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ABSTRACT We examined the relationships between hemlock distribution and abundance
and terrain attributes for the Coweeta Basin in the southern Appalachian Mountains. Field
measurements were combined with GIS mapping methods to develop predictive models of
abundance and distribution of Tsuga canadensis (L.) Carrière (eastern hemlock) and evaluate the
co-occurrence of Rhododendron maximum L. (rosebay) and Kalmia latifolia L. (mountain laurel).
Terrain variables were derived from USGS DEM 30-meter digital maps. Elevation, slope, aspect,
terrain shape index, landform, and distance from stream were calculated from field
measurements and the digital data. Terrain attributes such as elevation (r2 5 0.97, p ,

0.0001), distance to stream (r2 5 0.94, p , 0.0001), and terrain shape index (r2 5 0.61, p 5

0.0015) were good predictors of T. canadensis abundance. Terrain shape index explained 56% of
the variation in R. maximum percent aerial cover (r2 5 0.56, p 5 0.005). In the Coweeta Basin, T.
canadensis was distributed as few, large trees mostly concentrated in near-stream locations, and it
was closely associated with R. maximum. Tsuga canadensis mortality due to Adelges tsugae Annand
(hemlock wooly adelgid) will result in a minor decrease in basin-wide basal area, but will
substantially reduce near-stream basal area, and will also remove the largest trees in near-
stream environments. In similar landscapes across the southern Appalachians, where T.
canadensis co-occurs with R. maximum, riparian shading will likely remain unchanged.

INTRODUCTION Forest vegetation pat-
terns in the southern Appalachians are related
to complex environmental gradients asso-
ciated with climate, soils, and topography, as
well as disturbance history, from natural
events and direct and indirect human actions
(Harmon et al. 1983). Tsuga canadensis (L.)
Carrière (eastern hemlock) responds strongly to
this environmental gradient (Elliott et al.
1999). Tsuga canadensis, a long-lived, shade
tolerant conifer, can persist for decades in the
forest understory, live 250 to 300 yr, with the
oldest examples surviving up to 400 yr (God-
man and Lancaster 1990, Orwig and Foster
1998, Bonneau et al. 1999, Young et al. 2002).
Tsuga canadensis grows in a wide range of

topograhic positions including steep slopes,
deep gorges, and riparian borders. Tsuga

canadensis ranges from western Nova Scotia to
southern Ontario and northeastern Minnesota,
extending south throughout New England and
along the Appalachian Mountains into north-
ern Georgia and Alabama (Elias 1987). In
general, T. canadensis is more abundant and
evenly distributed in the northeast than in the
southern and western portions of its range
(Evans 1995, Williams and Schmidt 2000),
where it reaches greatest abundance in cool,
moist microclimates (Goodman and Lancaster
1990). In the southern Appalachians, T. cana-

densis distribution varies from isolated individ-
ual trees to scattered clusters, pure small stands
(defined as at least five trees with adjacent
canopies), or mixed stands.
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However, T. canadensis distribution and
abundance are currently changing due to
infestation by Adelges tsugae Annand (hem-
lock wooly adelgid [HWA]). HWA is an
introduced insect species from Asia that has
caused extensive mortality of T. canadensis in
the northeastern United States since it arrived
in Virginia in the 1950’s. It has been spread-
ing at an average rate of approximately
30 km per year through dispersal by wind,
mammals, and birds (McClure 1990, Benzin-
ger 1994). Concerns about the long-term
effects of HWA on T. canadensis forest ecosys-
tems have increased in recent years, as the
rate of spread has accelerated through the
southern Appalachians, causing nearly com-
plete infestation of the host species in some
areas (Elliott unpubl. data). The loss of T.

canadensis may substantially alter canopy
composition, diversity, ecosystem structure,
and ecosystem function in the southern
Appalachians (Jenkins et al. 1999, Yorks et
al. 2000, Eschtruth et al. 2006). Since HWA
attacks hemlock trees of all ages and sizes,
and infested trees seldom recover (Foster and
Zebryk 1993, Orwig and Foster 1998, Kizlindki
et al. 2002), it has the potential to remove T.

canadensis from southern forests. Several
studies of T. canadensis have focused on
detecting change in declining stands (Royle
and Lathrop 1997, 2002; Bonneau et al. 1999;
Jenkins et al. 1999; Young et al. 2002; Stadler
et al. 2006; Ford and Vose 2007; Orwig et al.
2008). For example, a recent study (Nuckolls
et al. in press) concluded that hemlock is
declining more rapidly from HWA infestation
in the Southeast than in the Northeast, and
that hemlock decline has a surprisingly rapid
effect on carbon cycling. Post HWA succes-
sional patterns are likely to be influenced by
co-occurring ericaceous shrubs (Rhododendron

maximum and Kalmia latifolia), which impact
tree seedling recruitment and survival (Beck-
age et al. 2000, Ford and Vose 2007). Hence,
understanding the controls on the spatial
distribution of T. canadensis and ericaceous
shrubs is critical for predicting areas of HWA
impact and developing post HWA restoration
strategies.

While numerous studies have identified
relationships between vegetation distribution
and environment or terrain variables (Trim-
ble and Weitzman 1956, Whittaker 1956,

McNab 1989, McNab 1993, Moore, I.D. et al.
1991, Moore, D.M. et al. 1991, Brzeziecki et al.
1993, Franklin 1998, Elliott et al. 1999,
Bolstad et al. 2001, Miller and Franklin
2002, Zomer et al. 2002, Pfeffer et al. 2003,
Bolstad 2005), species-specific predictive rela-
tionships have only been developed for a few
single species and in a few areas. Mean
climatic conditions often adjust predictably
in space. For example, mean annual and
seasonal temperatures decrease and mean
precipitation increases with elevation. Terrain
affects the distribution and abundance of
precipitation (Swift 1968) and soil moisture
(Yeakley et al. 1998) across the landscape.
These factors in turn affect the distribution,
composition, and abundance of vegetation,
and over the long term, the development of
soil properties. If terrain characteristics are
known or can be mapped across the land-
scape, then vegetation composition, condi-
tion, or structure may be predicted based on
these species-terrain relationships.

Previous work has compared various meth-
ods for estimating species abundance or
importance based on species-environment
relationships (Brzeziecki et al. 1993, Franklin
1995, Pinder et al. 1997, Bolstad et al. 1998,
Lookingbill and Urban 2005). A number of
approaches have been tested, including those
based on vegetation sampling and measured
climatic variables (Franklin 1998, Horsch
2003) with the addition of disturbance and
other factors (Brown 1984). These relation-
ships can be used to estimate distribution,
abundance, composition, and potential for
restoration by using approaches such as
cluster analysis, linear or logistic regression,
and geostatistical estimation (Moore et al.
1991b, Michaelson et al. 1994, Franklin 1995,
Bolstad et al. 1998, Florinsky 1998, Austin
2007). For example, in the southern Appala-
chians, Bolstad et al. (1998) compared four
different models (mosaic diagram, linear
regression, kriging and co-kriging) for predict-
ing forest composition using field measure-
ments of tree density and diameter to calcu-
late basal area. They concluded that mosaic
diagram and linear regression models showed
higher accuracy than kriging or co-kriging
and generally improved vegetation mapping
when using spatial data on terrain (Bolstad et
al. 1998).
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In this paper, we integrated field measure-
ments and spatial modeling to build a
predictive model of T. canadensis abundance
and distribution across a mountainous land-
scape in the southern Appalachians. Field
measurements were coupled with a digital
elevation model (DEM) that derived terrain
variables to develop the relationships. Our
objectives were: (1) to quantify the relation-
ships among T. canadensis distribution and
abundance and terrain variables, (2) to build
a predictive model for T. canadensis occur-
rence across mountainous landscapes, and (3)
to identify the co-occurrence of Rhododendron

maximum and Kalmia latifolia with T. canaden-

sis abundance. We focused on the distribution
of T. canadensis, but we recognize that there is
a small contribution of Tsuga caroliniana

Engelm. (Carolina hemlock) on drier ridges
and more exposed habitats within the region.

MATERIALS AND METHODS
Study Site Description
All measurements occurred at the Coweeta
Hydrological Laboratory, a research station
located in the southern Appalachian Moun-
tains of western North Carolina (Latitude
35u039N, Longitude 83u259W). Coweeta Hydro-
logical Laboratory is a 2,185 hectare experi-
mental forest of the United States Department
of Agriculture, Forest Service, Southern Re-
search Station (Figure 1), and it is primarily
used for watershed experimentation (Swank
and Crossley 1988). It is also a Long Term
Ecological Research site funded by the Na-
tional Science Foundation (DEB 0218001).

Two streams, Ball Creek and Shope Fork,
drain the Coweeta Basin and join to form
Coweeta Creek. Coweeta Creek flows east
approximately seven kilometers to connect
with the Little Tennessee River (Swank and
Crossley 1988). Elevation ranges from 677 m
near the junction of Ball Creek and Shope
Fork to 1592 m at Albert Mountain, the
highest point in the Coweeta Basin. Slopes
range from 0 percent to 126 percent and
aspect for the basin is east-facing with major
north- and south-facing side slopes. Soils are
deep sandy loams and are underlain by
folded schist and gneiss (Hatcher 1974). Two
soil orders are found within Coweeta, imma-
ture Inceptisols and older developed Ultisols
(Thomas 1996). Streams flow throughout the

year, fed by approximately 2,000 mm of
precipitation per year, most of which is rain.
Mean annual temperature is 12.6uC and
ranges from an average of 11.7uC in winter
to 21.6uC in summer (Swift et al. 1988).

Field Measurements
Field measurements were conducted during the
winters of 2005 and 2006 and the summer of
2006. Sampled plots were located in a stratified
random manner on the Shope Fork and Ball
Creek watersheds, and randomly within four
unmanaged sub-watersheds within the Cow-
eeta Basin. A total of 201, 0.2-hectare circular
plots were installed across the basin. Approxi-
mately half the plots were within 200 m of the
main branches of Shope Fork and Ball Creek,
and approximately half the plots were within
the four sub-watersheds that comprise about
20% of the Coweeta Basin (Figure 2). Plot
centers were established using a Global Posi-
tioning System (GPS) receiver (Trimble GeoXT,
Sunnyvale, California) and positions were
differential corrected (DGPS). ArcPad 6.0 (En-
vironmental Systems Research Institute [ESRI],
Redlands, California) was used for data collec-
tion. Position Dilution of Precision (PDOP)
value of 10 and Signal to Noise Ratio (SNR)
setting of 2.5 were used to ensure accurate
location collection. GPS Pathfinder Office 2.90
was used for DGPS. Base station files from
Conover and Franklin, North Carolina were
used for DGPS. Preliminary tests over known
locations verified positional errors of less than
two meters after differential correction.

Plot centers were marked with a stake and
all Tsuga canadensis trees taller than 1.3 m
and within a 25 m horizontal radius of plot
center were tallied. Slope distance was con-
verted to horizontal distance by adjusting for
slope angle (Avery and Burkhart 1994) as
measured with a Sunto clinometer. Diameter
of all T. canadensis $20 cm DBH was mea-
sured to the nearest 0.1 cm. On each plot,
aerial coverage of understory Kalmia latifolia
and Rhododendron maximum was calculated
by field sketching the canopies of the two
species on graph paper and then overlaying a
transparent dot grid sheet on the sketch to
calculate percent aerial coverage.

Analytical and Statistical Methods
Spatial data were developed and processed
with a combination of Trimble Pathfinder
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Figure 1. Geographical location of the Coweeta Basin, western North Carolina.
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Office (V3.1) and ESRI ArcGIS (V9.2) software
(ESRI 2005). Terrain variables were derived
from USGS (United States Geological Survey)
DEM 30-meter resolution data. A 30-m USGS

DEM for the Prentiss, North Carolina quad-
rangle was downloaded and projected to a
Universal Transverse Mercator, NAD83 Da-
tum, Zone 17 coordinate system. Slope,

Figure 2. Map of Coweeta Basin with the sample plot locations.
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aspect, terrain shape, landform, and other
terrain indices were calculated from the
digital data (Moore et al. 1991b). Field-
measured plot centers were combined to
create a layer of plots as points, and this
point layer was intersected with the derived
terrain data. For comparison, digital terrain
values were extracted and combined with the
field measured terrain values for each sample
plot. Stream locations were determined from
USGS 1:100,000 scale hydrography data.
These data were combined with the field-
measured plot locations to calculate distance
to the nearest stream.

Field and spatial variables were summa-
rized and combined into one data set and
statistical analyzes were performed using JMP
6.0 software (SAS Institute 2005). Aspect raw
values were sine-transformed and rescaled
into north-south and east-west components.
Rescaled aspect sine values ranged from 22 at
due south to 2 at due north. Terrain Shape
Index (TSI) was calculated using McNab’s
(1989) procedure with a modified aml pro-
gramming language script. Distance to
stream was calculated using a Euclidian
distance function.

Univariate linear regression was used to
develop models of T. canadensis abundance
versus terrain variables (SAS Institute 2005).
Parameters were estimated using standard
least squares with a probability value of a 5

0.05 for statistical significance. The indepen-
dent terrain variables (elevation, slope, as-
pect, terrain shape index, and distance to
stream) were individually fit to models with
the dependent variables of T. canadensis basal
area and density, and sine-transformed K.

latifolia and R. maximum percent aerial cover.

Terrain variables, elevation, slope, terrain
shape index, and distance to stream were
binned to remove un-sampled and small-
sampled intervals in subsequent estimates of
univariate regression parameters (Sokal and

Rolf 1981). Elevation was binned in 150 m
increments (over the 710 to 1,450 m range),
slope was binned into twenty percent incre-
ments (from 0 to 120 percent), terrain shape
index (TSI) was binned along 0.1 increments,
and distance to stream was binned into 10 m
increments. Because the relationship between
distance to stream and T. canadensis basal
area was non-linear, distance to stream was
square root transformed prior to model fits
with T. canadensis basal area and density.

RESULTS Of the 201 plots sampled, Tsuga
canadensis was found in 85% of the plots; 15%
of the plots had 0 stems ha21 and 37% of the
plots had low density (#10 stem ha21). Where
T. canadensis was present, density varied
substantially from 5.1 to 112.0 stems ha21

(Table 1). T. canadensis basal area averaged
2.0 m2 ha21, which is about 6–10% of the
expected total basal area for a mature, mixed
hardwood southern Appalachian forest (El-
liott et al. 1999, Bolstad et al. 2001). We found
a maximum basal area of 16.7 m2 ha21

(Table 1).
Tsuga canadensis was more abundant near

streams, on flat to gently sloping terrain, and
at lower elevations. We found significant
linear relationships between T. canadensis
abundance and terrain variables that re-
flected these trends (Figures 3–6). T. canaden-
sis basal area and density were significantly
related to elevation (Figure 3A, B), with its
abundance decreasing as elevation increased.
T. canadensis was absent on all plots above
1,250 m. It was most abundant at elevations
between 650–750 m with an average of 20
stems ha21, and had intermediate density at
elevations between 750–1,250 m with an
average of 6 stems ha21.

Tsuga canadensis density and basal area
were significantly related to slope, and its
abundance decreased as slope increased (Fig-
ures 4A, B). T. canadensis density averaged
almost 25 stems ha21 on gentle slopes

Table 1. Mean basal area and density of Tsuga canadensis (eastern hemlock), and percent aerial cover of
Rhododendron maximum and Kalmia latifolia in the Coweeta Basin, western North Carolina

Variables Mean Range

Hemlock basal area (m2 ha21) 2.0 (0.26) 0–16.7
Hemlock density (stems ha21) 12.2 (1.51) 0–112.0
Rhododendron maximum aerial cover (%) 46.7 (2.42) 0–87.5
Kalmia latifolia aerial cover (%) 11.0 (1.81) 0–87.5
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Figure 3. Relationships between Tsuga canadensis (eastern hemlock): A) basal area (m2/ha) and elevation, r2 5

0.97, p , 0.0001, basal area 5 5.7385951 2 0.0039669 * (elevation); and B) stem density (stems/ha) and
elevation, r2 5 0.94, p 5 0.0003, stem density 5 38.941512 2 0.028294 * (elevation).
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Figure 4. Relationships between Tsuga canadensis (hemlock): A) basal area (m2/ha) and slope, r2 5 0.81, p 5

0.0362, basal area 5 3.7157787 2 0.048043 * (slope); and B) stem density (stems/ha) and slope; r2 5 0.78, p 5

0.0456, stem density 5 23.035538 2 0.2963826 * (slope).
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Figure 5. Relationships between Tsuga canadensis (hemlock): A) basal area (m2/ha) and terrain shape index
(TSI), r2 5 0.26, p 5 0.0634, basal area 5 1.5294995 2 1.2343133 * (TSI); and B) stem density (stems/ha) and
terrain shape index (TSI); r2 5 0.61, p 5 0.0015, density (stems/ha) 5 11.588618 2 12.320068 * (TSI).

2010 NARAYANARAJ ET AL.: TSUGA CANADENSIS IN THE APPALACHIANS 9



Figure 6. Relationships between Tsuga canadensis (hemlock): A) basal area (m2/ha) and distance to stream, r2 5

0.94, p , 0.0001, basal area 5 6.0247216 2 0.8993364 * SD0.5 + 0.0328904 * SD2; and B) stem density (stems/ha)
and distance to stream, r2 5 0.79, p , 0.0001, stem density 5 33.399771 2 4.3971877 * SD0.5 + 0.1431821 * SD2.

10 CASTANEA VOL. 75



(,20%), reaching nearly zero on steep slopes.
The transformed aspect value showed no
significant relationship with T. canadensis basal
area or density, indicating there was no
preferred aspect for T. canadensis, at least within
the range of aspects we sampled (Figure 2).

Tsuga canadensis basal area decreased from
cove to ridge locations and had a significant
relationship with TSI (Figure 5A). T. canaden-
sis density generally decreased from cove to
ridge (Figure 5B), and there was greater
variation in density among cove plots com-
pared to ridge plots, largely because ridge
plots (TSI $ 0.6) were zero or very low
densities, while there was a range of densities
from low to high at cove locations (TSI #

20.2). T. canadensis density and basal area
significantly decreased in a nonlinear man-
ner with distance from stream (Figure 6A, B).
T. canadensis basal area decreased rapidly up
to locations ,50 m from the stream, and then
decreased more gradually beyond 50 m (Fig-
ure 6A). T. canadensis density was highest
near the stream and decreased as distance

from the stream increased, approaching zero
at distances greater than 75 m (Figure 6B).

The multiple linear regression model re-
vealed a significant relationship between T.
canadensis basal area and three independent
variables, based on unbinned data: elevation,
distance to stream, and terrain shape index
(r2 5 0.30, p # 0.0001). The model equation
was Tsuga canadensis basal area 5 2.7329556 +
[Distance to stream-weighted] * 22.436 + [Eleva-
tion] * 20.001338 + [Terrain shape index] *
21.053077.

Rhododendron maximum was present on
most plots, its percent aerial cover was quite
high, averaging nearly half the plot area
(Table 1), and its cover was linearly related to
TSI (Figure 7). We found that distance from
stream and aspect were significant variables
in the multiple regression model for R. max-
imum (Table 2). In contrast, Kalmia latifolia
was less abundant, with an average aerial
cover of 11% (Table 1). Elevation was the only
significant variable in the multiple regression
model for K. latifolia (Table 3).

Figure 7. Relationship between Rhododendron maximum percent aerial cover and terrain shape index (TSI); r2 5

0.56, p 5 0.0048, percent cover 5 60.146942 2 23.08143 (TSI).
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DISCUSSION The concept of species-envi-
ronment relationships underpins many de-
scriptions of spatial variation in plant abun-
dance, with expected abundance relying on
species-specific affinities to certain environ-
mental conditions (Whitaker 1956, Whitaker
1965, Day and Monk 1974, Clarke 1993). In
the Coweeta Basin, we found T. canadensis to
be largely restricted to topographically con-
cave, low-slope, near-stream environments
with a strong, nonlinear relationship (nega-
tive exponential) with distance to stream. The
relative importance of slope, topographic
terrain shape, and stream distance are diffi-
cult to disentangle because they are inter-
related. Near stream areas are generally
flatter and have concave topograpy, so it is
not surprising that T. canadensis distribution
relies on all of these conditions given the
correlation among these significant variables.
In addition, the combination of these vari-
ables suggests that soil moisture is a primary
driving factor for T. canadensis distribution
and abundance in the southern Appala-
chians; i.e., T. canadensis favors sites with
high soil moisture.

Partial shading and several years of ade-
quate soil moisture are necessary for T.

canadensis reproduction (Goerlich and Nyland

2000, Rooney et al. 2000), and both condi-
tions are more likely in near-stream locations.
Tsuga canadensis has shown notable tolerance
to wet soils, often growing at the margins of
lakes and interspersed on local high points in
swampy areas, and often developing shallow
root systems in response to persistently high
water tables (Anderson and Gordon 1994).
Continuous soil moisture is particularly im-
portant, given slow early growth rates, shal-
low roots, and substantial drought-induced
mortality up to several years after seedling
establishment (Kotar 1996).

In the southern Appalachians, others have
shown strong topographic gradients in sur-
face soil moisture, particularly during peri-
odic drought events (Helvey et al. 1972,
Yeakley et al. 1998). Helvey et al. (1972)
recorded significant decreases in soil moisture
that were most pronounced within the first
25 m from a stream, and substantially more
pronounced during periods of low rainfall.
Yeakley et al. (1998) measured similar trends
along a broader, south-facing cove to ridge
gradient, where soil moisture declined signifi-
cantly as distance from stream increased. This
gradient was most significant in the top 30 cm
of soil and during drought, but still present
after extended periods of normal rain. Soil

Table 2. Multiple regression model for Rhododendron maximum percent aerial cover in the Coweeta
Basin, western North Carolina

Parameter Estimates

Estimate SE t Ratio Prob . |t|

Intercept 69.92 12.23 5.72 ,.0001
Terrain shape index 211.25 10.05 21.12 0.2648
Elevation 0.0112 0.0144 0.78 0.4366
Slope 20.2418 0.1505 21.61 0.1102
Aspect (sine transformed) 210.582 3.188 23.32 0.0011
Distance to stream 20.1029 0.0422 22.44 0.0159

Table 3. Multiple regression model for Kalmia latifolia percent aerial cover in the Coweeta Basin, western
North Carolina

Parameter Estimates

Estimate SE t Ratio Prob . |t|

Intercept 143.89 26.48 5.43 ,.0001
Terrain shape index 215.84 21.45 20.74 0.4641
Elevation 20.1041 0.0264 23.95 0.0003
Slope 0.2498 0.4742 0.53 0.6011
Aspect (sine transformed) 216.98 9.31 21.82 0.0750
Distance to streams 0.1363 0.0821 1.66 0.1041
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moisture and soil drying were closely related
to a topographic index incorporating uphill
contributing area and slope (Yeakley et al.
1998).

Our results are consistent with the hypoth-
esis that soil moisture conditions may be a
primary factor contributing to reduced abun-
dance of T. canadensis away from high
moisture, streamside areas. Significant
droughts have occurred several times since
record keeping began in the Coweeta Basin in
1934 (Kloeppel et al. 2003). Given T. cana-

densis’s characteristic long persistence in the
understory and shallow rooting during this
period (Goodman and Lancaster 1990), it
may be particularly susceptible to periodic
drought.

Tsuga canadensis basal area and density
were not related to transformed aspect, in-
dicating exposure-related features were less
important. Previous work in the northern
Hemisphere has shown consistent, although
complex relationships between aspect and a
number of environmental factors because
north-facing slopes receive less solar radia-
tion than south-facing slopes. These vari-
ables include integrated and maximum
solar radiation, mean and maximum air
and soil temperatures, and atmospheric
humidity (Barry 1992, Bolstad et al. 1998,
Chen et al. 1999, Lookingbill and Urban
2005). In addition, both indices of trans-
formed aspect and related climatic variables
have been shown to directly affect the
distribution of southern Appalachian species
(Bolstad et al. 1998, Desta et al. 2004).
Similar to our results, Elliott and Swank
(2008) found that aspect was not as impor-
tant in describing vegetation distribution as
other significant variables such as elevation,
terrain shape, and soil organic matter con-
tent. The contrasting results between our
study and those of Bolstad et al. (1998) and
Desta et al. (2004) are most likely because
our plots did not fall on the upper, side
slopes with the most extreme exposures (i.e.,
midslopes away from ridges and drainages
at S-SW aspects) such as those described by
Desta et al. (2004).

Tsuga canadensis density and basal area
also showed strong relationships with eleva-
tion, declining in abundance with increasing
elevation, and absent from plots higher than

approximately 1250 m. This strong relation-
ship suggests that T. canadensis distribution is
limited by more than soil moisture alone,
because soil moisture increases with eleva-
tion, given otherwise similar terrain posi-
tions. Temperature decreases, precipitation
increases, and the net water balance in-
creases with elevation for similar topo-
graphic positions, leading to higher soil
moistures.

In our study, K. latifolia was located at lower
elevation and distributed across upper slopes
and ridges (i.e., high terrain shape idex) with
a tendency to be absent from concave and
near-stream locations. In contrast, R. max-

imum had high percent cover overall, and
showed significance relationships to terrain-
related variables. Rhododendron maximum

averaged more than 40% coverage across
the range of TSI and increased to nearly
80% cover in near-stream locations. Its pro-
portion was maintained across the ranges of
elevations, with a propensity for cove loca-
tions. These evergreen species distributions
are consistent with findings by others (Monk
et al. 1985, Day et al. 1988, Dobbs and Parker
2004).

In this paper, we have identified the spatial
distribution of T. canadensis relative to easily
measured terrain conditions, similar to pre-
vious work that has used the concept of plant-
environment relationships to identify the
distribution of species along environmental
gradients, and characterize community struc-
ture, patterns, and variation (Austin 1985, Ter
Braak 1987, McCune and Grace 2002). These
species distribution models do not necessarily
identify the direct mechanisms controlling
plant distribution and abundance, but may
indirectly reflect the relationships with re-
source limitations, physiological function,
disturbance and mortality, dispersal, or other
important mechanisms that affect plant
abundance through life histories. However,
the models do identify potential functional
relationships between measurable environ-
mental conditions and species abundance,
even when the controlling processes and
specific thresholds are poorly identified or
understood. These species distribution models
may be used in a number of ways, including
quantifying the environmental niche, asses-
sing the impact of climate or land use change
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(Turner et al. 2003), supporting appropriate
sampling and management, or planning for
re-introduction (Guisan and Thuiller 2005).

Tsuga canadensis has long been described as
having affinities to cool, moist locations,
sheltered from drought or wind (Curtis 1959,
McNaughton and Wolf 1970, Elias 1987,
Goodman and Lancaster 1990, Boyce 2000),
with T. canadensis generally comprising less of
the canopy and restricted to fewer locations in
the southern Appalachians (Johnson et al.
2000) than in northern forests (Boyce 2000).
However, these relationships have rarely been
quantified, in part because of the inherent
variability in T. canadensis abundance even at
suitable sites. Its occurrence is contingent on
many factors, only one of which is site
suitability. T. canadensis may be absent from
even the most suitable sites due to its current
distribution and local dispersal limitations
(Clark 1998). These in turn depend on com-
plex and at times chaotic interactions of past
climate regimes, disturbance history, distribu-
tion of competing taxa, and past or present
human intervention. In addition, these fac-
tors may change through time, so future
conditions will likely be different from the
present or recent past. Regardless of the
complexity, an analysis of current T. cana-

densis distribution relative to specific, mea-
sureable environmental conditions is helpful,
both in uncovering mechanisms that drive its
distribution, and to set targets for population
management, maintenance, or re-introduc-
tion.

We found that T. canadensis was most
abundant within 50 m of streams. Thus, loss
of T. canadensis canopy cover due to HWA
could substantially affect stream environ-
ments (Ross et al. 2003, Ford and Vose
2007). In Coweeta Basin, T. canadensis co-
occurs with deciduous broadleaved species, so
a reduction in canopy cover may increase
winter insolation reaching streams. T. cana-

densis loss may alter stream temperature,
algal or aquatic plant production, and aqua-
tic food chains (Ross et al. 2003). The ever-
green habit leads to greater early and late-
season transpiration, thereby affecting water
yields and timing (Ford and Vose 2007).
However, potential impacts in near-stream
areas might be attenuated by the co-occur-
rence of R. maximum, which is also abundant

in these near stream areas. Therefore, the
ecological impacts of T. canadensis loss will
be most pronounced in the riparian zones
where R. maximum is less abundant or
absent, and efforts at preservation and
restoration should perhaps be concentrated
in these riparian areas. Our research on
current distribution and abundance of both
T. canadensis and co-occurring ericaceous
shrubs may be helpful in guiding restoration
efforts, particularly given the costs and
limited means for managing HWA infesta-
tions, the impending loss of much of the T.
canadensis resource, and the need to focus
efforts on restoration if effective HWA con-
trol strategies are not found.
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