and fuel consumption at the same scale

that responses are measured.

. Document preburn forest conditions. The

response of a plant community to fire is
influenced by several preexisting factors,
especially the size/vigor of the regeneration and
understory light levels. The more the preburn
conditions are documented, the more useful the
study. For oak reproduction this almost always
requires measuring the diameter of the root

collar

. Use a control treatment. This should seem

obvious, but, we reviewed studies that did

not include unburned controls. Statistical
inference, subsequent publication, and value to
the scientific community of fire studies will be

greatly enhanced with a control.

. Do not be hasty in reporting results. Fire

effects may take three years or more to be fully
manifested. Early results need to be reported as

preliminary rather than as definitive.

. Publication of fire/oak studies need to be in

high-quality journals so they reach the scientific
community and technical outlets for the

practicing forester.
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FIRE AND THE HERBACEOUS LAYER OF EASTERN OAK FORESTS
Todd Hutchinson'

Abstract.—Across oak forest landscapes, the herbaceous layer supports the great majority of plant
diversity. As the use of prescribed fire increases, it is important to better understand its effects on
biodiversity. This paper reviews the current “state of the knowledge” regarding fire effects on herbaceous
layer vegetation. In typical dormant-season fires, direct heating effects are minimal on most herbaceous
plants (forbs, grasses, sedges). Although woody plants are topkilled, nearly all resprout. Fire indirectly
affects the herb layer by altering the forest floor and soil environments. The consumption of leaf
licter during fire stimulates germination for a number of seedbanking species. Three case studies (oak
forests in Missouri and Ohio, oak barrens in Illinois) of herb-layer response to fire are reviewed. These
and other studies show that species richness and the cover of herbaceous plants usually increase after
fire. Fire can have unique effects on herbaceous communities that are not realized with mechanical
treatments (e.g., partial harvesting) alone. Although prescribed fire is commonly applied to maintain
open-structured habitats that often contain rare plants, it also could be a useful management tool
for sustaining and enhancing rare plant populations in upland oak forests. What is lacking most
from our knowledge of how fire regimes affect the herbaceous layer of oak forests is: 1) the long-
term effects of fire suppression, and 2) the long-term effects of periodic application of prescribed fire.

INTRODUCTION

The objective of this paper is to review what is known
about the response of herbaceous layer vegetation to
fire in eastern oak landscapes. While the focus is on

fire effects in oak forests in the central hardwoods
region, more open canopied communities within oak
forest landscapes are included, as is research from other
ecosystems, particularly when information is lacking
from oak forests. In reviewing the literature, two major
generalizations became evident: 1) although there have
been a number of studies documenting herb-layer
response to fire, nearly all report short-term effects (<10
years) of one to several fires, and 2) although the effects
of fire vary among studies because of differences in
vegetation and fire intensity, similar general responses

were reported from many of the study sites.

THE HERBACEOUS LAYER

The herbaceous layer, also referred to as understory or
groundlayer vegetation, generally is defined as all plants
(woody and herbaceous) <1 m in height, though taller
woody vegetation may be included (Gilliam and Roberts
2003). Across oak forest landscapes, the herbaceous layer
harbors the great majority of plant diversity, including

"USDA Forest Service, Northern Research Station, 359
Main Road, Delaware, OH 43015, 740-368-0090, email:
thutchinson@fs.fed.us.
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most rare plant species. The herb layer also provides
habitat and food for numerous species ranging from
arthropods to large mammals.

Broadly defined, herbaceous life forms are forbs (broad-
leaved plants) and the graminoids (grasses and sedges);
woody life forms are trees (seedlings and sprouts)

and shrubs (including woody vines). Perennial forbs
comprise the majority of plant diversity: in Ohio oak
forests, perennial forbs made up 60 percent of species,
followed by graminoids (14 percent), trees (11), shrubs
and woody vines (9) and annual forbs (6) (Hutchinson
et al. 2005a). However, woody plants, often have greater
cover and biomass than herbaceous plants, particularly
on dry sites (e.g., Hartman and Heuman 2003). Another
characteristic of herb-layer vegetation is that most of the

species occur infrequently across the landscape (Keddy
2005).

Many factors affect the composition and diversity of
herb-layer communities in oak forest landscapes. At the
broad scale, plant assemblages vary with climate and
landforms while at the local scale (e.g., a watershed),
species abundances are strongly associated with
topographic gradients of soil moisture and fertility
(Hutchinson et al. 1999). Also within oak forest
landscapes, areas where tree growth is restricted (e.g.,
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shallow soils) support woodlands as well as barrens
communities usually containing unique species
assemblages (Anderson et al. 1999). The intensity and
frequency of past disturbances is a major factor related
to current vegetation. For example, among secondary
forests, those regenerated after agricultural conversion
(old-field succession) have less diverse native herbaceous
layers than continually forested stands (Flinn and
Velland 2005). In many areas of the Eastern United
States, deer browsing also has a major impact on herb-
layer vegetation (Coté et al. 2004).

Evidence indicates that periodic fire has occurred in
forests for millennia (Patterson, this volume; Guyette,
this volume; Ruffner, this volume). It has become clear
that fire control has played an important role in the
changing species composition of trees in oak forests,
facilitating the abundant establishment of fire-sensitive
and/or shade-tolerant tree and shrub species. Although
it seems likely that more than 75 years of fire control
also has had a large effect on herbaceous communities,
long-term data to evaluate this hypothesis are lacking.
However, a better understanding of fire effects on
herbaceous vegetation is available from recent studies in
which prescribed fire has been reintroduced to long-

unburned sites.

DIRECT FIRE EFFECTS ON PLANTS
AND SEEDS

Most wildfires and prescribed fires in oak forests occur
during the dormant seasons in late-winter/early spring
and autumn (Haines and Johnson 1975) when most
perennial herbs are dormant. Although the below-
ground rhizomes of most herbs are shallow (<10 cm),
litcle heat is transferred into the mineral soil during
typical prescribed fires (Boerner, this volume). In Ohio
oak forests, the peak soil temperature during fires, at
1-cm depth, averaged only 18°C (64°F) (Iverson and
Hutchinson 2002). Flinn and Pringle (1983) found
that rhizome death of several forest understory species
occurred only as temperatures approached 60°C (140°F).
The fact that few perennial herbs decrease in abundance
after fire, reported from a number of studies, suggests
that their rhizomes are largely unaffected. However, the
direct effects of fire on the rhizomes of oak forest herbs

have not been investigated.
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If spring fires are conducted later in the season when
plants are emerging, direct heat damage to foliage
occurs. For example, Primack et al. (1994) found that

a late-spring fire reduced leaf area in a population of
Cyprepedium acaule (pink lady’s slipper orchid) by 50
percent; however, for plants with 10- to 50-percent leaf-
area damage, reproductive output returned to normal

levels by the second year after fire.

In contrast to the perennial herbs, fire topkills the above-
ground portions of nearly all small woody stems (shrubs,
tree seedlings, vines). However, topkill induces sprouting
(often vigorous) by hormonal signals, from dormant
buds located below ground or on the base of stems. For
example, Matlack et al. (1993) showed that fire increased
stem density and shoot-growth of the shrub Gaylussacia
baccata (black huckleberry).

Similar to fire effects on belowground rhizomes, fires
likely cause little direct damage to seeds in the mineral
soil. However, seeds within the litter and humus layers,
which receive far more heat than mineral soil (Boerner,
this volume) can be damaged by fire. Fire killed nearly
50 percent of red oak acorns located in the litter layer

(Auchmoody and Smith 1993).

In the early 1990s, it was first reported that smoke
could directly stimulate seed germination (Brown and
van Staden 1997). Since then, it has been shown to be

a widespread phenomena, at least in fire-prone habitats.
Of 215 species tested in the Cape Region of South
Africa, 101 have exhibited increased germination when
treated with smoke (Brown and van Staden 1997). In
western Australia, smoke increased the germination

of 45 of 94 species (Dixon et al. 1995). A butenolide
compound derived from cellulose combustion (common
to all vegetation fires) was responsible for the stimulation
of germination by smoke (Flematti et al. 2004). The
effects of smoke on germination have not been tested on

plants native to the Eastern United States.

INDIRECT FIRE EFFECTS ON PLANTS
AND SEEDS

Herb-layer vegetation is affected indirectly when fire
alters the forest floor and soil environments. When fires

are of low to moderate intensity and conducted in the
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dormant season, these indirect effects arguably have a
much greater effect on herb-layer vegetation relative to
direct fire effects.

Leaf litter plays an important role in herb-layer plant
communities (Facelli and Pickett 1991). In addition to
its role in soil moisture and nutrient dynamics, leaf litter
also serves as a mechanical barrier to seed germination
and establishment. In the short term, the consumption
of leaf litter and humus during fires probably causes the
greatest changes in herb-layer vegetation by reducing the
mechanical barrier and increasing light levels to seeds in
the humus and mineral soil. Seeds of many herbaceous
species in the eastern deciduous forest region have higher
germination rates in light vs. dark conditions (Baskin
and Baskin 1988). Throughout the growing season
following spring fires, soil temperatures are elevated as
the blackened litter absorbs more radiation (Iverson and
Hutchinson 2002). Elevated soil temperatures likely
affect the germination, establishment, and growth of
herb-layer vegetation. The consumption of leaf litter in
fires also releases nutrients that are then incorporated
into the mineral soil, altering soil chemistry and likely
affecting plant productivity, particularly on nutrient-
poor sites (Gilliam and Christensen 1986; Boerner,

this volume). If fire increases the amount of nitrate

in soils, this could stimulate the germination of some
seedbanking species (Auchmoody 1979).

As fire alters forest structure by topkill of saplings

and some trees, light levels increase to the forest floor.
However, in typical low-intensity fires, these changes

are moderate and thus may have relatively little effect

on plant performance. By contrast, high-intensity fires
can open the canopy to a greater extent, increasing

the competitive abilities of shade-intolerant herbs and
shrubs. For example, in southern Ohio, all fires stimulate
the germination of seedbanking, shade-intolerant species
such as Erechtites hieracifolia (fireweed) and Rubus spp.
(brambles) (Hutchinson et al. 2005a). After low-intensity
fires when the canopy remains closed, these species rarely
grow to more than several centimeters above the forest
floor. However, when a portion of the canopy is removed
by high-intensity fire or a combination of fire and
harvesting, these species can rapidly grow to >1 m height
in a single growing season (personal observation).
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Fire has been shown to increase the reproduction of
herbaceous species in several studies. In southeastern
longleaf pine savannas, fire increased flowering (Platt et
al. 1988) and clonal growth (Brewer and Plact 1994).
For the rare plant Liatris scariosa var. novae-angliae
(northern blazing star), which occurs in grasslands in
New England, Vickery (2002) found that prescribed fire
reduced seed predation rates, from 90 percent before
fire to 16 percent after fire. Little is known about the
effects of fire on the flowering and seed production of

herbaceous species in oaks forests.

FIRE EFFECTS ON HERB-LAYER
COMMUNITIES: THREE CASE
STUDIES

It is difficult to determine the effects of fire on herb
layer communities because of differences in vegetation
and fires among studies. Therefore, to illustrate specific
fire effects, I will first summarize the results of three
studies. Each study: 1) had a duration of at least 5 years,
2) involved repeated dormant-season fires that reduced
understory and midstory tree density but had lictle affect
on overstory trees, and 3) included both pretreatment
and multiple years of postreatment plant community
data.

Missouri Ozarks Dry Oak Forest
(Hartmann and Heumann 2003)

The study was conducted in the dissected 1,012-ha
Chilton Creek basin, owned and managed The Nature
Conservancy. The presettlement landscape consisted of
open woodlands dominated by shortleaf pine and white
oak. Early descriptions suggest an understory that was
dominated by grasses and forbs. Postsettlement logging,
grazing, and fire suppression have greatly altered the
landscape, which now consists of closed-canopy oak
forests averaging 13 m*/ha of basal area. Although the
area contains more than 500 herbaceous species, woody
plants and hardwood leaf litter dominate the herb-layer
cover. The authors state that fire is being applied to
create a “mosaic of high quality native habitats.” Five
separate units were burned 1 to 4 times (1998-2001).
Herb-layer data were collected in 250 plots (4,000 1-m”
quadrats) prior to fires, and again in 1998 and 2001. In

all, 486 species (99 percent native) were recorded.
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By 2001, forest structure had become somewhat

more open on the burned units (all five combined) as
understory (1 to 4 cm d.b.h.) and midstory (4 to 11

cm d.b.h.) stems were reduced by 47 and 28 percent,
respectively. Fires increased the cover and frequency

of herbaceous plants relative to woody plants. Among
herbs, the cover of legumes more than doubled to 8
percent, and the cover of other forbs, grasses, and sedges
all increased over pretreatment levels, but each remained
at less than 5 percent total cover. Comon herbaceous
species that increased in relative importance included
Panicum boscii (Bosc’s panic grass), Carex nigromarginata
(black-margined sedge), Brachelytrum erectum (long-
awned wood grass), Helianthus hirsutus (woodland
sunflower), and Lespedeza intermedia (wand lespedeza).
Total vegetation cover in the herb layer increased from
15 to 24 percent on burned sites while hardwood litter
cover was reduced by 30 percent. Over 5 years, small-
scale species richness increased slightly on burned sites
(11.5 to 12.2 species/1 m?) as did the total number of
species recorded each year (465 to 482).

The authors concluded that the prescribed fires had
created a “landscape in transition” as the understory

was more open but the herb-layer response had been
moderate. They hypothesized that the longer-term
application of periodic fire (20+ years) seems necessary to
restore the area to a “more open and biologically diverse

landscape.”

Ohio Dry-Mesic Oak Forest
(Hutchinson et al. 2005a)

Our study was conducted on four 75-ha sites in

the dissected Allegheny Plateau of southern Ohio.
Presettlement forests were dominated by oak. Currently,
second-growth forests that established prior to fire
suppression (ca. 1850 to 1900) remain oak-dominated,
but shade-tolerant trees (e.g., red maple) are abundant
in the midstory and understory. Tree basal area averaged
28 m’/ha. Fire treatments from 1996-99 were no fire,
burned 2X, and burned 4X. Species’ frequencies were
recorded annually in 108 plots (1,728 2-m” quadrats)
over a 5-year period (1995-99). Plots were stratified by
an integrated moisture index into xeric, intermediate,
and mesic classes. Overall, 452 species (97 percent

native) were recorded.
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Fires reduced the density of saplings (<10 cm d.b.h.) by
more than 80 percent. The 2X and 4X burn treatments
produced similar results. Species composition was
significantly affected by fire but differences between
unburned and burned sites were relatively minor
compared to compositional differences between dry and
mesic sites. Species composition shifted on all moisture
classes after fire, but to a greater degree on dry plots.
Total species richness on burned sites increased from
17.1/2 m? before fires (1995) to 18.5/2 m?, averaged
across post-burn years. On unburned plots, richness
decreased slightly from 15.3 to 15.1/2 m”.

Among species groups, richness increased significantly
for annual forbs, summer-season perennial forbs, grasses,
and woody seed-banking species, while tree-seedling
richness decreased. Perhaps the most striking result was
that the vast majority of perennial forb species exhibited
little change in frequency on burned sites over the 5-year
study (Appendix A). Only 7 of 49 common forb species
exhibited a change in frequency of > 5 percent; only one
of those, Viola spp. (Violets), changed more than 10
percent, increasing on burned units from a mean of 30.5
percent before fire to 49.2 percent on the burn sites after

5 years.

In a separate posttreatment sample of 480 1-m” quadrats
located in six 2-ha stands within the same study sites (3
years after the last fire), herbaceous cover averaged 17.1
percent in burned sites vs. 4.7 percent in unburned sites
(Hutchinson 2004). For each of the major herbaceous
species groups (grasses, sedges, legumes, composits),
cover was higher on the burned sites (Fig. 1); the
combined cover of the these four groups averaged

12.3 and 3.3 percent in burned and unburned stands,

respectively.

Southern lllinois Oak Barrens

(Taft 2003)

This study was conducted on a 3-ha dry sandstone
barrens owned by The Nature Conservancy, and also
on a nearby unburned barrens in the Shawnee National
Forest. Both barrens were dominated by post oak
(Quercus stellata). Tree basal area averaged 18 m®/ha.
Herb-layer cover was high at both sites (>90 percent)
prior to treatment. Fire was applied to the barrens
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to prevent its conversion to dry forest and sustain

and enhance the herbaceous flora of this rare natural
community. Fires were conducted in 1989 (fall) and
1994 (spring). Herb-layer vegetation was sampled in
1989 (pretreatment) and four posttreatment years.
Twenty-three plots (276 0.25-m” quadrats) were sampled

each year.

Density of stems in the shrub/sapling layer (50 cm
height to < 6 cm d.b.h.) was reduced by 55 percent on
the burned site after fire. Herbaceous cover increased
from 90 to 117 percent on the burned sites and
concurrently decreased from 98 to 61 percent on the
unburned site. Small-scale species richness more than
doubled on the burned site, to > 8 species/0.25 m? while
remaining static on the unburned site. The total number
of species sampled increased from 94 to 121 on the
burned site and decreased from 74 to 68 species on the

unburned site.

Most of the species that increased on the burned site
were perennial forbs, grasses (e.g., several Panicum
species, the most abundant of which was 2 laxiflorum,
pale green panic grass), and sedges typical of dry
woodland habitats. The most common mode of
establishment after fire was germination of seed
stored in the soil. The only two herbaceous species to
decrease after fire were, surprisingly, the prairie grasses

Schizachyrium scoparium (little bluestem) and Sorgastrum
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Figure 1.—Photograph (2005) of a ridgetop
site in southern Ohio that was burned
annually 1996-1999 and again in 2004. Here
the overstory is dominated by white oak, the
sapling layer has largely been eliminated,
and common species in the herbaceous layer
include Panicum commutatum, Panicum
boscii, and seedlings of sassafras and oak.

nutans (indian grass), presumably because light remained
limiting to their productivity.

The author concluded that periodic fire (every 3 to 4
years) is necessary to maintain the composition and
diversity of the barrens flora. Without fire to stimulate
the seedbank, some less common species likely would
become locally extinct as woody succession proceeds.

FIRE EFFECTS ON HERB
COMMUNITIES: GENERALIZATIONS

When observing a typical oak forest that has been
burned recently, the most noticeable effects of fire are:

1) a more open structure caused by topkill of the sapling
and shrub layer, 2) the prolific sprouting of most woody
plants, and 3) the greater cover of herbaceous plants,
including forbs, grasses, and sedges. Nearly all studies of
fire effects, in addition to those described earlier, have
revealed that the cover and/or abundance of herbaceous
plants increased after fire (e.g., Swan 1970; McGee et al.
1995; Nuzzo et al. 1996; Arthur et al. 1998). For woody
plant cover, the fire response may be more variable
because of the variation in the sprouting response in
different vegetation types (e.g., Nuzzo et al. 1996; Elliot
et al. 1999; Kuddes-Fischer and Arthur 2002). The
abundance of woody stems often increases because of
sprouting (e.g., Ducey et al. 1996; Arthur et al. 1998),
and foliage cover is shifted from the midstory/understory
to the herb layer.
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As with the three case studies, fire often has been shown
to increase species richness and/or diversity in the
herbaceous layer (e.g., Arthur et al. 1998; Nuzzo et al.
1996; Elliot et al. 1999), though results vary among
studies. By contrast, Ducey et al. (1996) showed that
diversity was reduced after fire in some areas, likely due
to abundant sprouting from Kalmia latifolia (mountain
laurel). Several studies have shown no significant effects
of fire on herb-layer diversity (Luken and Shea 2000;
Kuddes-Fischer and Arthur 2002; Franklin et al. 2003).

The increases in small-scale species richness after fire
largely result from species already present on the site
that increase via germination after fire. Species groups
that commonly respond to fire include woodland grasses
(e.g., Panicum spp.), sedges, composites, legumes (e.g.,
Desmodium spp, Lespedeza spp.), and woody seedbanking
species (e.g., Liriodendron tulipifera, Rubus spp.).

In southern Ohio we have documented the
establishment of several species on burned sites that were
absent or rare before fire, including Ceanothus americanus
(New Jersey Tea), Phaseolus polystachios (wild kidney
bean), Clitoria mariana (butterfly pea), Rhus glabra
(smooth sumac), Chamaecrista nictitans (wild sensitive-
plant) Rhus copallinum (winged sumac), Desmodium
cuspidatum (large bract tick trefoil), Eupatorium
sessilifolium (upland boneset), Eupatorium serotinum
(late-flowering thoroughwort), Phytolacca americana
(pokeweed), Hackelia virginiana (common stickseed),
Lobelia inflata (indian-tobacco), Sphenopholis nitida
(shining wedge grass), and Helianthus microcephalus
(small wood sunflower). Although there is the potential
for invasive exotic plants to establish or to increase

in abundance after fire (Huebner, this volume), most
studies have reported only minor changes in the

abundance exotic plants.

FIRE EFFECTS ON HERB
COMMUNITIES: CAUSES OF
VARIATION

Fire intensity can vary dramatically both among different
fires and across the landscape within a fire. Although
most prescribed fires have relatively little affect on
overstory trees, intense surface fires can cause significant

overstory mortality (Regelbrugge et al. 1994; Ducey et
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al. 1996; Elliot et al. 1999). In Connecticut oak forests
with abundant Kalmia latifolia (mountain laurel), Ducey
et al. (1996) found that postburn plant diversity was
higher in intensely burned patches, where the overstory
had been killed, than moderately burned patches, where
Kalmia was the most dominant after sprouting.

In landscapes with significant topographic heterogeneity,
vegetation also varies across the landscape. In the
southern Appalachians, Elliot et al. (1999) found that
prescribed fire intensity and effects on the 