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Abstract. We used remote sensing and a geographic informa-
tion system to model the distribution of evergreen shrub
communities, called ‘ heath balds', in the Great Smoky Moun-
tains, North Carolina and Tennessee, USA. The 421 heath
balds averaged 1.8 hain size and covered 0.3% of the land-
scape. They reached their greatest importance on upper slopes
(92% had relative slope positions > 80), convex topography
(82% occurred on sites with a curvature greater than 2.6), and
elevations between 1100 and 1600 m (94% of the balds).
Although heath balds were found in old-growth watersheds,
the two watersheds with the greatest number of balds burned
extensively after logging in the early 1900s. Bald occurrence
was positively correlated with burned sites, old growth condi-
tion, and a highly acidic rock type. Heath balds showed a
striking geographic pattern, with 88.1% of the area of this
community found in six watersheds comprising only 35.4% of
the study area. Despite similar topography, geology, and his-
tory, the eleven other watersheds had only 11.9% of the bald
area while comprising 64.4% of the study area. Multivariate
models showed that this community occurs on only 0.4 to
9.0% of the seemingly appropriate sites. Once established, this
shrub community, with its dense evergreen canopy and thick
leaf litter, is resistant to tree invasion. Both forest and shrub
communities are stable on sites that are seemingly ideal for
heath bald occurrence.

Keywords: Evergreen shrub; Geographic Information Sys-
tem; Remote sensing; Watershed.

Nomenclature: White (1982).

Abbreviations: GIS= Geographic Information System; TN =
Tennessee; NC = North Carolina; OG = old growth; DIST =
second growth; ELEV = elevation; BEERS = Beers trans-
formed slope aspect; CURVE = slope curvature; RSP = rela-
tiveslopeposition; TCI =topographic convergenceindex; L Fl
=land formindex; TSI =terrain shapeindex; SLOPE = slope
steepness; GEOL = presence of Anakeestabedrock; GROWTH
=old or second growth condition; FIRE = burned or unburned
condition; HBRA = heath bald-rich area; HBPA = heath bald-
poor area.

Introduction

A fundamental goal in vegetation science isto pre-
dict thedistribution of plant communitiesfrom environ-
ment and history. While early attempts to make such
predictions were qualitative, geographic information
systems, digital elevation models, and remote sensing
have allowed vegetation scientists to quantitatively test
explicit hypotheses about community (Brzeziecki et a.
1993; Walsh et a. 1994; van de Rijt et a. 1996;
Zimmermann & Kienast 1999) and speciesdistributions
(Franklin 1998; Guisan et a. 1998; L eathwick 1998). In
this paper we applied these tools to the distribution of
evergreen shrub communities, locally called ‘heath
balds', in the Great Smoky Mountains, North Carolina
and Tennessee, USA. Heath balds have attracted atten-
tion since the earliest ecological descriptions of this
landscape (Cain 1930a) because they are stable ever-
green shrublands in a heavily forested and predomi-
nantly broad-leaved deciduous landscape that lacks a
climatic treeline (Cogbill et al. 1997).

Heath balds are distinctive in structure and compo-
sition: they have a 1-2 m tall evergreen canopy, deep
leaf litter, very acidic A-horizons (Cain 1931), low
species richness, and a mostly woody flora (ca. 15
woody species, 12 of which are in Ericaceae, and five
herbaceous species; P. White unpubl.). Dominants in-
clude Rhododendron maximum, R. catawbiense, R. mi-
nus, Kalmialatifolia, and Leiophyllumbuxifolium. Heath
balds are abruptly bounded by much taller forests and
thus are easily mapped. Comparison of selected heath
baldson 1930sand 1980s aerial photographs showed no
changes in area (P. White unpubl.); past studies have
also treated these communities as stable (Whittaker
1956; Cain 1930b). There are almost no tree seedlings
established in heath balds because of the dense ever-
green canopy and the thick, acidic leaf litter. Productiv-
ity in heath baldsislow (Whittaker 1961, 1962).

In 1956, R.H. Whittaker published an influential
graphical model for our study areausing elevation and a
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sitemoistureindex to qualitatively describethedistribu-
tion of species and community typesin watersheds that
had not been logged or farmed. Whittaker’s diagram
depicted heath balds at moderate to high elevation on
xeric sites (Whittaker 1956; see also Cain 1930a). No
data on geology or other disturbances, such as fire,
which is both natural and anthropogenic in this land-
scape, wereincluded (seeHarmon et al. 1983). A further
problem was that Whittaker’ s site moisture index wasa
subjective scalar that was partly based on the vegetation
itself. Thereisnoway to repeat or verify thismeasure as
an index of moisture availability.

Weused adigital elevation model to produce objec-
tiveindices of site environment. Our data also included
information on geology and the history of fire and
logging. We had two objectives in this work. First, we
tested hypotheses about heath bald distribution. This
analysis used Whittaker’ s basic approach to summarize
community distribution but used more quantitativetools.
Second, we sought to answer questions that go beyond
the ones Whittaker was able to ask with his graphical
model: What is the number, shape, size, geographical
distribution, and arrangement of heath balds? What is
the influence of geology and disturbance on heath bald
distribution and characteristics? And finally, how pre-
dictable are heath balds from site variables? While
Whittaker’ smodel implies high predictability and strict
environmental determinism, some species distributions
and community patterns are unpredictable from site
variables, implying a disequilibrium with climatic or
other physical factors, a critical issue in vegetation
science (Brown 1994; L eathwick 1998).

M ethods

Sudy area

The Great Smoky Mountains comprise an area of
250,000 ha along the North Carolina and Tennessee
border, USA (35° 45' N, 83° 30' W). The state line,
which runs in a ENE-WSW direction, forms the high
elevation backbone of the range, with Tennessee water-
sheds to the north of the ridge and North Carolina
watersheds to the south. Elevations range from 250-
2024 m. Annual precipitation increases with elevation
from 150 to 250 cm. Mean temperatures decrease with
elevation, the July mean temperature from 22° to 14 °C
and the January mean temperature from 4° to -2 °C
(Shanks 1954). Geology consists of metamorphosed
sedimentary rock dominated by sandstonesand phyllites.
Some 212000 haof the range are protected within Great
Smoky Mountains National Park. Approximately one-
third of the park landscape was never disturbed directly

by farming and logging (Pyle 1988), though fire and
exotic speciesinvasions (chestnut blight and the balsam
woolly adelgid) have affected some old growth areas
(Harmon et al. 1983).

Data compilation

We defined heath balds as treeless plant communi-
ties (< 5% tree cover) with acontinuous evergreen shrub
cover, thus excluding other high elevation non-forested
habitats: grassy balds (Wiser & White 1999; White &
Sutter 1998), shrub balds (grassy balds with patches of
shrubsand trees established during post-grazing succes-
sion, Ramseur 1960), communities of cliff faces and
debris avalanche scars (Wiser 1994; Wiser et al. 1996),
and seepage areas. All heath balds in Great Smoky
Mountains National Park were mapped on 7.5 minute
topographic mapsfrom aerial photographstakenin April
1978 and November 1979 and the maps were then
digitized. Environmental and historical informationwas
assembled in a GIS, including geology (King et al.
1968), logging history (Pyle 1985), and fire history
(Harmon 1980) at a 90-m pixel scale, and a digital
elevation model at a 30-m pixel scale.

Thedigital elevation model was used to derive seven
measures of topographic shape and position that are
correlated with drainage and exposure. The method of
Beerset al. (1966) was used to transform slope aspect so
that the warmest (SW) exposure had the highest value
and the coolest exposure (NE) had the lowest value.
Slope steepness was measured as the angle of the slope
relative to the horizontal in aperpendicular direction to
slope contours. Slope curvature was computed by an
algorithm that integrates two aspects of slope shape:
profilecurvature (convexity/concavity inthe downslope
direction) and planiform curviture (convexity/concav-
ity in the direction perpendicular to the downslope di-
rection; Wilds 1996). Relative slope position was cal cu-
lated as the percentage of the distance from the nearest
downhill streamtothe nearest uphill ridgedivide (Wilds
1996). Thetopographic convergenceindex, derived from
hydrologic simulation models, was computed as a mea-
sure of slope shapethat has been shown to be correlated
with the steepness of water drainage (Beven & Kirkby
1979). Terrain shape index was computed according to
algorithms of McNab (1989); this measure integrates
slope curvature and slope position. Landform index, a
measure of the degree of exposure, was computed asthe
mean angle from the site to the horizon (that is, to the
highest elevation of nearby and potentially shading land-
forms; McNab 1993) at major compass points.

For each heath bald, the majority or most common
value for each of the variables was selected to represent
that bald. Thus, each heath bald was represented as an
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independent observation in the analyses and there was
no bias caused by differences in bald size. There were
421 mapped heath balds, but the largest heath bald
straddled a watershed boundary and was therefore
divided into two sections for analysis (some topo-
graphic measures were computed based on position
within a watershed), producing a total of 422 values
for each variable. In addition, 422 random points were
sampled from the GI S data set of the Park’ slandscape.
The total of 844 data values for each variable were
used to test whether heath bald distribution was ran-
dom relative to the topography, logging history, fire
history, and geology and to model heath bald on these
interacting gradients. A very acidic rock, the Anakeesta
formation, wasthe most important bedrock usedinthis
analysis.

Because we discovered a striking geographic pat-
tern in heath bald distribution (see Results), we sepa-
rated park watersheds into a heath bald-rich area (351
heath balds) and a heath bald-poor area (71 heath
balds). The heath bald-rich area consisted of the water-
sheds in which the heath balds area was higher than
that expected based on the size of the watershed. Ran-
dom points equal to the number of heath balds were
sampled in each subarea.

Heath bald distribution as influenced by topography,
logging history, fire history, and geology

Histograms were used to describe how heath balds
sites differed from a random sample of sites (differ-
encesweretested with thet-test) and to select variables
for use in a model predicting heath bald occurrence.
Correlations among the variables were also computed.

Multivariate topographic models

Based on the histograms of heath bald occurrence,
we devel oped a topographic screen in order to project
potential heath bald areaacrossthe park landscape. We
selected five topographic measures and the values of
each for which heath bald frequency exceeded the
random expectation: elevation (> 1100 to < 1600 m),
topographi c convergenceindex (< 60), landformindex (<
30), curvature (> 2.5), and relative slope position (> 90).
Wethen plotted all sites(for the park asawholeand for
various subsets of the landscape) whose topographic
values met these criteria and compared the potential
heath bald area to the actual distribution. In a second
analysis, we compared locations 300 m (approximately
twice the average heath bald length) of the heath balds
to the predicted distribution to answer the question: did
our models identify the general, if not the specific,
location of heath balds?

Logistic regression analysis

Logistic regression (Anon. 1996), was used to build
amultivariate model for heath bald distribution in each
of three data sets (the park as a whole, the heath bald-
rich area, and the heath bald-poor area). Other research-
ers have used logistic regression for similar questions
and data sets (van de Rijt et a. 1996; L eathwick 1998;
Franklin 1998; Zimmermann & Kienast 1999). Wefirst
identified factors having the most significant correlation
with heath bald presence, and then chose a subset of
variables that had the least amount of collinearity. Be-
cause heath balds at first increased and then decreased
with elevation and because of the rapid acceleration of
heath bald frequency at slope positions above 90, we
also used the squares of these two variables in our
analysis(Kleinbaum et a. 1988) to normalizethemodel.
We then created logistic regression models predicting
the probability of heath bald occurrence. Thek statistic
was used to compare the relative strengths of each
model (Goodchild 1994); this statistic compares the
model with a random model at a specified probability
level, selected by determining at which level model
sensitivity (percentage of heath balds accurately pre-
dicted) and specificity (percentage of non-heath balds
accurately predicted) were approximately equal.

The logistic model was applied to the whole park
landscape using the Gl Sto create asurface of heath bald
probability values ranging from 0-1. The probability
surface was trandlated to a map of predicted heath bald
occurrence by calculating the percentage of correct and
incorrect predictions with changes in the probability
criterion for heath bald presence. An optimal probabil-
ity cutoff was determined by identifying the point at
which misclassifications were minimized.

For both the topographic screen and the logistic
regression, the predictions were evaluated by examin-
ing the frequency of the two correct predictions (pre-
dicted heath bald, actual heath bald; predicted non-
heath bald, actual non-heath bald) and the two incorrect
predictions (predicted non-heath bald, actual heath bald;
predicted heath bald, actual non-hesath bald). We then
computed the percentages on row and column totals —
that is, the percentage of the predicted classifications
that were correct and the percentage of the actual veg-
etation that was correctly predicted.
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Results

We mapped 421 heath baldstotaling 754 haor 0.4%
of the park’s landscape. The balds ranged in size from
0.05 hato 30 ha (Brushy Mountain), with amean of 1.8
ha and a skew towards smaller sizes (Fig. 1). With the
Brushy Mountain bald divided into two sections, the
total number of heath bald was 422.

Heath balds were narrow in shape: the average ratio
of perimeter to area for heath balds was 0.061, corre-
sponding roughly to a length:width ratio of 15:1. The
narrow shape of heath balds reflects the shape of upper
ridge topographic positions on which they are found.

Geographic patterns

Nearly half (45.2%) of the heath balds and 40.7% of
the heath bald area occurred in two second growth
watersheds, Little River and Big Creek, even though
these two watersheds accounted for only 11% of the
park’stotal area(Tableland Fig. 2). Thesix central and
northeastern watersheds contained 83.2% of the heath
balds and 88.1% of the heath bald area but only 35.4%
of the park’s total area. These watersheds were subse-
quently defined for further analysis as the ‘ heath bald-

richared (Fig. 2). By contrast, the eleven southern and
western watersheds contained 16.7% of the heath balds
and 11.9% of the heath bald area, but 64.4% of the
park’s total area. These watersheds were subsequently
defined for further analysis as the ‘heath bald-poor
area . Most extreme were the seven western and south-
western watersheds which contained 2.8% of the heath
balds and 2.3% of the heath bald area but 37% of the
park’stotal area (Fig. 2).

The absence of heath balds from the western Ten-
nessee watersheds is probably because the maximum
elevations reached in this area are marginal for heath
bald devel opment. The contrast between the North Caro-
lina watersheds and the adjacent Tennessee watersheds
must be due to other factors since the two sides of the
park reach the same elevations, and have similar ranges
of topography, geology, and disturbance history. The
only obviousdifferenceisthat theheath bald-rich areais
on the north side of the main mountain crest, whereas
the heath bald-poor areaison the south side of that crest.
Despite being more common on the part of the park with
agross aspect of north, heath balds tended to occur on
xeric slope positions and were more frequent on the
more southerly sides of ridges (see below).

Table 1. Thegeographic distribution of heath baldsin the Great Smoky Mountainsby watershed. Thewatershedsarelisted fromwest
to east within two categories. the heath bald-rich areaand the heath bal d-poor area (see Fig. 2). State abbreviations: TN = Tennessee,
NC = North Carolina. Disturbance abbreviations. OG = predominantly old-growth watersheds, DIST = predominantly second
growth watersheds (logged ca. 1880-1930). L etters after the watershed name correspond to abbreviations on Fig. 2. The percentage
area does not sum to 100 because of small areas not included within these major watersheds. Areaisin hectares.

No. % of Total % of % of
Watershed State Distur- heath heath heath heath study
bance balds balds bald bald area
area area

Heath bald-rich area (HBRA):
Middle Prong Little River (MP) TN DIST 61 145 94 124 6.9
Little River (LR) TN DIST 114 270 127 16.8 6.6
West Prong Little Pigeon (WP) TN oG 32 7.6 112 14.9 6.4
Middle Prong Little Pigeon (LP) TN oG 38 9.0 94 124 5.8
Coshy Creek (CO) TN oG 32 7.6 58 7.7 53
Big Creek (BC) NC DIST 74 175 180 239 4.4
Subtotal 351 175 664 88.1 354

Heath bald-poor area (HBPA):
Panther Creek (PC) TN DIST 0 0 0 0 20
Abrams Creek (AC) TN DIST 0 0 0 0 9.9
Hesse Creek (HE) TN DIST 0 0 0 0 18
Twenty Mile (TW) NC DIST 0 0 0 0 2.8
Eagle Creek (EC) NC DIST 6 14 8 11 438
Hazel Creek (HC) NC DIST 6 14 10 13 7.0
Forney/Noland Creek (FN) NC DIST 0 0 0 0 8.9
Deep Creek (DC) NC DIST 12 2.8 15 2.0 5.4
Oconoluftee/Bradley Fork (OB) NC DIST 16 38 16 21 7.0
Raven Fork (RF) NC oG 14 33 13 17 7.0
Cataloochee (CA) NC oG 17 4.0 28 37 7.8
Subtotal 71 16.7 90 11.9 64.4
Total 422 100 754 100 99.8
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Topography, disturbance history, and geology

Heath balds occupied a highly non-random assort-
ment of sites. The elevation of heath balds ranged from
940 to 1730 m (3100 to 5710 ft) with a mean value of
1359 m (4491 ft) (Fig. 38). Thiswas significantly higher
than the average elevation of the park (1014 m or 3346 ft)
(p < 0.0001). 94% of the balds were between 1100 and
1600 m (3610-5252 ft) in elevation. Heath balds were
morefrequent for low values of transformed aspect than
the random expectation, which corresponds to slope
aspectsfrom SE to SW (Fig. 3b). Generally, heath balds
tended to be on moderately steep slopes between 20 and
35°% however, this was not significantly different from
the slope steepness of average sites (Fig. 3c). Balds at
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Area of Heath Balds (in hectares)

the top of some ridges had very low slopes, while those
on the steeper sides had slopes up to 43 ° and higher on
alocal scale.

As is evident from casual observations, the heath
balds were most common on ridge tops and convex
slopes and differed greatly from random expectations
for variables that measure topographic shape (Fig. 3d-h).
82% of the balds occurred at curvatures above 2.6
(mean = 10.3; Fig. 3d). 92% of heath balds occurred at
relative slope position equal to or greater than 80 (mean
= 91; Fig. 3e). 94% occurred at topographic conver-
gence index values less than 60 (mean = 42; Fig. 3f).
87% occurred at landform index values less than 30
(mean =19; Fig. 3g). Heath balds occurred at low values
of the terrain shape index (< — 20; Fig. 3h). These

% of Total Park Heath Bald Area
[___:] % of Total Park Land Area

Fig. 2. Distribution of heath bald
area by watershed in the Great
Smoky Mountains. The joint
boundary of Tennessee (TN) and
North Carolina (NC) forms the
highridge of themountainrange,
with watersheds draining to the
north and south. The heath bald-
richarea(HBRA) and hesth bald-
poor area (HBPA) aredefined in
the text. HBPA

HBRA : Heath Bald Rich Area
HBPA : Heath Bald Poor Area
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and random pointsby topographic
variables in the Great Smoky
Mountains.

distributions were significantly different from the ex-
pectation based on random samples of the landscape (p
< 0.0001).

64% of the balds were approximately symmetrical
on the ridges on which they occurred and contained
no spurs or extensions onto adjacent slopes. The
other 46% showed two interesting patterns related to
aspect: balds on south facing ridges tended to have
symmetrical extensions (the heath balds, the average
aspect of these extensions, and the ridge of which the
heath bald occurred all had the similar slope aspects),
but balds on other slope aspects were asymmetrical,
with their greatest development on aspects that were

Landform Index 200

Terrain Shape

0 -30 20100102030

0 ;
-80 -70 60 50

Heath Balds [ Random Points

more southerly than the major ridge on which they
occurred, with the degree of displacement increasing
through east and west to north facing ridges (Fig. 4).

Heath balds tended to be more frequent on
Anakeesta bedrock, compared to a random expecta-
tion (Fig. 5a-c). Heath balds were more frequent than
the random expectation on old-growth sites for the
park as a whole and for the heath bald-rich area, but
were more frequent than the random expectation for
second-growth sitesfor the heath bald-poor area (Fig.
5d-f). Heath balds were more frequent than the random
model suggested in burned areas (Fig. 5g-i).

Asmight be expected from these results, heath balds
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Fig. 4. The compass aspect of the major heath bald axis
compared to the aspect of the ridge on which the heath bald
was found. If heath balds were symmetrical on the ridges on
which they occurred, they would be expected to lie along the
solid line (heath bald aspect = ridge aspect). However, moving
away from south both the heath balds themselves and major
sidebranchesof thebalds(‘ spurs’) tend to belarger onwarmer
slope faces than the ridge on which they occur.

showed strong correl ationswith elevation, relative slope
position, topographic convergence aspect, curvature,
terrain shape index, and landform index (Table 2).
Relative slope position had the highest correlation
coefficient of the topographic measures and strong
correlations with all other measures of site topogra-
phy, among which there was a high degree of colinear-
ity. Heath bald occurrence was al so correlated with the
presence of Anakeesta bedrock. Although burned ar-
eas were negatively correlated with old-growth condi-
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tions, heath balds were positively correlated with both
(note, however, that heath bald correlation with
Anakeestabedrock, old growth conditions, and burned
sites were several fold weaker than with topographic
characteristics; Table 2). The occurrence of Anakeesta
bedrock and old growth conditions showed the same
correlations. These were positively correlated with
elevation, slope stegpness, slope curvature, and rela-
tive slope position, and negatively correlated with to-
pographic convergence index and terrain shape index.
Anakeestabedrock was also positively correlated with
old growth conditions.

A similar analysis was carried out for heath bald
size, as for heath bald occurrence. Nearly all factors
which were strongly correlated with heath bald occur-
rence were also correlated with heath bald size. Mean
heath bald size increased from 1.6 haat 1200 m eleva-
tion (n = 55), to 1.8 ha at 1200-1600 m €elevation (n =
353), and 2.8 haat elevations greater than 1600 m (but
note the small sample size at these elevations, n = 14;
none of the sets of numberswere affected by excluding
thelargest bald which was several timesthe size of the
second largest bald). Mean heath bald size increased
from 1.4 haat rel ative slope positions 60-80 (n = 50) to
2.3 ha at relative slope positions greater than 95 (n =
224; these numbers were unaffected by excluding the
largest bald). Heath balds were also larger in burned
areas (mean sizewas 2.2 ha, n = 139; if thelargest bald
is excluded, the mean was 1.9 ha) than in unburned
areas (1.6 ha, n = 283). Although more frequent on
logged sites, mean heath bald size tended to be higher
in old growth (2.0 ha, n = 173; if the largest bald is
excluded, the averageis 1.8 ha) than in second growth
(1.6 ha, n = 249).

Table 2. Correlations among heath bald occurrences, environmental, and historical variables 1, 2. Lower case letters show
significancelevels (a< 0.05, b < 0.01, ¢ < 0.001, d < 0.0001, n.s. = not signficant).

BALDS ELEV BEERS SLOPE CURVE RSP2 TCl LFI TSI GEOL GROWTH
ELEV 0.491d -
BEERS -0.096 b ns. -
SLOPE n.s. 0.250d ns. -
CURVE 0.419d 0.296d -0.089b ns. -
RSP2 0.592d 0.378d -0.151d n.s. 0538d -
TCl -0.500d -0.429d 0.076a -0.308d -0.682d -0666d -
LFI -0.311d -0.143d ns. 0405d -0.253d -0541d 0266d @ -
TSI -0.458d -0.344d 0.129¢ ns -0.768d -0547d 0.714d 0235d -
GEOL 0.157d 0.244d ns.  0.167d 0.152d 0.123¢ -0.158d ns. -0165d -
GROWTH 0.076a 0377d -0.137d 0.160d 0.099b 0.100b -0.159d ns. -0.119c¢ 0238d = -
FIRE 0.186d 0.141d 0.140d 0.071a ns. 0.109b -0.092b n.s. n.s. n.s. -0.285d

1Continuous variable abbreviations: ELEV (Elevation), BEERS (Beerstransformation of slope aspect), SL OPE (Slope steepness), CURVE (Slope curvature),
RSP2 (Relative slope position squared), TCI (Topographic convergence index), LFI (Landform index), TSI (Terrain shape index).

2Categorical variable abbreviations and values: BALDS (1 = heath bald present, O = heath bald absent), GEOL (1 = Anakeesta bedrock, 0 = other bedrock
types), GROWTH (1 = old-growth, 0 = second growth), FIRE (1 = burned, 0 = unburned).
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Topographic models

The topographic screen predicted that heath balds
would occur on 6.7-14.3% of the study area, depending
on the data subset that was analysed (Table 3). These
values were much higher than the actual valuesfor this
vegetation type. Predicted heath bald occurrence was
9.1% of thewhol e study area (actual was 0.4%), 8.4% of
the heath bald-rich area (actual was 0.9%), and 9.4% of
the heath bald-poor area (actual was 0.1%) (Table 3).
However, this model predicted the greatest heath bald
occurrence on sites in which actua values were also
relatively high, although the actual percentages were
much lower than the predicted percentages. Sites with
high predicted and actual values were: old growth sites
(14.3% predicted, 0.7% actua), Anakeestabedrock inthe
heath bald-rich area (14.1% predicted, 1.8% actual),
Anakeesta bedrock throughout the study area (13.3%
predicted, 1.3 actual), burned sites in the heath bald-rich
area (13.3% predicted, 2.3 actual), and old growth in the
heath bald-rich area (12.4% predicted, 1.4 actual).

200 200

100 100

0 0 o
Second-growth Old-growth Second-growth Old-growth
h) 400 i) 400
300 Rich Area 300 Poor Area

200 200

100 100

Unburned Bume

Summarizing across the models, predicted areawas
6-12 x higher than actual areafor thebest heath bald sites,
whilefor the park asawhole, the predicted areawas 22 x
the actual areaand was 94 x the actual areafor the heath
bald-poor area.

We evaluated the model further by computing the
percentage of the predicted areathat was correct (that is,
was actually dominated by the appropriate vegetation)
and by computing the percentage of the actual vegeta-
tion that was correctly predicted (Table 3).

Of the total area predicted to be heath balds, only
2.4% supported this vegetation (Table 3). This figure
more than doubled to 6.5% for the heath bald-rich
region, while it dropped to 0.4% in the remainder of the
park. Both park-wide and within the heath bald-rich
area, this percentage remained low, rising to a maxi-
mum of 9.0% in burned areas within the heath bald-rich
area(Table 3). Actual heath bald area as a percentage of
potential area was also relatively high in old growth
areas and areas with Anakeesta bedrock. The model did
much better for non-heath bald sites: 98.7-100% of the
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Table 3. Predicted and actual heath bald sitesin the Great Smoky Mountains. The potential heath bald sites were defined by five
topographic variables (see text; HBRA = heath bald-rich area, HBPA = heath bald-poor area). In thefirst two columnsthe numbers
in parentheses are the percentages of the landscape subarea that are predicted and actual heath balds.

Areaof Areaof Areaof % Predicted % Predicted % Actual % Actual
Landscape Predicted Actua Intersection  Heathbald Non-bald  Heath bald Non-bald
Subarea Heath balds Heath balds Correct Correct Correct Correct

ha (%) ha (%) ha

Whole park 18658.7 (9.1) 754.1 (0.4) 452.1 24 99.8 60.0 91.1
HBRA 61525 (8.4) 665.0 (0.9) 398.2 6.5 99.6 59.9 92.0
HBPA 12498.2 (9.4) 89.1 (0.1) 54.0 0.4 100 60.6 90.6
Whole park:
Old-growth 6795 (14.3) 346.7 (0.7) 219.0 3.2 99.7 63.2 86.1
Second-growth 11865.1 (7.5) 4259 (0.3) 229.9 19 99.9 54.0 92.6
Burned 2569.5 (10.7) 2952 (1.2 153.0 6.0 99.3 51.8 89.9
Unburned 160919 (8.8) 450.6 (0.2) 292.9 18 99.9 65.0 91.3
Anakeesta 1665.7 (13.3) 1675 (1.3 91.6 5.8 99.3 54.7 87.3
Non-Anakeesta 16990.5 (8.8) 580.1 (0.3) 355.1 21 99.9 61.2 91.4
HBRA:
Old-growth 2,715.1 (12.4) 3127 (1.4) 197.1 7.3 99.4 63.0 88.4
Second-growth 34403 (6.7) 367.0 (0.7) 196.1 5.7 99.6 53.4 93.6
Burned 1610.2 (13.3) 282.1 (2.3) 144.9 9.0 98.7 514 87.7
Unburned 45479 (7.5) 376.4 (0.6) 245.6 5.4 99.8 65.2 929
Anakeesta 1202.8 (14.1) 1538 (1.8) 84.4 7.0 99.1 54.9 86.6
Non-Anakeesta 4950.9 (7.7) 504.0 (0.8) 308.8 6.2 99.7 61.3 92.7

predicted areawas correctly classified and, thus, avery
low percentage of the predicted non-heath bald areas
was actually dominated by heath balds.

The topographic screen correctly classified 51.4 -
65.2% of the actual bald area depending on data subset
(Table 3), eventhough thistype occupiesonly 0.1-2.3 of
the landscape and the random expectation from the
model would be a correct classification rate of 6.7-
14.3%, based on the percentage of the study areaand its
subsets predicted to be heath balds (Table 3). Thetopo-
graphic screen correctly classified 86.1-93.6% of the
actual non-bald area, with the remaining incorrectly
predicted to be heath bald area.

We can conclude from these figures that the major
characteristics of the models were an accurate assess-
ment of non-heath bald area (almost all the predicted
non-heath bald area was correct), a reasonably defini-
tion of heath bald sites (over 60% of the heath bald area
correctly predicted on the best heath bald sites), and an
overprediction of heath bald area.

We used the same model to ask what percentage of
the predicted area fell within 300 m (near the average
length of the balds) of the actual heath balds (Table 4).
For the heath bald-rich area, 42.3% of the predicted area
waswithin 300 m of abald. For the park asawhole, this
number fell to 16.7% and was only 4.2% for the heath
bald-poor area.

Logistic regression

In our multivariate analysis, we used elevation, rela-
tive slope position, transformed aspect, and slope curvar
ture and three dichotomously coded variables (old-
growth/second-growth, burned/unburned, Anakeesta/
non-Anakeesta substrate). These variables are highly
successful in distinguishing heath bald and non-heath
bald data points in the 844 observation data set (422
heath bald data points, 422 random data points). As
might be expected, the model for the heath bald-rich
area had the highest k statistic (0.74, within the ‘very
good to excellent range’ for model performance of
Zimmermann & Kienast 1999) and lowest percentages
of false positives (13.8%) and false negatives (14.2%)
among the three models, although differences in the
three models were not very pronounced (Table 5). As
indicated by the Wald x2 statistic, elevation and relative
slope position were consistently the most significant
variables across al three models. Fire was al so signifi-
cant in al three models (heath bald probability was
increased on burned sites). Logging history was impor-
tant in two models: heath balds probability was higher
on second growth sitesfor thewhole data set and for the
heath bald-poor area. Transformed aspect and geology
wereinsignificant in al three models.

Weused thelogi stic regression model to predict heath
bald sitesfor the entire park landscape. We examined the
model’ sclassification error rate by varying the critical
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Table 4. Percentage of predicted heath bald sites that iswithin 300 m of a heath bald in the Great Smoky Mountains. The potential
heath bald sites were defined by five topographic variables (see text; HBRA = heath bald rich area, HBPA = heath bald poor area).

Areaof Areaof
Landscape Predicted Actual Areaof % Predicted % Predicted % Actua
Subarea Hesath balds Hesath balds Intersection Heath bald Non-bald Heath bald Non-bald
(ha) + 300 m (ha) (ha) Correct Correct Correct Correct
Wholepark ~ 18658.7 14980.3 31109.9 16.7 93.7 20.8 91.9
HBRA 6152.5 12221.2 2604.1 42.3 85.6 21.3 94.2
HBPA 12498.2 2687.2 507.0 41 98.2 18.9 90.8

probability for predicting heath bald presencefrom 0.95
to 1.0. At the 0.9985 level, misclassifications were
minimized. Out of a total of 301451 hesth bald cells,
this model predicted 266716 or 88.5% (compared to
51.4-65.2% in the topographic screen), with the other
11.5% predicted to be non-hesth balds. However, just as

with the topographic model developed above, thelogis-
tic model overpredicted heath balds; when applied to the
whole park landscape, only 1.3% of the predicted area
was dominated by heath balds, a similar finding to that
of the topographic model.

Table5. Summary of logistic regression modelsfor (a) thewhole park, (b) the heath bald rich area, and (c) the heath bald poor area.

a. Thewhole park data set (n = 844) k stetistic 0.72

Probability value for approximate equality of false positives and fal se negatives 0.62

False positives 14%, False negatives 15%

Parameter Standard Wald Pr > Standardized

Variable DF estimate error X2 X2 estimate
INTERCPT 1 -46.4151 5.2036 79.5627 0.0001 .
ELEV 1 0.0650 0.00777 69.9145 0.0001 10.826664
ELEV2 1 -0.00002 2.9E-6 66.6255 0.0001 -8.736711
RSP2 1 0.000426 0.000045 88.7610 0.0001 0.764181
CURVE 1 0.00377 0.00122 9.5811 0.0020 0.256908
GROWTH 1 -0.5864 0.2485 5.5662 0.0183 -0.156448
FIRE 1 0.9508 0.2801 11.5201 0.0007 0.226757
b. Heath bald rich area (n = 702) « statistic 0.74
Probability value for approximate equality of false positives and false negatives 0.64
False positives 13.8%, false negatives 14.2%

Parameter Standard wald Pr > Standardized
Variable DF estimate error X2 X2 estimate
INTERCPT 1 —-46.1689 5.6207 67.4701 0.0001 .
ELEV 1 0.0649 0.00848 58.6111 0.0001 11.181226
ELEV2 1 —0.00002 3.202E-6 55.2846 0.0001 —8.957543
RSP2 1 0.000421 0.00005 70.4714 0.0001 0.755453
CURVE 1 0.00415 0.00141 8.6338 0.0033 0.277853
FIRE 1 0.7181 0.3047 5.5519 0.0185 0.176308
¢. Heath bald poor area (n = 142) K statistic 0.68
Probability value for approximate equality of false positives and fal se negatives 0.56
False positives 18.3%, false negatives 18.3%

Parameter Standard Wwald Pr > Standardized
Variable DF estimate error X2 X2 estimate
INTERCPT 1 -63.3923 17.4275 13.2313 0.0003 .
ELEV 1 0.0875 0.0246 12.6150 0.0004 9.128416
ELEV2 1 -0.00003 8.714E-6 12.7203 0.0004 -8.436669
RSP2 1 0.000503 0.00012 17.6669 0.0001 0.902806
GROWTH 1 -1.5936 0.6499 6.0134 0.0142 -0.440810
FIRE 1 1.7363 0.8615 4.0619 0.0439 0.327057
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Discussion

From one perspective, our analyses supported
Whittaker’ s diagram — heath balds occupied the highly
non-random assortment of sitesthat hisdiagram showed.
However, while multivariate models were successful at
identifying heath bald sites, they greatly overpredicted
the amount of heath bald vegetation. From this perspec-
tive, our results challenge the determinism implied by
Whittaker’'s model. The questions suggested by this
finding arethese: Why isthe percentage of the predicted
areaactually dominated by heath baldslow?Why do the
same kinds of sites support such physiognomically dif-
ferent vegetation types as tall forests or shrub thickets?
What accounts for the wide differences in heath bald
occurrence in the rich area (predominantly on the north
side of the mountains in Tennessee) and poor area
(predominantly on the south side in North Carolina)?
The answers to these questions likely involve both dis-
turbance and environment.

We discuss two contrasting scenarios for heath bald
occurrence. First, heath balds may form on upper slopes
with rocky substrates and thin soils as part of primary
succession. We think this scenario is unlikely for rea-
sons discussed below. Second, heath balds may form
from closed forests after wind or fire disturbance that
removes trees but not understory heath shrubs. The
evergreen shrubs that dominate heath balds are shade
tolerant and are found in forest understories as well as
on exposed heath balds. In mesic areasnear streams, this
shrub layer has been shown to drastically reduce tree
seedling establishment. Barden (1979) argued that one
function of nurselogsin the old growth hemlock-hard-
wood forestsisto flatten the shrub layer and provide an
elevated sitefor seedling establishment. Evergreen shrubs
have also been found to suppress forest regrowth after
logging; theremoval of these layers has been amanage-
ment objective in southern Appalachian Nationa For-
ests (Della-Bianca & McGee 1972).

The first scenario for heath bald origin is that they
arepart of aprimary successional serethat endsinforest
and during which soils become deeper and more devel -
oped. This scenario requires that forests on heath bald
sites devel oped from heath balds, which does not seem
to occur, and/or that downslope erosion of soil keeps
pace with soil devel opment, thus preventing succession
from occurring. There is no evidence that heath balds
are successional or that soil development and erosion
are in competition under heath balds, although down
dope leaching of plant nutrients could be ongoing.
Heath shrubs do occur, with other species, on rock
outcrops (Wiser 1994). Thin soils and downhill move-
ment of soil and boulders may be an explanation for the
persistence of these non-forested habitats, but these

communitieshavelittle compositional or structural simi-
larity to heath balds except when the cliff face termi-
nates at its upper edge in a typical heath bald topo-
graphic situation.

Wethink itismorelikely that heath baldsresult from
disturbance to forest-heath communities. Cain (1930b)
interpreted them as post-climax communities that de-
veloped from forest heaths after death of the trees.
Regardless of origin, however, once adense shrub layer
isformed, itisvery resistant totree establishment so that
whatever combination of historical factorsleadsto heath
bald formation, the imprint of that history is a long
lasting one.

Givenanunderstory of evergreen shrubs, any disturb-
ance that removestrees may allow the understory shrub
layer to become dominant and to prevent or slow the
reestablishment of trees. The evergreen shrubs cast a
deep year-round shade and produce a thick, slowly
decomposing, and acidic litter layer. Cain (1931) was
thefirst to document low pH under heath balds. One soil
scienti st suggested that pH was so low under heath balds
that aluminum levels were toxic to the roots of Picea
rubens (M. O. Springer unpubl.). Gant (1978) reported
an allelochemic effect on seed germination of test plants
(which, however, did not include tree seedlings). This
scenario suggests that trees established before or with
the heath shrubs on these sites because an initial coloni-
zation by heath shrubs alone would have produced a
stable shrub community and excluded tree establish-
ment (see also below).

Although heath balds are found in old-growth, un-
burned sites, fires and logging increased the frequency
and size of heath balds in some areas. The two water-
shedswith themost heath baldswereLittle River, which
burned in the early 1900s and in 1925, and Big Creek,
which burned in 1924 (Lambert 1958). These were
severe fires on logging slash after whole watersheds
were logged. Such fires, in this region of very heavy
rainfall, often resulted in severe soil erosion as well.
Although not in a logged watershed, the largest heath
bald, on Brushy Mountain, burned three times in the
1920s (Lambert 1958). If heath shrubs survived these
fires, they could have expanded onto the adjacent eroded
slopes, since these shrubs are tolerant of acid, low
nutrient conditions. The removal of trees followed by
coalescing of understory shrubs would also result in
heath bald dominance in areas formerly dominated for
closed forest with a heath understory. These shrubs do
not colonize the sites by seed over significant distances
anditisanecessary condition that they be present onthe
sitebeforethefireand survivethefirethat subsequently
occurred. Further, there are many burned sites that are
not dominated by heath balds (see Lindsay & Bratton
1979) and anumber of old growth watersheds that have
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heath balds that did not experience fire. The elevations
of the heath balds put them in an environment that has
very low natura fire frequency (Harmon et al. 1983).
Further, disturbances to the forests surrounding and
down slope from heath balds do not result in permanent
heath shrub dominance. Thus, the disturbances them-
selves must interact with topography and preexisting
vegetation to produce this community type.

In both the treefall and fire scenarios, a necessary
precondition for heath bald formation is the presence of
the evergreen shrubs in forest understories. Understory
heath distributions are patchy in the landscape we stud-
ied (Fig. 6), leading to another source of variation in
heath bald presence, regardless of site or history. Fur-
ther, understory heaths on mid-slopes and flat or con-
cavetopography do not coalesceto form balds after tree
disturbance. Thus, there must be environmental condi-
tions of the heath bald sites that lead first to heath
understories and then to heath balds.

Because there are so many more heath balds on the
Tennessee side of the Great Smokies, there may be
unmeasured environmental and geological factors that
are correlated with geographical position. The Tennes-
see watersheds face generally north from the stateline
ridge, although the heath bal dsin these watersheds tend
to face slope aspects other than north. Prevailing winds
and clouds generally come from west and northwest,
striking the Tennessee side of the high ridge before
moving across to the North Carolina side. The north
facing watersheds might then have higher cloud cover
(adding to other causes of low productivity) and ahigher
throughflow of moisture (however, run-off is steep and
soil moisture low on the heath bald sites despite this
potentially higher rainfall) which could result in leach-
ing of soil nutrients. These factors alone or in combina-
tion might result in reduced productivity compared to
the south facing watersheds, factors which might ben-
efit evergreen species. In addition, lower humidity, higher
insolation, warmth, and drought may limit development
of both heath understories and heath balds on the pre-
dominantly south-facing side of the study area. How-
ever, no data exist with which to examine the effect of
gross differences in aspect on these mountain environ-
ments.

Experimental work on establishment, survivorship,
and competition for heath shrubs and tree seedlings
would allow better understanding of the role of soil
acidity and nutrients, deep leaf litter, drought, and deep
shade in preventing tree seedling invasion and succes-
sionontheheath balds, bothin old growth and disturbed
watersheds. Such information is needed not just for
better understanding of these communities, but also for
possible restoration of sitesinfluenced by logging slash
fires and soil erosion. Field studies of topography at a

Fig. 6. Color infrared photography taken in November (leaf
off) condition showing the patchy distribution of understory
heath shrubs (red color).

smaller scale than that used here (see also discussion in
Brown 1994) would also help refine our understanding
of the topographic conditions under which heath balds
develop.

Computer mapping and new statistical tools help us
phrase explicit questionsthat deepen our understanding
about vegetation-environment relations. Thesetoolsare
essential to predicting the response of vegetation to
climate change (Guisan et al. 1998; Walsh et al. 1994;
Brzeziecki et al. 1993). While our logistic regression
performed very well in comparison with other published
models in discriminating sites used for model building
(e.g., Brown 1994; Leathwick 1998; Zimmermann &
Kienast 1999), the overprediction of heath balds sug-
gested both a disequilibrium with site factors and the
need for additional field data to refine models of site
environment. In particular, disturbances or events like
past climate variation (Leathwick 1998) that alter spe-
cies distributions, while often difficult to quantify, are
often implicated by model failure (Brown 1994;
Brzeziecki et a. 1993). Remote sensing and computer
mapping can thus be used to identify further research
guestions.
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