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Age structure and radial growth in xeric pine-oak forests
in western Great Smoky Mountains National Park!
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HARROD, J. C. aND R. D. WHITE (Curriculum in Ecology, University of North Carolina, Chapel Hill, NC
27599-3275). Age structure and radial growth in xeric pine-oak forests in western Great Smoky Mountains
National Park. J. Torrey Bot. Soc. 126:139-146. 1999.—In the 19" and early 20™ centuries, xeric upper slopes
and ridges in western Great Smoky Mountains National Park burned frequently, largely as a result of anthro-
pogenic ignitions. Fire frequency dropped dramatically following the removal of human settlements in the 1920s
and 1930s and the implementation of effective fire control measures circa 1940. To evaluate the effects of this
change in fire regime on forest composition and structure, we measured tree ages, diameters, and radial growth
rates in four xeric Pinus-Quercus stands. Most trees in the present canopy (stems = 10 cm dbh) established
between 1920 and 1959. Although canopy individuals of fire resistant, light-demanding Pinus and Quercus
species established throughout the 19™ and early 20 centuries, few have established since 1945. In addition,
shade-intolerant Pinus species are absent from the sapling stratum (stems = 1.37 m high, < 10 cm dbh), and
Quercus species are poorly represented. The oldest extant individuals of Pinus strobus, Acer rubrum, and
Oxydendrum arboreum established circa 1920. The abundance of fire-sensitive species in the canopy has in-
creased steadily over the past 50 years, and these species are currently well-represented as saplings. Recent
patterns of recruitment and decreases in rates of radial growth are consistent with the hypothesis that changes
in fire regime have caused xeric sites to develop from open-canopy woodlands dominated by fire-resistant, light-
demanding Pinus and Quercus species to closed-canopy forests increasingly dominated by more fire-sensitive,

shade-tolerant taxa.
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Lightning and human-caused fires have
shaped ecosystems throughout North America,
creating a diversity of stand structures and land-
scape patterns and facilitating the persistence of
disturbance-dependent species (Kilgore and Tay-
lor 1979; Romme and Knight 1981; Pyne 1982;
Abrams 1992; Ware et al. 1993; Covington and
Moore 1994). For much of the 20" century,
wildland managers have suppressed most natural
and anthropogenic fires. In recent decades, in-
creasing awareness of the historical role of fire
has prompted concern that changes in fire re-
gime may lead to the disappearance of fire-de-
pendent species and ecosystems.

The fire regime in western Great Smoky
Mountains National Park (GSMNP) changed
considerably following removal of human settle-
ments in the 1920s and 1930s and implementa-
tion of effective fire control measures circa
1940. In the late 19" and early 20" centuries,
xeric slopes and ridges in GSMNP experienced
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frequent, predominantly human-set fires (Barden
and Woods 1973; Harmon 1982). Fire scars and
written records indicate a fire rotation prior to
1940 of less than 20 years (Harmon 1982). Most
fires during this period were low-intensity sur-
face fires, though intense, stand-initiating fires
did occasionally occur (Barden and Woods
1973; Harrod et al. 1998). After 1940, the ap-
parent mean fire rotation on xeric sites increased
to > 500 years (Harmon 1982). In 1996, the
National Park Service began a program of pre-
scribed burns on a few Xxeric sites in western
GSMNP; in addition, lightning fires have been
allowed to burn unimpeded in some areas.

In a previous study, we examined plot data
from the 1930s, 1970s, and 1990s to assess the
effects of changing fire regime on canopy com-
position and structure in xeric forests in western
GSMNP (Harrod et al. 1998). Results of that
study suggest that in the 1930s, xeric sites sup-
ported a mosaic of open woodlands and closed-
canopy forests dominated by Pinus subgenus Pi-
nus species (P. echinata, P. pungens, P. rigida,
and P. virginiana) and, to a lesser extent, Quer-
cus species (mostly Q. alba, Q. coccinea, Q. pri-
nus, Q. rubra, and Q. velutina). [We distinguish
Pinus subg. Pinus, the relatively shade-intoler-
ant, fire-resistant two and three-needled ‘‘yel-
low” pines, from the more shade-tolerant, fire-
sensitive Pinus strobus (Little and Critchfield
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1969; Harmon 1984; Burns and Honkala 1990).
Botanical nomenclature follows Kartesz (1994).]
Between the 1930s and 1970s, mean canopy
density and basal area on fire-suppressed sites
approximately doubled. During that period, low-
basal area woodlands, major components of the
historical vegetation mosaic, were largely re-
placed by denser closed-canopy forests. Wide-
spread recruitment in the 1930s and 1940s al-
lowed Pinus subg. Pinus and Quercus to remain
dominant canopy taxa through the 1970s. Since
that time, canopy basal area and density have
remained relatively constant, but composition
has shifted. Pinus subg. Pinus and Quercus have
declined, while more shade-tolerant species such
as Acer rubrum, Nyssa sylvatica, Pinus strobus,
and Tsuga canadensis have increased.

In this study, we examine data on tree ages
and radial growth rates from four xeric stands.
We ask whether dendrochronological data are
consistent with our previous findings based on
historical plot data, specifically 1) a large in-
crease in stand density beginning circa 1940,
and 2) a shift in canopy composition, with Pinus
subg. Pinus and Quercus heavily dominant in
the late 19" and early 20" centuries, and other
species such as Acer rubrum, Nyssa sylvatica,
and Pinus strobus increasing markedly after
1940.

Methods. The westernmost portion of Great
Smoky Mountains National Park is a region of
relatively low (262-940 m above sea level) but
steep and highly dissected topography between
the high peaks of the central Smokies and the
Great Valley of eastern Tennessee. Vegetation
patterns vary along a topographic moisture gra-
dient, with Pinus subg. Pinus and Quercus his-
torically dominating xeric upper slopes and ridg-
es (Whittaker 1956; Harmon 1980; Harrod et al.
1998). Fire-scar chronologies indicate that most
xeric stands last burned between 1920 and 1949
(Harmon 1982). Additional information on veg-
etation, climate, geology, and disturbance his-
tory of the region can be found in Harmon
(1980, 1982); Harmon et al. (1983); Pyle (1988);
and Harrod et al. (1998).

We selected study locations using the
GSMNP geographic information database. Xeric
sites were identified using a topographic mois-
ture index (TMI) derived from a 30 m resolution
digital elevation model. TMI combines measures
of incident solar radiation, slope position, and
local convexity or concavity; for details see Har-
rod et al. (1998). Xeric sites were identified as
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those with TMI values of = 15 out of a possible
60 and include ridges and east, west, and south
facing upper slopes. This definition of a xeric
site is identical to that used in Harrod et al.
(1998). We established additional site selection
criteria for the present study: 1. Because we
were interested in the effects of reduced fire fre-
quency, we excluded xeric sites that had burned
since 1940. 2. To allow evaluation of earlier
findings, we excluded sites within 100 m of
plots used in previous studies. 3. To allow for
100 m point-quarter transects (see below), we
excluded patches less than 120 m in length. 4.
To ensure that each study site represented an in-
dependent sample of the landscape, we selected
sites that were at least 500 m from each other
and in separate patches of xeric habitat. To avoid
bias in site location, we selected sites prior to
initiating field work. The four study sites select-
ed were two south to southeast-facing upper
slopes and two south to southwest-facing ridges,
all between 430 and 560 m elevation.

Our field methods resemble those used by
Abrams and Downs (1990) to examine succes-
sional changes in Pennsylvania oak forests. In
April 1998, we established a 100 m transect at
each study site. At 20 m intervals along the tran-
sect, we conducted point-quarter sampling (Cot-
tam and Curtis 1956). The four transects, each
with six sampling points, yielded a total of 24
sampling points for the study. We recorded spe-
cies, diameter at 1.37 m (dbh), and distance to
the sampling point for the nearest canopy tree
(= 10 cm dbh) and sapling (= 1.37 m high, <
10 cm dbh) in each of four quadrants. We also
cored and measured the nearest canopy tree in
each quadrant at 1.37 m above ground, obtaining
a total of 96 cores. Cores were mounted and
sanded, and annual growth rings were counted
and measured to the nearest 0.1 mm. For cores
that did not intersect the central pith, we esti-
mated the number of missing rings by dividing
the radius of the innermost visible ring (esti-
mated from its curvature) by the mean width of
the 10 innermost counted rings. We used a sim-
ilar procedure for hollow trees, except that we
estimated the radius of the missing portion as
the difference between the length of the sound
portion of the core and radius of the tree minus
bark. Bark thickness was estimated using spe-
cies-specific equations in Harmon (1984). No
age estimates were made for two heavily de-
cayed Quercus or one hollow Nyssa missing >
30% of its radius.

We employed two methods to estimate the
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Densities of canopy trees (stems = 10 cm dbh) and saplings (stems = 1.37 m tall, < 10 cm dbh)

and basal areas for xeric forests in western GSMNP. Values are means based on four point-quarter transects.

Due to rounding, columns may not sum to totals.

Tree density Sapling density Basal area

Species (stems/ha) (stems/ha) (m?/ha)
Acer rubrum 97 216 2.41
Amelanchier spp. 26 0.04
Carya spp. 37 159 0.96
Cornus florida 80 0.12
Ilex opaca 16 0.03
Nyssa sylvatica 15 113 1.38
Oxydendrum arboreum 43 40 0.71
Pinus echinata 58 8.55
Pinus rigida 29 3.46
Pinus strobus 146 825 6.74
Pinus virginiana 127 7.39
Quercus alba 21 0.83
Quercus coccinea 6 13 0.46
Quercus prinus 41 26 3.30
Quercus rubra 29 3.00
Quercus velutina 9 0.67
Sassafras albidum 5 47 0.22
Tsuga canadensis 40 0.07
Total 663 1603 40.32

year in which an individual tree reached canopy
size (i.e. 10 cm dbh): 1) Starting with the central
pith or the innermost visible ring, measured an-
nual increments were added until the resulting
diameter, plus estimated bark thickness, equaled
or exceeded 10 cm; 2) Starting with the most
recent annual ring, measured annual increments
were subtracted until the resulting diameter plus
bark fell below 10 cm. For most trees, the two
methods produced nearly identical results; in a
few cases, asymmetries in tree growth caused
the estimates to differ by several years. Data
presented below are the mean of the two esti-
mates.

To assess overall trends in radial growth, we
calculated mean annual increments by decade.
We defined a growth release as a decade in
which mean growth was more than double that
of the previous decade and a growth suppression
as a decade in which mean growth was less than
half that of the previous decade. Numbers of
trees showing suppression and release were then
tallied by decade. Statistical significance of dif-
ferences in frequencies of growth suppressions
and releases before and after 1960 was exam-
ined using x? tests; actual numbers of suppres-
sions and releases observed during each period
were compared with numbers expected based on
the total number of decadal growth measure-
ments under the null hypothesis of no change in
frequency. 1960 was chosen a priori as the cut-
off date for the test based on the observations

that effective fire suppression began circa 1940
(Harmon 1982) and that canopy closure typical-
ly occurs within 20 years after fire on xeric sites
(Harrod et al. 1998).

Results. STAND STRUCTURE AND COMPOSITION.
Densities of canopy trees in the four transects
ranged from 463 to 865 stems/ha, with a mean
of 663 stems/ha (Table 1). The most abundant
canopy tree was Pinus strobus, with a mean den-
sity of 146 stems/ha. Mean densities of Acer
rubrum, Pinus echinata, and P. virginiana also
exceeded 50 stems/ha. Total basal areas ranged
from 33 to 49 m%*ha with a mean of 40 m?ha.
Pinus echinata, P. strobus, and P. virginiana
were the basal area dominants, each contributing
> 6 m%*ha. Mean basal areas of Acer rubrum,
Pinus rigida, Quercus prinus, and Q. rubra also
exceeded 2 m?%ha.

Total densities of saplings ranged from 1147
to 2525 stems/ha with a mean of 1603 stems/ha.
More than 50% of saplings were Pinus strobus.
Other species abundant as saplings included
Acer rubrum, Carya spp., Cornus florida, and
Nyssa sylvatica. While Pinus subg. Pinus spe-
cies made up 32% of canopy stems, they did not
occur in the sapling stratum. Quercus species,
which comprised 16% of canopy trees, made up
2% of saplings.

Size structure of trees along transects varied
considerably among species (Fig. 1). Pinus
echinata and P. rigida were represented entirely
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Fig. 1. Date of tree establishment vs. diameter at breast height (dbh) for canopy trees (stems = 10 cm dbh).

by large individuals (32 to 54 cm dbh for P.
echinata, 19 to 51 cm dbh for P. rigida). With
the exception of one 60 cm tree, all Pinus vir-
giniana were between 11 and 36 cm dbh. Pinus
strobus was represented by a few large trees and
by a much greater number of individuals O to 25
cm dbh. Quercus ranged from 5 to 56 cm dbh,
with most trees between 10 and 40 cm dbh. Re-
corded individuals of Acer rubrum ranged from
1 to 28 cm dbh. With the exception of one 44
cm Nyssa, no trees of other species exceeded 22
cm dbh.

PATTERNS OF ESTABLISHMENT AND RECRUIT-
MENT. Of the 93 canopy trees successfully aged,
23% established before 1920, 67% established
between 1920 and 1959, and 11% established
after 1959. Establishment of Pinus subg. Pinus
species occurred from the late 18™ through mid
20" centuries (Fig. 1). The oldest trees in each
transect were Pinus echinata that established be-

fore 1850. Establishment of P. echinata contin-
ued through the mid 19" century; the youngest
observed P. echinata established in 1877. Five
P. rigida established between 1852 and 1917,
no younger P. rigida were observed. While a
few P. virginiana established before 1930, the
majority of extant P. virginiana established be-
tween 1930 and 1945, and none has established
since then. A few individuals of P. strobus es-
tablished between the 1920s and 1940s, but most
of the P. strobus in the current canopy estab-
lished in the 1950s and 1960s.

The oldest Quercus cores successfully aged
were from a Q. prinus that established in 1827
and a Q. rubra that established in 1883, though
two large, heavily rotted trees that could not be
aged may have established earlier. Quercus es-
tablishment continued through the first half of
the 20™ century; the last Quercus to enter the
canopy established in 1944.
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Table 2. Numbers of canopy trees (stems =
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10 cm dbh) showing growth releases (Rel.) and growth sup-

pressions (Supp.), and total number of individuals examined for growth suppression and release (Tot.), by decade.

Pinus subg. Pinus Quercus spp. Pinus strobus Other Total
Decade Rel. Supp. Tot. Rel. Supp. Tot. Rel. Supp. Tot. Rel. Supp. Tot. Rel. Supp. Tot
1810 1 1
1820 1 1
1830 2 2
1840 2 2
1850 1 3 1 3
1860 5 1 6
1870 5 1 6
1880 10 1 11
1890 1 10 1 1 11
1900 1 11 2 1 13
1910 1 1 13 2 1 1 15
1920 1 1 15 2 1 1 17
1930 16 4 1 21
1940 1 17 2 6 1 8 2 1 32
1950 1 23 1 8 3 17 1 1 51
1960 1 5 31 12 1 7 3 1 24 5 6 74
1970 1 1 31 3 13 3 10 2 25 3 7 79
1980 1 31 13 1 20 1 5 27 1 7 91

The oldest extant Acer rubrum established in
1920; the youngest A. rubrum to reach canopy
size established in 1963. The oldest sound cores
of other species were from individuals of Oxy-
dendrum arboreum and Carya spp. that estab-
lished in the late 1910s and 1920s; the hollow,
44 cm dbh Nyssa sylvatica may have been con-
siderably older. The youngest canopy tree that
was not a Pinus strobus was an Oxydendrum
arboreum that established in 1965.

We observed considerable variation in estab-
lishment patterns between transects. Transects 2
and 4 were dominated by large Pinus echinata,
P. rigida, and Quercus that established in the
19% and early 20" centuries, while transects 1
and 3 contained fewer trees that established be-
fore 1920. In the 1920s, 1930s and 1940s, sev-
eral Pinus virginiana established in transects 1
and 3, but only two established in transect 4 and
none in transect 2. Other important canopy trees
establishing after 1920 included Carya spp. and
Quercus spp. in transect 1, Acer rubrum and Ox-
ydendrum arboreum in transect 2, and A. rub-
rum in transect 3. In transect 4, most of the can-
opy trees establishing from the late 1920s on-
ward were Pinus strobus; in transects 1 and 2,
P. strobus did not appear until the mid 1950s.

Lags between establishment (defined here as
growth to 1.37 m) and recruitment into the can-
opy (growth to 10 cm dbh) varied considerably,
both within and among taxa. The fastest-grow-
ing individuals of Pinus subg. Pinus, P. strobus,
and Quercus reached 10 cm dbh in about 10

years, and most individuals of these taxa reached
canopy size in less than 30 years. The fastest-
growing individuals of other species (Acer rub-
rum, Carya spp., Nyssa sylvatica, Oxydendrum
arboreum, and Sassafras albidum) took more
than 20 years to reach 10 cm dbh, and the me-
dian lag for each of these species was > 35
years.

Less than 23% of extant canopy trees entered
the canopy before 1940. Most of the trees pre-
sent in the pre-1940 canopy were Pinus subg.
Pinus; a few Quercus were also present. While
recruitment into the canopy occurred at high and
relatively constant levels from the late 1940s
through the 1990s, species composition of the
recruits has changed. Between 1940 and 1969,
large numbers of Pinus virginiana grew to can-
opy size, along with smaller numbers of Acer
rubrum, Carya spp., Oxydendrum arboreum, P.
strobus, and Quercus. Only one of 31 Pinus
subg. Pinus attained canopy size after 1970.
While limited recruitment of Quercus spp. into
the canopy has occurred since 1970, the majority
of trees that entered the canopy during this pe-
riod were Acer rubrum, Carya spp., Oxyden-
drum arboreum, or Pinus strobus.

PATTERNS OF RADIAL GROWTH. We observed
15 growth releases and 26 growth suppressions
between the 1850s and 1980s (Table 2). Fre-
quency of growth release (numbers of releases
relative to number of trees extant in each de-
cade) did not differ before and after 1960 (x?
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test; p > 0.5). All releases prior to 1960 were
of Pinus subg. Pinus and Quercus; most releases
since 1960 were of Acer rubrum or Oxydendrum
arboreum. While we observed no more than one
suppression in any decade prior to 1960, we ob-
served six suppressions in the 1960s and seven
each in the 1970s and 1980s. Frequency of
growth suppression after 1960 was significantly
higher than in the preceding 11 decades (x? test;
p < 0.05). While most suppressions prior to
1970 involved Pinus subg. Pinus, suppressions
in the 1970s and 1980s were mostly of P. stro-
bus, Quercus, and Oxydendrum.

Discussion. Changes in forest structure and
composition on xeric sites in western GSMNP
appear to reflect a dramatic reduction in fire fre-
quency relative to the early 20" century. The
19% and early 20" century fire rotation of 10—
15 years (Harmon 1982) apparently limited can-
opy recruitment by culling small individuals of
fire-sensitive species. This fire regime favored
Pinus subg. Pinus and Quercus, whose faster
rates of sapling diameter growth and bark pro-
duction enabled them to reach fire-resistant size
rapidly (Harmon 1984).

Reductions in fire frequency associated with
GSMNP establishment allowed the survival of a
large cohort of trees that established between
1920 and 1959. Until the mid 1940s, a relatively
open canopy and limited litter accumulation ap-
parently provided conditions favorable for estab-
lishment and rapid growth of Pinus subg. Pinus
and Quercus (Barden and Woods 1976; Wil-
liams et al. 1990). Since that time, canopy com-
position has shifted toward species such as Pi-
nus strobus and Acer rubrum that are capable of
establishment and growth under denser cano-
pies. These species, sensitive to fire when small
(Harmon 1984), were historically rare on xeric
sites (Harrod et al. 1998).

Other anthropogenic disturbances may have
contributed to observed patterns of canopy re-
cruitment. Between 1926 and 1940, the chestnut
blight (Endothia parasitica), an introduced fun-
gus, caused the death of most canopy Castanea
dentata in GSMNP (Woods and Shanks 1959).
Prior to the blight, Castanea dentata made up
about 10% of canopy trees and 15% of basal
area on xeric sites in western GSMNP (J. Har-
rod, unpubl. data), and its demise may have con-
tributed to the high rates of establishment and
recruitment observed during the period 1920—
1959. While logging profoundly affected many
southern Appalachian landscapes, its impact on
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xeric sites in western GSMNP was relatively
small (Pyle 1988; Harrod et al. 1998); no evi-
dence of past logging was found on the four
sites used in the current study. Ayres and Ashe
(1905) mention livestock grazing along with fire
as a factor inhibiting forest growth. Selective
grazing in the late 19" and early 20" centuries
may have promoted the dominance of Pinus
subg. Pinus at the expense of more palatable an-
giosperm species (Pyle 1988).

The xeric sites examined in the present study
are typical of exposed upper slopes and ridges
in western GSMNP and adjacent portions of
Nantahala and Cherokee National Forests. Some
early researchers concluded that Pinus subg. Pi-
nus populations could persist on such sites in-
definitely in the absence of fire, citing as evi-
dence bimodal size class distributions (Whitta-
ker 1956) and wide ranges of tree ages observed
within single stands (Racine 1966). Our results
and those of other age-structure studies on xeric
sites in the southern Appalachian Mountains
(e.g. Barden 1976; Ross et al. 1982; Williams
and Johnson 1990; Bratton and Meier 1998) in-
dicate that most populations of Pinus subg. Pi-
nus are not reproducing successfully. Our data
suggest that the bimodal size distributions ob-
served by Whittaker (1956) in the 1940s may
have been the result of a large cohort of Pinus
virginiana that established in the 1920s and
1930s. While establishment of Pinus subg. Pinus
occurred fairly continuously throughout the 19
and early 20" centuries, little or none has oc-
curred since the middle of the 20" century (Bar-
den 1976; Ross et al. 1982; Williams and John-
son 1990; Bratton and Meier 1998). In the ab-
sence of fire, it seems likely that species of Pi-
nus subg. Pinus will disappear from many of the
sites they now occupy and become increasingly
restricted to ultra-xeric rock outcrops and ex-
tremely steep, rocky ridges where encroachment
by other species is slow and regeneration can
occur without fire (Zobel 1969; Barden 1977,
Williams 1998). The characteristics, distribution
and abundance of sites on which Pinus subg.
Pinus populations can persist in the absence of
fire deserve further study.

Our data indicate dominance of xeric sites by
Pinus subg. Pinus since the beginning of Euro-
pean settlement in the first half of the 19" cen-
tury and provide evidence of P. echinata estab-
lishment in the late 18™ century, when western
GSMNP was largely controlled by the Cherokee
(Dunn 1988). Both Cherokee and Europeans
used fire to facilitate travel and food gathering
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and to improve game habitat and berry yields
(Harmon 1982; Delcourt and Delcourt 1997).
Fossil pollen and charcoal suggest deliberate
burning of xeric southern Appalachian sites by
prehistoric populations for at least the past 4000
years (Delcourt and Delcourt 1997). Most post-
1940 fires in the southern Appalachians were of
human origin (Barden and Woods 1973, 1976;
Harmon 1982; Bratton and Meier 1998), and the
same appears to be true of fires during the pe-
riods of Native American and European settle-
ment (Ayres and Ashe 190S; Delcourt and Del-
court 1997). Few recent lightning fires have
been intense enough to produce regeneration of
Pinus subg. Pinus (Barden and Woods 1973,
1976).

Prior to the onset of widespread anthropogen-
ic burning, Pinus subg. Pinus species may have
been largely restricted to the rocky, ultra-xeric
sites described above. In this scenario, anthro-
pogenic fires and other land-use activities al-
lowed Pinus subg. Pinus to spread onto less xe-
ric sites (Williams 1998), and declines in these
species observed since the 1930s may represent
succession towards conditions that would have
existed in the absence of human influence. It is
also possible that severe regional droughts and
pine beetle (Dendroctonus frontalis) outbreaks
occurring at intervals of several decades may
have occasionally led to large, intense lightning
fires that allowed episodic establishment of Pi-
nus subg. Pinus on typical xeric sites (White
1987).

Several researchers have suggested that the
exclusion of fire leads to an increase in Quercus
dominance in xeric southern Appalachian forests
(Harmon 1980; White 1987; Williams and John-
son 1990; Williams 1998). In our study area, lit-
tle Quercus regeneration has occurred since the
mid 20" century. Densities of Quercus saplings
have declined sharply in the past two decades
(Harrod et al. 1998), and Quercus are now poor-
ly represented in sapling size classes. Our data
suggest that reduced fire frequency and concom-
itant increases in stand density are factors in de-
clines of both Pinus subg. Pinus and Quercus
on xeric southern Appalachian sites.

Literature Cited

ABRAMS, M. D. 1992. Fire and the development of oak
forests. BioScience 42: 346-353.

ABRAMS, M. D. AND J. A. DowNns. 1990. Successional
replacement of old-growth white oak by mixed me-
sophytic hardwoods in southwestern Pennsylvania.
Can. J. For. Res. 20: 1864—-1870.

HARROD AND WHITE: AGE STRUCTURE IN XERIC PINE-OAK FORESTS

145

AYRES, H. B. AND W. W. AsHE. 1905. The southern
Appalachian forests. USGS Prof. Paper No. 37.291
pages.

BARDEN, L. S. 1976. Pine reproduction in the Thomp-
son River Watershed, North Carolina. J. Elisa
Mitchell Soc. 92: 110-113.

BARDEN, L. S. 1977. Self-maintaining populations of
Pinus pungens Lam. in the southern Appalachian
Mountains. Castanea 42: 316-323.

BARDEN, L. S. AND E W. Woobs. 1973. Characteristics
of lightning fires in southern Appalachian forests.
Proc. Tall Timbers Fire Ecol. Conf. 13: 345-361.

BARDEN, L. S. AND E W. Woops. 1976. Effects of fire
on pine and pine-hardwood forests in the southern
Appalachians. Forest Sci. 22: 399-403.

BRATTON, S. P. AND A. J. MEIER. 1998. The recent veg-
etation disturbance history of the Chattooga River
Watershed. Castanea 63: 372-381.

Burns, R. M. anD B. H. HonkALA. 1990. Silvics of
North America: Volume 1, Conifers. USDA For.
Serv. Agr. Handbook 654, Washington DC. 681
pages.

CotraM, G. AND J. T. CurTis. 1956. The use of dis-
tance measures in phytosociological sampling.
Ecology 37: 451-460.

COVINGTON, W. W. AND M. M. MOORE. 1994. South-
western ponderosa forest structure: Changes since
Euro-American settlement. J. For. 92: 39-47.

DEeLcourT, H. AND P. DELCOURT. 1997. Pre-Columbian
Native American use of fire on southern Appala-
chian landscapes. Conserv. Biol. 11: 1010-1014.

DuNN, D. 1988. Cades Cove: The life and death of a
southern Appalachian community, 1818-1937.
University of Tennessee Press, Knoxville. 319 pag-
es.

HARMON, M. E. 1980. Influence of fire and site factors
on vegetation pattern and process: A case study of
the western portion of Great Smoky Mountains Na-
tional Park. M.S. thesis, University of Tennessee,
Knoxville. 170 pages.

HARMON, M. E. 1982. Fire history of the westernmost
portion of Great Smoky Mountains National Park.
Bull. Torrey Bot. Club 109: 74-79.

HArRMON, M. E. 1984. Survival of trees after low-in-
tensity surface fires in Great Smoky Mountains Na-
tional Park. Ecology 65: 796-802.

HarMON, M. E., S. P. BRATTON, AND P. S. WHITE. 1983.
Disturbance and vegetation response in relation to
environmental gradients in the Great Smoky Moun-
tains. Vegetatio 55: 129-139.

HARRrOD, J., P. S. WHITE, AND M. E. HARMON. 1998.
Changes in xeric forests in western Great Smoky
Mountains National Park, 1936—1995. Castanea 63:
346-360.

KARTESZ, J. T. 1994. A synonymized checklist of the
vascular flora of the United States, Canada, and
Greenland, second edition. Volume 2—Thesaurus.
Timber Press, Portland, OR. 816 pages.

KILGORE, B. M. AND D. TAYLOR. 1979. Fire history of
a sequoia-mixed conifer forest. Ecology 60: 129—
142.

LitTLE, E. L. JR. AND W. B. CRITCHFIELD. 1969. Sub-
divisions of the genus Pinus (Pines). USDA For.
Serv. Misc. Pub. 1144. 51 pages.

PyLE, C. 1988. The type and extent of anthropogenic
disturbance in the Great Smoky Mountains before



146

National Park Service acquisition. Castanea 53:
183-196.

PynE, S. J. 1982. Fire in America: A cultural history
of rural and wildland fire. Princeton Univ. Press,
Princeton, NJ. 654 pages.

RACINE, C. H. 1966. Pine communities and their site
characteristics in the Blue Ridge Escarpment. J.
Elisa Mitchell Soc. 82: 172-181.

RoMME, W. H. AND D. H. KNIGHT. 1981. Fire frequency
and subalpine forest succession along a topographic
gradient in Wyoming. Ecology 62: 319-326.

Ross, M. S., T. L. SHARIK, AND D. W. SMiTH. 1982.
Age-structure relationships of tree species in an
Appalachian oak forest in southwest Virginia. Bull.
Torrey Bot. Club 109: 287-298.

WARE, S., C. FROST, AND P. D. DOERR. 1993. Southern
mixed hardwood forest: The former longleaf pine
forest, pages 447-493 In W. H. Martin, S. G. Boy-
ce, and A. C. Echternacht [eds.], Biodiversity of
the southeastern United States: Lowland terrestrial
communities. John Wiley & Sons, New York.

WHITE, P. S. 1987. Natural disturbance, patch dynam-

JOURNAL OF THE TORREY BOTANICAL SOCIETY

[VoL. 126

ics, and landscape pattern in natural areas. Nat. Ar-
eas J. 7: 14-22.

WHITTAKER, R. H. 1956. Vegetation of the Great
Smoky Mountains. Ecol. Monogr. 26: 1-80.

WiLLiams, C. E. 1998. History and status of table
mountain pine-pitch pine forests of the southern
Appalachian mountains (USA). Nat. Areas J. 17:
81-90.

WiLLiaMs, C. E. AND W. C. JOHNSON. 1990. Age struc-
ture and the maintenance of Pinus pungens in pine-
oak forests of southwestern Virginia. Am. Midl
Nat. 124: 130-141.

WiLLiaMs, C. E., M. V. LipscoMB, W. C. JOHNSON, AND
E.T. NiLSEN. 1990. Influence of leaf litter and soil
moisture regime on early establishment of Pinus
pungens. Am. Midl. Nat. 124: 142-152.

Woobps, E W. aND R. E. SHANKS. 1959. Natural re-
placement of chestnut by other species in the Great
Smoky Mountains National Park. Ecology 40:
349-361.

ZoBEL, D. B. 1969. Factors affecting the distribution
of Pinus pungens, an Appalachian endemic. Ecol.
Monogr. 39: 303-333.



