
CASTANEA
The Journal of the Southern Appalachian Botanical Society

Variation in Soil and Forest Floor
Characteristics Along Gradients of Ericaceous,

Evergreen Shrub Cover in the
Southern Appalachians

Jonathan L. Horton,1,2* Barton D. Clinton,3 John F. Walker,1**
Colin M. Beier,1*** and Erik T. Nilsen1

1Department of Biological Sciences, Virginia Polytechnic and State University,
Blacksburg, Virginia 24061

2Department of Biology, University of North Carolina Asheville, Asheville,
North Carolina 28804

3United States Department of Agriculture, Forest Service, Southern Research Station,
Coweeta Hydrologic Lab, Otto, North Carolina 28763



Variation in Soil and Forest Floor
Characteristics Along Gradients of Ericaceous,

Evergreen Shrub Cover in the
Southern Appalachians

Jonathan L. Horton,1,2* Barton D. Clinton,3 John F. Walker,1**
Colin M. Beier,1*** and Erik T. Nilsen1

1Department of Biological Sciences, Virginia Polytechnic and State University,
Blacksburg, Virginia 24061

2Department of Biology, University of North Carolina Asheville, Asheville,
North Carolina 28804

3United States Department of Agriculture, Forest Service, Southern Research Station,
Coweeta Hydrologic Lab, Otto, North Carolina 28763

ABSTRACT Ericaceous shrubs can influence soil properties in many ecosystems. In this
study, we examined how soil and forest floor properties vary among sites with different
ericaceous evergreen shrub basal area in the southern Appalachian mountains. We randomly
located plots along transects that included open understories and understories with varying
amounts of Rhododendron maximum (rosebay rhododendron) and Kalmia latifolia (mountain
laurel) at three sites. The three sites were a mid-elevation ridge, a low-elevation cove, and a
high-elevation southwest-facing slope. Basal area of R. maximum was more correlated with soil
properties of the forest floor than was K. latifolia. Increasing R. maximum basal area was
correlated with increasing mass of lower quality litter and humus as indicated by higher C:N
ratios. Moreover, this correlation supports our prediction that understory evergreen shrubs may
have considerable effect on forest floor resource heterogeneity in mature stands.

INTRODUCTION Vegetation is one of the
primary factors contributing to soil genesis
(Boettcher and Kalisz 1990). Many studies
have shown the effects of individual tree
species on soil chemical and physical proper-
ties (Zinke 1962, Challinor 1968, Chastain
et al. 2006, Boerner and Koslowsky 1989,
Boettcher and Kalisz 1990, Pelletier et al.
1999). Woody species may affect soil proper-
ties by redistributing nutrients within the
rooting zone (Boettcher and Kalisz 1990)
and by the synthesis and input of organic
material in the form of root exudates and
decomposing litter (Boerner and Koslowsky
1989). Additionally, litter quality may influ-

ence decomposition and nutrient turnover
rates. For example, litter of species with
higher lignin content has slower decomposi-
tion rates (Hobbie et al. 2006).

Ericaceous plants, in particular, influence
soil properties by reducing soil enzyme activ-
ities and slowing nutrient cycling (Bloom and
Mallik 2006, Chastain et al. 2006, Joanisse et
al. 2007). This influence is primarily a result
of litter quality and a large concentration of
polyphenolic compounds (Wurzburger and
Hendrick 2007). These phenolic compounds
often bind with organic materials in the soil
preventing or slowing their decomposition
(Joanisse et al. 2007, Wurzberger and Hen-
drick 2007), reducing rates of nutrient miner-
alization (Straker 1996, Northup et al. 1998).
Many ericaceous plants influence nutrient
availability in cold-temperate or boreal re-
gions that are nitrogen limited (Nilsson and
Wardle 2005); however, ericaceous vegetation
can also alter nutrient cycling in warm
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temperate forests that have high nitrogen
availability (Gilliam et al. 2005, Wurzburger
and Hendrick 2007). Evergreen ericaceous
plants may further exacerbate low nutrient
availability by sequestering nutrients in their
foliage (Thomas and Griegel 1976, Monk et
al. 1985). These evergreens are usually better
adapted for conserving limited nutrients than
other growth forms through slower growth
and re-utilization of existing foliar nutrients
(Chapin 1980).

Rhododendron maximum and Kalmia latifolia
are ericaceous evergreen understory shrubs
that are important components of forests in
the southern Appalachians (Radford et al.
1964, Monk et al. 1985) and, where they
occur, generally dominate the understory.
Thickets of these two species cover about 12
million hectares in eastern North America
(Dobbs 1998). In one north-facing watershed
at the Coweeta Hydrologic Laboratory in
North Carolina, R. maximum and K. latifolia
made up 7.4 and 5.1%, respectively, of total
basal area (Day et al. 1988). Furthermore, the
extent of R. maximum cover has been increas-
ing over the past one hundred years due to
changes in forest composition and structure
(McGinty 1976, Monk et al. 1985, Phillips and
Murdy 1985) brought on by changes in forest
management strategies, fire control, and
invasive plant pathogens. Several studies
have shown that high densities of R. maximum
interfere with canopy seedling establishment
(Monk et al. 1985, Clinton et al. 1994,
Beckage et al. 2000, Lei et al. 2002, Beckage
and Clark 2003, Beckage et al. 2005, Beier et
al. 2005). While low light under R. maximum
thickets is the primary factor reducing seed-
ling establishment (Clinton et al. 1994, Lei et
al. 2002, Beier et al. 2005), soil properties,
such as reduced nutrient availability and
increased litter and humus depth, also play
a role (Clinton and Vose 1996, Nilsen et al.
2001, Lei et al. 2006). Therefore, it is likely
that thickets of ericaceous evergreen shrubs in
the understory influence forest floor and soil
resource heterogeneity.

Studies have shown reduced concentrations
of key nutrients (e.g., Ca, Mg, K), lower pH,
and slower N-mineralization rates on sites
with R. maximum relative to sites with decid-
uous cover (Boettcher and Kalisz 1990, Nilsen
et al. 2001). Furthermore, both leaves (Yang
and Wang 1978) and roots (Peterson et al.
1980) of R. maximum are rich in phenolic

compounds (Vance et al. 1986). These factors
are thought to give evergreen shrubs a
competitive advantage over their deciduous
counterparts because they are able to draw
down resources to values inappropriate for
their deciduous competitors (Tilman 1982,
Bloom and Mallik 2006). It is critical to
understand the effect of evergreen shrubs on
forest floor resources because those resources
have an important influence on canopy tree
recruitment and long term forest dynamics.

Our objectives were to investigate the
variation of forest floor and soil properties in
forest sites with a mosaic of different shrub
cover in southern Appalachian forests. With
increasing shrub cover we predicted: 1) litter
and humus mass would increase due to an
accumulation of recalcitrant litter from erica-
ceaous shrubs, 2) litter and humus quality
would decrease (in terms of nitrogen concen-
tration and C:N ratios), 3) pH and nutrient
availability would decrease, and, 4) these
changes to be greater in plots with R.
maximum than in plots with K. latifolia.

MATERIALS AND METHODS
Study Sites
This study took place on three sites in the
Nantahala National Forest in the Blue Ridge
Physiographic Province of southwestern
North Carolina. The first site, (LE—low eleva-
tion), was located on a northwest aspect at an
elevation of 750 m in a mixed oak-hickory
forest (Quercus rubra, Q. coccinea, Q. alba, Q.
falcata, Carya glabra and Carya tomentosa) on
an Evard-Cowee soil series, a fine-loamy,
oxidic, mesic Typic Hapludult (United States
Department of Agriculture 2007). Nomencla-
ture follows Radford et al. (1964). The second
site, (ME—middle elevation), was located on
an east-northeast aspect at an elevation of
1,180 m in a mixed upland oak forest (Q.
prinus and Q. rubra) with a significant Acer
rubrum component on a Plott soil series, a
coarse-loamy, mixed, mesic Typic Haplum-
brept (United States Department of Agricul-
ture 2007). These two sites are both located
within the basin of the Coweeta Hydrologic
Laboratory (35u039N, 83u259W). The Coweeta
Basin is typified by marine, humid forests
with ample precipitation (Swank and Crossley
1988). The third site (HE—high elevation)
was located approximately 30 km northwest
from Coweeta in the Wine Springs Creek Eco-
system Management Project Area (35u119N,
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83u369W; see Swank and Culpepper 1992).
This study site was on a south-southwest
aspect at an elevation of 1,340 m in a mixed
upland oak forest with large component of A.

rubrum and Tsuga canadensis (see Elliott and
Hewitt 1997) for a complete vegetation de-
scription of this area), on a Plott soil series
similar to ME described above (United States
Department of Agriculture 2007). All three
sites contained varying amounts of R. maxi-
mum and K. latifolia spread throughout the
site as well as areas void of ericaceous
evergreen shrub understory. These sites were
chosen to represent characteristic forest types
in the southern Appalachian region and to
span a range of geographic variability within
the region of the Nantahala National Forest.

Average annual precipitation for the LE site
is 1,800 mm, distributed evenly throughout
the year. Average monthly temperatures
range from 3uC in January to 22uC in July.
The climate regime at the more elevated ME
site is somewhat wetter and cooler. The HE site
is somewhat higher in elevation (approx.
150 m) than the ME site, yet average annual
precipitation has been less (approx. 20%).
During this period of record (1994–2004),
much of the precipitation was dominated by
relatively isolated events with several years of
precipitation deficits (Coweeta LTER, http://
coweeta.ecology.uga.edu/ecology/ecology_data.
html). Although overall month-to-month varia-
tion was similar across sites, HE is 30 km distant
from ME, so this discrepancy in total rainfall
may have been the result of the stochastic nature
of the weather patterns during that period.
Similarly, average daily temperature was almost
10% higher at HE than ME, which may have
been due to the greater total direct solar
radiation on the south facing HE.

Plot Layout and Vegetation Survey
In 2000, we installed four parallel transects at
LE and ME and three transects at HE running
along the contour. Along each sampling
transect, we randomly located fifteen 2 3

2 m plots (20 at HE) placed 8–15 m apart, for
60 plots per site. Plot transects passed through
a mosaic of forest vegetation including open
and shrub-influenced understories, such that
shrub density among plots ranged from
absent to dense thicket. These plots were
established as part of a larger study investi-
gating the survival and growth of Quercus and
Pinus seedlings planted in them (Beier et al.

2005). All plots within each site were con-
tained in an area of 1.5 ha (300 m 3 50 m).
Basal diameter on all stems of R. maximum

and K. latifolia within a 2.5 m radius of plot
center was measured and basal area was
summed for each plot. To characterize the
canopy composition at each study site, we
identified and measured diameter at breast
height (dbh) of all stems . 10 cm dbh within
a radius of 5 m from plot center. Additionally,
we sampled the subcanopy (stem dbh .

2.5 cm and , 10 cm) within a radius of
2.5 m from plot center.

Soil and Forest Floor Sampling
From each 2 3 2 m plot on all sites, five
mineral soil samples were taken in June 2000
to a depth of 10 cm and composited for
nutrient analysis. Soil pH, cation and anion
concentrations were determined by the Soil
Testing Laboratory at Virginia Tech using
inductively coupled plasma mass spectrosco-
py (Thermo Jarrell Ash Corp., model ICAP 61,
Franklin, Massachusetts). Additionally, four
measurements of soil depth were taken and
averaged in each plot using a thin diameter
metal rod inserted into the soil until bedrock
was encountered. Organic soil samples were
taken in each plot corner for four subsamples
per plot using a 10 cm diam PVC core. The
organic soil was divided into litter defined as
the unconsolidated material above the fer-
mentation layer (Oi), and the fermentation
and humus (Oa + Oe) layers combined
(hereinafter referred to as the humus layer).
The four individual subsamples of litter and
humus were pooled separately at the plot
level, oven dried at 55uC and weighed to the
nearest 0.01 g. Estimates of litter and humus
thickness were made at five locations on each
plot and averaged for mean thickness. Litter
and humus samples were ground and ana-
lyzed separately for carbon and nitrogen
concentration on a Perkin-Elmer 2400 CHN
Elemental Analyzer. These concentrations
were combined with litter and humus weight
to estimate total litter and humus carbon and
nitrogen pools.

Statistical Analysis
All soil and forest floor characteristics were
compared among sites (n 5 60 plots per site)
using Analysis of Variance (ANOVA: PROC
GLM, SAS Institute 1994). Because many of
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the soil properties within each site are likely
autocorrelated, we used Principal Compo-
nents Analysis (PCA) to extract the main
components of variability in soil nutrient
parameters (PC-ORD; McCune and Medford
1999). This analysis was done for both the
organic (8 factors) and mineral (14 factors)
soil layers. We then used the extracted
PCA axis (with eigenvalues greater than 1)
scores for each plot as synthetic variables for
each plot in Spearman correlations (PROC
COR, SAS Institute 1994) with the total basal
area of each shrub and dominant overstory
vegetation (Bloom and Mallik 2006). Eigen-
vectors of each PCA axis were considered
influential if they had values 6 0.150.
Canopy basal area components used in this
analysis included Acer rubrum, pooled basal
area from both Carya species, Liriodendron

tulipifera, Quercus species both individually
and with basal area pooled across species,
and Tsuga canadensis.

RESULTS
Vegetation Survey
Two of the three sites (ME and HE) had similar
overstories both in terms of species composi-
tion and distribution based on total basal
area (Table 1). With the exception of greater
total basal area in Acer rubrum and Tsuga

canadensis and, to a lesser extent, the nitrogen
fixing Robinia pseudoacacia, the distribution of
total basal area at ME and HE were very
similar. On the other hand, LE was located on
a lower slope and showed a much more
heterogeneous distribution that emphasized
drier site species such as Oxydendron arboreum,
Carya tomentosa (5alba), Quercus coccinea,
and Q. falcata on the upper transects. Howev-
er, due to a slightly more northerly aspect
than other sites, Liriodendron tulipifera was
present in greater abundance at LE compared
with ME and HE. In addition, Q. prinus and Q.

rubra had the highest basal area of all species
at ME and HE but were substantially less

Table 1. Total species basal area (m2/ha) calculated from 60 plots at each site. Values are for basal area at
breast height (1.3 m) except for Kalmia latifolia and Rhododendron maximum, which represent basal area
at ground level. Nomenclature follows Radford et al. (1964)

Species Basal Area (m2/ha) LE ME HE

Kalmia latifolia L. 9.956 2.399 2.799
Rhododendron maximum L. 5.140 6.051 3.840
Acer pensylvanicum L. 0.063 0.010 0
Acer rubrum L. 2.451 5.290 6.679
Amelanchier arborea (Michx. f.) Fernald 0.565 1.454 0
Betula lenta L. 0.299 1.183 0.291
Castanea dentata Sudworth 0 0.106 0.207
Carya glabra (Mill.) Sweet 1.308 2.152 3.314
Carya tomentosa (Lam.) Nutt. 1.963 0 0.123
Clethra acuminata Michx. 0 0.038 0
Cornus florida L. 0.233 0 0
Fagus grandifolia Ehrh. 0.341 0 0
Halesia carolina L. 0 0 0.103
Hamamelis virginiana L. 0.169 1.384 0.068
Ilex montana Torr & A. Gray 0 0.019 0.016
Liriodendron tulipifera L. 6.393 0 0
Magnolia acuminata L. 0.012 0 0
Magnolia fraseri Walter 0.155 0.033 0
Nyssa sylvatica Marshall 0.741 0.535 0.640
Oxydendrum arboreum (L.) DC. 2.326 1.523 0.066
Pinus strobus L. 0.012 0 0
Pyrularia pubera Michx. 0 0.019 0.023
Quercus alba L. 5.661 4.278 2.509
Quercus coccinea Münchh. 2.359 0 0
Quercus falcata Michx. 4.766 0 0.358
Quercus prinus L. 0.369 12.630 6.911
Quercus rubra L. 0.608 8.687 4.927
Quercus velutina Lam. 1.030 0.094 0
Rhododendron calendulaceum (Michx.) Torrey 0.011 0.339 0.308
Robinia pseudoacacia L. 0.126 0.471 1.250
Tsuga canadensis Carrière 0.187 0.140 5.832
Vaccinium constablaei A. Gray 0 0.069 0.016
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frequent at LE and contributed very little to
total basal area on that site. Total Rhododen-

dron maximum basal area among the three
sites was similar; however, Kalmia latifolia

basal area was highest at LE and similar
between ME and HE.

Forest Floor and Soil Properties—Site

Differences
Forest floor and soil properties differed con-
siderably among sites. The ME site had
significantly higher litter and humus mass
than LE or HE, as well as greater total nitrogen
and carbon in the litter and humus layers
(Table 2). Litter C:N ratios were significantly
lower at ME and HE than at LE, and humus
C:N ratio was significantly greater at ME
compared with HE (Table 2). Soil pH differed
significantly among sites; it was lowest at ME,

intermediate at HE and highest at LE. Certain
soil cation concentrations were significantly
highest (Mg, Fe), or tended to be highest (K) at
ME, but there was no consistent trend for soil
cation concentrations among sites (Table 3).

Principal Components Analysis and Correlation

Within Sites
In the organic soil layer at LE, principal
components analysis defined three axes that
accounted for 75% of the total variance
(Table 4). Axis 1 was associated with de-
creased values in five soil parameters (humus
N content, humus C content, litter C content,
litter N content and litter mass) and increased
humus mass. Axis 2 was associated primarily
with increased litter C:N, humus C:N, litter
mass and humus mass and decreased litter N
content. Axis 3 was associated with decreased

Table 2. Comparisons of forest floor properties among sites (LE: a low elevation cove site; ME: a mid-
elevation ridge; and HE: a high-elevation south-west facing slope). Means 6 1 SE are presented from 60 plots
per site. Site means within a property having different superscripts are significantly different (p , 0.05)

Characteristic LE ME HE

Litter mass (g/m2) 8,761 6 350b 13,418 6 530a 8,366 6 492b

Litter depth (cm) 5.8 6 0.2a 5.4 6 0.2a 4.7 6 0.2b

Humus mass (g/m2) 33,047 6 1,654b 45,536 6 2,825a 23,413 6 2,160c

Humus Depth (cm) 1.81 6 0.1b 4.6 6 0.3a 2.6 6 0.3b

Litter N (%) 1.1 6 0.0b 1.4 6 0.0a 1.4 6 0.0a

Litter N total (kg/ha) 98.9 6 3.9b 181.7 6 7.2a 112.8 6 6.0b

Litter C (%) 44.1 6 0.3b 48.5 6 0.2a 48.1 6 0.4a

Litter C total (kg/ha) 3,879.9 6 159.0b 6,518.3 6 265.0a 4,047.6 6 251.0b

Litter C:N 39.4 6 0.7a 36.3 6 0.7b 35.6 6 0.7b

Humus N (%) 0.8 6 0.0b 1.4 6 0.0a 1.3 6 0.0a

Humus N total (kg/ha) 268.0 6 14.6b 647.2 6 38.8a 333.7 6 34.4b

Humus C (%) 24.5 6 1.1a 42.3 6 0.8b 37.2 6 1.5c

Humus C total (kg/ha) 7,872.3 6 503.4b 19,602.8 6 1,427.6a 9,712.0 6 1,063.3b

Humus C:N 28.9 6 0.5ab 29.5 6 0.5a 27.7 6 0.5b

Table 3. Comparisons of soil properties among sites (LE: a low elevation cove site; ME: a mid-elevation
ridge; and HE: a high-elevation south-west facing slope). Means 6 1 SE are presented from 60 plots per site.
Site means within a property having different superscripts are significantly different (p , 0.05)

Characteristic LE ME HE

Soil depth (cm) 40.9 6 1.0a 29.2 6 1.2b 24.82 6 1.1c

Soil N (%) 0.1 6 0.0b 0.2 6 0.0a 0.2 6 0.0a

Soil C (%) 2.6 6 0.1c 4.0 6 0.3b 5.1 6 0.3a

pH 4.9 6 0.0a 4.7 6 0.0c 4.8 6 0.0b

Ca (mg/L) 50.5 6 2.1b 56.5 6 3.7ab 66.7 6 3.8a

Mg (mg/L) 18.2 6 0.7b 20.9 6 1.1a 16.4 6 0.6b

P (mg/L) 0.4 6 0.2a 0.3 6 0.1a 0.8 6 0.2a

K (mg/L) 20.8 6 0.7b 34.0 6 1.1a 30.8 6 1.2a

Mn (mg/L) 3.0 6 0.2b 1.8 6 0.4c 4.6 6 0.3a

Zn (mg/L) 0.8 6 0.0b 0.8 6 0.0b 0.9 6 0.0a

Fe (mg/L) 16.1 6 0.6c 28.4 6 1.5a 21.5 6 1.3b

Al (mg/L) 380.4 6 7.9b 693.5 6 19.4a 698.0 6 22.2a

Cu (mg/L) 1.1 6 0.0a 0.4 6 0.0b 0.3 6 0.0b

B (mg/L) 0.1 6 0.0a 0.1 6 0.0a 0.1 6 0.0a
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litter C:N and increased values in four organic
soil parameters (humus mass, humus C:N,
litter C:N and humus C content). Rhododen-

dron maximum basal area was negatively
correlated with axis 1 and positively correlat-
ed with axes 2 and 3 (Table 5). As R. maximum

basal area increased, so did litter mass, litter
C:N, humus mass and humus C:N. Acer

rubrum basal area was positively correlated
(rs 5 0.337, p 5 0.008) with axis 1 and
negatively correlated (rs 5 20.270, p 5 0.035)
with axis 2. Kalmia latifolia was not correlated
with any soil organic axis at LE.

At ME the three axes generated for the
organic soil accounted for 79.2% of the

variance (Table 4). Axis 1 was associated with
decreased values in five soil parameters (litter
C:N, humus C:N, humus mass, humus C
content and litter mass) and with increased
litter N content. Axis 2 was associated with
decreased values in five soil parameters
(humus N content, humus C content, litter
mass, litter C content and litter N content)
and increased litter and humus C:N. Axis 3
was associated with decreased humus N
content, litter C:N and humus C content and
with increased values in five soil parameters
(litter C content, humus mass, litter N con-
tent, litter mass and humus C:N). Rhododen-

dron maximum basal area was negatively

Table 4. Principal components analysis (PCA) axes generated from the organic soil layer components at
three sites in the southern Appalachian Mountains. PCA axes with eigenvalues , 1 are not included.
Eigenvectors for each soil component within each axis are presented. High magnitude eigenvector values
(60.150 or larger) for soil parameters indicate a strong influence on the PCA axis

Parameters

LE ME HE

PCA-1 PCA-2 PCA-3 PCA-1 PCA-2 PCA-3 PCA-1 PCA-2

Eigenvalue 2.62 2.19 1.20 3.21 1.86 1.23 3.94 1.48
Explained variance (%) 32.7 27.4 15.0 40.1 23.7 15.4 49.3 18.5
Cumulative variance

explained (%) 32.7 60.1 75.1 40.1 63.8 79.2 49.3 67.7
Litter mass 20.160 0.355 0.056 20.277 20.329 0.208 20.322 0.055
Litter N Content 20.242 20.537 0.304 0.463 20.196 0.389 20.300 20.581
Litter C Content 20.440 0.143 20.147 20.044 20.292 0.612 20.255 20.089
Litter C:N 20.007 0.614 20.322 20.486 0.170 20.238 20.389 0.468
Humus mass 0.270 0.187 0.610 20.373 0.081 0.453 20.394 0.105
Humus N content 20.567 20.040 20.020 0.005 20.665 20.326 20.336 20.516
Humus C content 20.570 0.096 0.211 20.338 20.517 20.155 20.433 20.350
Humus C:N 20.066 0.377 0.602 20.466 0.155 0.199 20.367 20.185

Table 5. Correlations between principal components axes (PCA) and basal area of Kalmia latifolia and
Rhododendron maximum at three sites (LE, ME, and HE) in the southern Appalachians. Spearman
correlation coefficient (rs) and p-values (p) are presented. Bold values are significant at the p , 0.05 level

Site/Vegetation

Organic Mineral

PCA-1 PCA-2 PCA-3 PCA-1 PCA-2 PCA-3

LE

Kalmia rs 5 0.04 0.02 0.21 0.15 20.02 0.13
p 5 0.76 0.86 0.11 0.25 0.90 0.33

Rhododendron rs 5 20.25 0.32 0.52 20.14 0.36 20.05
p 5 0.05 0.01 0.00 0.30 0.01 0.69

ME

Kalmia rs 5 0.04 20.19 0.14 0.05 20.18 20.33
p 5 0.76 0.14 0.30 0.71 0.16 0.01

Rhododendron rs 5 20.44 0.36 20.07 0.07 20.01 20.03
p 5 0.00 0.00 0.60 0.62 0.95 0.85

HE

Kalmia rs 5 0.36 20.11 N/A 0.10 20.34 20.16
p 5 0.01 0.42 0.45 0.01 0.22

Rhododendron rs 5 20.64 20.07 N/A 20.11 0.70 0.30
p 5 0.00 0.61 0.42 0.00 0.02
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correlated with axis 1 and positively correlat-
ed with axis 2 (Table 5). As R. maximum basal
area increased so did litter and humus mass,
litter and humus C:N, litter C and litter N
content while humus C and N contents
decreased. Acer rubrum was negatively (rs 5

20.367, p 5 0.004) and Carya spp. were
positively (rs 5 0.378, p 5 0.003) correlated
with axis 1, while L. tulipifera and Q. prinus

were both positively correlated with axis 2.
Kalmia latifolia was not correlated with any
soil organic axis at ME.

At HE there were only two axes generated
from the organic soil parameters accounting
for 67.7% of the total variance (Table 4). Axis
1 was associated with decreased values in all
organic soil parameters (humus C content,
humus mass, litter C:N, humus C:N, humus N
content, litter mass, litter N content, and litter
C content). Axis 2 was associated with
decreased values in four soil parameters (litter
N content, humus N content, humus C
content, humus C:N) and increased litter
C:N ratio. Kalmia latifolia basal area was
positively correlated with axis 1 while Rhodo-

dendron maximum basal area was negatively
correlated with axis 1. Carya spp. were
positively (rs 5 0.359, p 5 0.005) while T.

canadensis was negatively (rs 5 20.490, p ,

0.001) correlated with axis 1. No vegetation

component was correlated with axis 2 (Ta-
ble 5).

In the mineral soil data from LE, three PCA
axes accounted for 58.4% of the total vari-
ance (Table 6). Axis 1 was associated de-
creased soil N and C content and concentra-
tion of several soil cations (Zn, K, Al, B, Mn,
Fe, Ca and Mg), however, no shrub compo-
nent was correlated with this axis. Axis 2 was
associated with decreased soil pH and con-
centration of several soil cations (Ca, Mg, B
and Zn) and increased concentrations of other
soil cations (Cu, Al and Fe). This axis was
positively correlated with R. maximum basal
area suggesting that as basal area increased,
pH decreased with the associated changes in
soil cations. Quercus rubra was negatively (rs 5

20.350, p 5 0.007) correlated with axis 1 and
positively (rs 5 0.396, p 5 0.002) with axis 2.
Axis 3 was associated with decreased soil
depth, soil N, soil C content, Al and Cu
concentration and increased concentrations
of other cations (Fe, Mn, P, Zn and Mg). Axis 3
was not correlated with any plant compo-
nent. There was no relationship between K.

latifolia basal area and any PCA axis in the
mineral soil at LE.

At ME the three axes derived from the
mineral soil accounted for 66.9% of the total
variance (Table 6). Axis 1 was associated with

Table 6. Principal components analysis (PCA) axes generated from the mineral soil layer components at
three sites in the southern Appalachian Mountains. PCA axes with eigenvalues , 1 are not included.
Eigenvectors for each soil component within each axis are presented. High magnitude eigenvector values
(60.15 or larger) for soil parameters indicate a strong influence on the PCA axis

Parameters

LE ME HE

PCA-1 PCA-2 PCA-3 PCA-1 PCA-2 PCA-3 PCA-1 PCA-2 PCA-3

Eigenvalue 3.46 2.66 2.07 5.03 2.49 1.83 4.77 2.50 1.76
Explained variance

(%) 24.70 18.98 14.76 35.96 17.81 13.10 34.04 17.83 12.54
Cumulative variance

explained (%) 24.70 43.68 58.44 35.96 53.77 66.87 34.04 51.87 64.41
Soil Depth 20.02 20.02 20.37 0.10 0.01 20.26 20.04 20.13 0.16
pH 20.00 20.48 20.14 0.09 20.15 0.54 0.12 20.54 20.14
Ca 20.17 20.43 0.02 20.37 20.09 0.06 20.24 20.42 20.23
Mg 20.17 20.40 0.16 20.35 20.28 0.03 20.37 20.16 20.22
P 0.05 0.08 0.33 20.33 20.24 20.06 20.17 20.05 20.18
K 20.35 0.08 0.11 20.36 0.01 0.00 20.35 20.05 20.30
Mn 20.24 0.10 0.45 20.22 20.25 0.30 20.32 20.17 20.10
Zn 20.36 20.22 0.23 20.38 20.02 20.24 20.39 0.18 0.00
Fe 20.18 0.29 0.46 20.12 20.04 20.51 20.14 0.47 20.03
Al 20.34 0.30 20.19 0.00 0.52 0.23 0.07 0.09 0.18
Cu 20.09 0.31 20.17 20.04 20.43 0.22 20.20 20.22 0.58
B 20.30 20.27 0.06 20.17 0.24 0.33 20.22 20.23 0.58
Soil N content 20.44 0.08 20.29 20.35 0.35 0.00 20.35 0.23 0.10
Soil C content 20.44 0.07 20.29 20.34 0.36 0.09 20.37 0.19 0.05
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decreased soil N content, soil C content and
concentration of several soil cations (Zn, Ca,
K, Mg, P, Mn and B). However, this axis was
not correlated with any vegetation compo-
nent. Axis 2 was associated with increased
soil C content, soil N content, Al concentra-
tion and B concentration and decreased
concentrations of Cu, Mg, P and Mn. This
axis was not correlated to either shrub
component, but was negatively correlated
with L. tulipifera basal area (r2 5 20.344, p
5 0.007). Axis 3 was associated with de-
creased Fe concentration, Zn concentration
and soil depth and increased soil pH and
concentrations of B, Mn, Al and Cu. This axis
was negatively correlated with K. latifolia
basal area (Table 5).

The three axes from the mineral soil at HE
accounted for 64.4% of the total variance
(Table 6). Axis 1 was associated with de-
creased soil C and N content and concentra-
tions of several soil cations (Zn, Mg, K, Mn,
Ca, B and Cu) but was not correlated with any
vegetation component. Axis 2 was associated
with decreased soil pH and concentration of
several cations (Ca, B, Cu, Mn and Mg) and
increased Fe concentration, Zn concentration,
soil N content and C content. This axis was
positively correlated with R. maximum and
negatively correlated with K. latifolia (Table 5)
and Carya spp. basal area (rs 5 20.297, p 5

0.021). Axis 3 was associated with decreased
concentrations of K, Ca, Mg and P and
increased concentrations of B, Cu, Al and soil
depth. This axis was positively correlated with
R. maximum basal area (Table 5).

DISCUSSION The southern Appalachian
forest is dominated by broadleaved deciduous
trees, which can exert considerable influence
over the chemical and physical make up of
the forest floor (Zinke 1962, Challinor 1968,
Boerner and Koslowsky 1989, Boettcher and
Kalisz 1990, Pelletier et al. 1999). The effect of
evergreen understory shrub species on these
properties is less well understood. We expect-
ed litter and humus depth to increase and
that the quality of these forest floor compo-
nents would decrease with increasing shrub
basal area. Ericaceous evergreen shrubs are
known to have low-nutrient, recalcitrant litter
(Wurzburger and Hendrick 2007). Moreover,
we expected that these differences in litter and
humus would be associated with a lower soil
pH and depleted soil nutrient resources.

Results from the Principal Components
Analysis and correlation suggest that increas-
ing Rhododendron maximum basal area is
associated with increasing litter and humus
mass and C:N ratios at all sites, as predicted.
Rhododendron maximum basal area was asso-
ciated with decreasing litter N content at all
sites, but was variably associated with humus
N. At LE and HE, R. maximum basal area was
associated with increasing humus C and N
content, while at ME it was associated with
decreasing humus C and N. One might expect
humus C content and C:N to increase with
increasing inputs of R. maximum litter to the
forest floor. High phenolic compound concen-
tration in R. maximum litter may slow its
decomposition (Joanisse et al. 2007, Wurz-
burger and Hendrick 2007) and reduce rates
of nutrient mineralization (Straker 1996,
Northup et al. 1998), thus resulting in
accumulation of C and increase in C:N ratio
in the humus layer. Additionally, much of the
N in the humus layer may be bound in
recalcitrant organic compounds and unavail-
able to plants. The site discrepancy in this
relationship may be due to differences in
overstory species composition or microclimat-
ic variables that affect decomposition and
nutrient mineralization.

Kalmia latifolia basal area was not correlat-
ed with any organic forest floor component at
LE or ME, but was correlated with decreased
litter and humus mass and litter and humus
C:N ratios at HE. The opposite correlations of
R. maximum and K. latifolia at HE may be the
result of competition or niche partitioning
between the species. Generally, K. latifolia
occurs on drier, more well-drained sites than
R. maximum. Other vegetation components
were associated with organic soil PCA axes at
some sites, but these were not universal across
all sites and no discernable patterns were
observed for other species in our analyses.

The variation in organic soil properties with
increased R. maximum basal area illustrate the
effect that slow decomposition of recalcitrant
litter has on C accumulation. Much of the
litter beneath R. maximum retained large
quantities of C in recalcitrant forms raising
the C:N ratio of that layer compared with the
other understory vegetation conditions. Al-
though the sclerophyllous character of K.
latifolia litter is comparable with R. maximum
(Thomas and Grigal 1976), there tended to be
relatively less K. latifolia leaf litter on the forest
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floor on K. latifolia dominated sites. In con-
trast, the litter layer beneath R. maximum
consisted predominantly of R. maximum leaf
litter (pers. obs.). Because of this lower litter
accumulation, K. latifolia had less influence
on C and N pools in the forest floor than R.
maximum.

Rhododendron maximum basal area was
correlated with decreased soil pH, Ca and
Mg concentrations and increasing Al, Fe and
Cu concentrations at LE and HE. Kalmia
latifolia basal area was correlated with de-
creased soil pH and increased Fe concentra-
tions at ME and HE. Other vegetation com-
ponents that were associated with soil
properties included Quercus rubra associated
with increased soil C and N content at LE,
Liriodendron tulipifera associated with in-
creased soil pH and Ca and Mg concentration
with decreased Al, Fe and Cu concentrations
at LE, and Carya spp. associated with in-
creased soil pH and Ca concentration and
decreased Al concentration.

Soil chemical properties are known to vary
with microsites associated with the bases of
different tree species (Boerner and Koslowski
1989, Hobbie et al. 2006). Surface soil chem-
istry around tree bases of some species may
differ significantly from soils around other
tree species. This influence may extend away
from tree bases due of differences in chemistry
as well as volume of stemflow (Zinke 1962,
Gersper and Holowaychuk 1970, Crosier and
Boerner 1984), differential rates of root exu-
dates, or decay of leaf masses with different
nutrient concentrations or amounts of defen-
sive and structural compounds (e.g., tannins,
lignin). During sampling, we did not attempt
to avoid tree bases so that to some degree our
results may have been influenced by local
variation due to stemflow volume and chem-
istry. However, the influence of recalcitrant R.
maximum litter seems to override this influ-
ence in some locations. The strongest influ-
ence of R. maximum seemed to be in the
organic soil layer with increased amounts of
low quality litter and humus with increased R.
maximum basal area.

Our results, however, are correlative, which
begs the question: does R. maximum influence
forest floor properties or is the distribution
of R. maximum determined by specific forest
floor properties (acidic, low nutrient, large
amounts of low quality litter and humus)?
The distribution of R. maximum is generally in

low irradiance, moist areas (Lipscomb and
Nilsen 1990), commonly coves and riparian
areas in the southern Appalachians, al-
though its distribution can follow moist slopes
uphill. These coves can possess higher nutri-
ent availability than the uphill slopes due to
greater nitrogen mineralization (Knoepp and
Swank 1998) and nutrient transfer downhill.
While R. maximum is often found on low pH,
low fertility sites, we feel that water availability
is more important for determining R. maximum
distribution than soil fertility or forest floor
characteristics. Rhododendron maximum has
very narrow xylem vessels (Lipp and Nilsen
1997) with low hydraulic conductivity, which
will lead to high xylem tensions under high
evaporative demand making it prone to
summer drought-induced cavitation (Lipp
and Nilsen 1997, Cordero and Nilsen 2002).
This hydraulic limitation is likely more impor-
tant in determining R. maximum distribution
than soil fertility. Plants are easily grown in
soils with relatively higher nutrient availabil-
ity, as is done horticulturally. Additionally, the
expansive range of R. maximum in the south-
ern Appalachians crosses many soil series of
varying nutrient availability. Thus, we feel
that our findings support the conclusion that
R. maximum is affecting forest floor properties,
particularly in the organic layer.

Our study shows variation in forest floor
and surface soil chemical properties along
gradients of evergreen shrub basal area,
particularly R. maximum. However, the trends
differed somewhat at each site, so some of the
variation in soil and forest floor properties
observed in this study may have been due to
site differences. The strength of the associa-
tion between vegetation and forest floor and
soil characteristics may be dependent upon
the site forest management land-use history.
Time since disturbance and the nature of the
disturbance will influence the strength of the
vegetation signal in the forest floor and soil
resources. Forest floor resources are heteroge-
neous (Kleb and Wilson 1997), and that
heterogeneity is highest early in forest devel-
opment following disturbance (Guo et al.
2004). During succession to a mature stand,
the factors that created the initial heteroge-
neity are reduced. In mature forest stands, soil
resource heterogeneity is attributed to the
legacy of initial heterogeneity and the indi-
vidual influences of canopy trees and under-
story shrubs. For the most part, forest stands
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in the Coweeta basin (LE and ME) have been
unmanaged since around 1920 just prior to
the establishment of the Nantahala National
Forest. Therefore, forest floor and soil hetero-
geneity on our study sites may be a result of
the early disturbance plus 80 to 100 years of
vegetation influences. Over that time, the
forest has undergone major changes such as a
loss of Castanea dentata dominance, and an
increase in understory shrub density. Our
results indicate that understory evergreen
shrubs may influence forest floor resource
heterogeneity 100 years after disturbance in
mature forest stands.

Moreover, different species of shrubs will
have different effects on forest floor resource
heterogeneity. The mosaic of subcanopy
shrub distribution in a mature forest may be
an important factor regulating the spatial
variation of forest floor resources. There is
ample documentation that evergreen, erica-
ceous shrubs inhibit tree regeneration in the
southern Appalachian Mountains (Barden
1979, Phillips and Murdy 1985, Clinton et
al. 1994, Beckage et al. 2000, Lei et al. 2002,
Beckage and Clark 2003, Beckage et al. 2005,
Beier et al. 2005). Many researchers have
described the importance of these species
from a population dynamics perspective
(Bowers 1960; Day 1974; Hedman and Van
Lear 1994; Dobbs 1995, 1998). Instead, we
have attempted to demonstrate how these
understory shrubs may regulate cycling of key
elements through sequestration (Monk et al.
1985, Imm 1990) and transformation to
recalcitrant forms in the associated forest
floor. We have shown that these two impor-
tant evergreen shrubs influence to varying
degrees a variety of forest floor and soil
properties. In general, there is greater accu-
mulation of low quality litter and humus as
well as a reduction of soil pH and some
nutrients under R. maximum compared to
areas with K. latifolia or to areas with no
evergreen understory shrubs. The recalcitrant
nature of these forest floor layers result in
reduced quality, which may lead to lower
nutrient levels in the forest floor and soil. This
research is part of a larger study investigating
the mechanisms by which evergreen erica-
ceous understory shrubs inhibit tree regener-
ation in the southern Appalachian moun-
tains (Nilsen et al. 1999, Walker et al. 1999,
Nilsen et al. 2001, Lei et al. 2002, Beier et al.
2005). Greater accumulation of low quality

litter and humus may contribute to the lack of
successful recruitment of canopy tree seed-
lings underneath R. maximum.

The effects of R. maximum, and to a lesser
extent K. latifolia, on tree recruitment are
particularly relevant in light of the current
losses of Tsuga canadensis, a common associ-
ate of R. maximum, as a result of wooly adelgid
infestations (Ellison et al. 2005). On sites
where R. maximum density is high, recruit-
ment of T. canadensis or other species to
replace lost overstory species is substantially
diminished. The lack of recruitment has far-
reaching consequences for future ecological
structure and function in these areas.

ACKNOWLEDGMENTS This study was
funded under USDA-NRI grant # 99-35101-
7778. The authors would like to thank D.
DiStefano, B. Hacker, and I. Van Hoff for help
in data collection and the personnel of the
Coweeta Hydrologic Laboratory for facilitat-
ing the project. The authors would like to
thank several anonymous reviewers for com-
ments on earlier versions of this manuscript.

LITERATURE CITED
Barden, L.S. 1979. Tree replacement in small

canopy gaps of a Tsuga canadensis forest in
the southern Appalachians. Oecologia 44:
141–142.

Beckage, B. and J.S. Clark. 2003. Seedling
survival and growth of three forest tree
species: the role of spatial heterogeneity.
Ecology 84:1849–1861.

Beckage, B., J.S. Clark, B.D. Clinton, and B.L.
Haines. 2000. A long-term study of tree
seedling recruitment in southern Appala-
chian forests: the effects of canopy gaps and
shrub understories. Can. J. Forest Res.
30:1617–1631.

Beckage, B., M. Lavine, and J.S. Clark. 2005.
Survival of tree seedlings across space and
time: estimates from long-term count data.
J. Ecol. 93:1177–1184.

Beier, C.M., J.L. Horton, J.F. Walker, B.D.
Clinton, and E.T. Nilsen. 2005. Carbon
limitation leads to suppression of first year
oak seedlings beneath evergreen understory
shrubs in southern Appalachian hardwood
forests. Plant Ecol. 176:131–142.

Bloom, R.G. and A.U. Mallik. 2006. Relation-
ships between ericaceous vegetation and

2009 HORTON ET AL.: SOIL, FOREST FLOOR OF ERICACEOUS SHRUB COVER 349



soil nutrient status in a post-fire Kalmia

angustifolia-black spruce chronosequence.
Plant Soil 289:211–226.

Boerner, R.E. and S.D. Koslowsky. 1989.
Microsite variation in soil chemistry and
nitrogen mineralization in a beech-maple
forest. Soil Biol. Biochem. 21:795–801.

Boettcher, S.E. and P.J. Kalisz. 1990. Single-
tree influence on soil properties in the
mountains of eastern Kentucky. Ecology
7:1365–1372.

Bowers, C.G. 1960. Rhododendron and aza-
leas. 2nd ed. The McMillian Company, New
York, New York.

Challinor, D. 1968. Alteration of surface soil
characteristics by four tree species. Ecology
49:286–290.

Chapin, F.S., III. 1980. The mineral nutrition
of wild plants. Ann. Rev. Ecol. Syst.
11:233–260.

Chastain, R.A., W.S. Currie, and P.A. Town-
send. 2006. Carbon sequestration and nu-
trient cycling implications of the evergreen
understory layer in Appalachian forests.
For. Ecol. Manage. 231:63–77.

Clinton, B.D. and J.M. Vose. 1996. Effects of
Rhododendron maximum L. on Acer rubrum L.
seedling establishment. Castanea 61:38–45.

Clinton, B.D., L.R. Boring, and W.T. Swank.
1994. Regeneration patterns in canopy
gaps of mixed-oak forests of the southern
Appalachians: influences of topographic
position and evergreen understory. Amer.
Midl. Naturalist 132:308–319.

Cordero, R.A. and E.T. Nilsen. 2002. Effects of
summer drought and winter freezing on
stem hydraulic conductivity of Rhododen-

dron species from contrasting climates. Tree
Physiol. 22:919–928.

Crosier, C.R. and R.E.J. Boerner. 1984. Corre-
lations of understory herb distribution with
microhabitats under different tree species
in a mixed mesophytic forest. Oecologia
62:337–343.

Day, F.P. 1974. Primary production and nutri-
ent pools in the vegetation on a southern
Appalachian watershed. Ph.D. Dissertation,
University of Georgia, Athens, Georgia.

Day, F.P., Jr., D.L. Phillips, and C.D. Monk.
1988. Forest communities and patterns.

p. 141–149. In: Swank, W.T. and D.A.
Crossley, Jr. (eds.). Forest hydrology and
ecology at Coweeta. Ecological Studies,
Volume 66. Springer-Verlag, New York,
New York.

Dobbs, M.M. 1995. Spatial and temporal
distribution of the evergreen understory in
the southern Appalachians. M.S. thesis,
University of Georgia, Athens, Georgia.

Dobbs, M.M. 1998. Dynamics of the ever-
green understory at Coweeta Hydrologic
Laboratory, North Carolina. Ph.D. Disser-
tation, University of Georgia, Athens, Geor-
gia.

Elliott, K.J. and D. Hewitt. 1997. Forest species
diversity in upper elevation hardwood
forests in the southern Appalachians. Cas-
tanea 62:32–42.

Ellison, A.M., M.S. Bank, A.A. Barker-Plotkin,
B.D. Clinton, E.A. Colburn, K.J. Elliot, C.R.
Ford, D.R. Foster, S. Jefts, B.D. Kloeppel, J.D.
Knoepp, G.M. Lovett, B. Mathewson, R.
McDonald, J. Mohan, D.A. Orwig, N.L.
Rodenhouse, W.V. Sobezak, K.A. Stinson,
P. Snow, J.K. Stone, C.M. Swan, J. Thomp-
son, B. Von Holle, and J.R. Webster. 2005.
Loss of foundation species: consequences for
the structure and dynamics of forested
ecosystems. Frontiers in Ecology and the
Environment 3:479–486.

Gersper, P.L. and N. Holowaychuk. 1970.
Some effects of stemflow from forest canopy
trees on chemical properties of soils. Ecolo-
gy 52:691–702.

Gilliam, F.S., N.L. Lyttle, A. Thomas, and M.B.
Adams. 2005. Soil variability along a
nitrogen mineralization and nitrification
gradient in a nitrogen-saturated hardwood
forest. Soil Science Soc. Amer. J. 69:247–256.

Gou, D.L., P. Mou, R.H. Jones, and R.J.
Mitchell. 2004. Spatio-temporal patterns of
soil available nutrients following experi-
mental disturbance in a pine forest. Oeco-
logia 138:613–621.

Hedman, C.W. and D.H. Van Lear. 1994.
Vegetative structure and composition of
southern Appalachian riparian forests.
Bull. Torrey Bot. Club 122:134–144.

Hobbie, S.E., P.B. Reich, J. Oleksyn, M.
Ogdahl, R. Zytkowiak, C. Hale, and P.
Karolewski. 2006. Tree species effects on

350 CASTANEA VOL. 74



decomposition and forest floor dynamics in
a common garden. Ecology 87:2288–2297.

Imm, D.W. 1990. Seasonal and annual
differences in net primary production,
growth, and nutrient use between evergreen
and deciduous trees of the Appalachians
following nitrogen and phosphorous
amendments. Ph.D. Dissertation, Universi-
ty of Georgia, Athens, Georgia.

Joanisse, G.D., R.L. Bradley, C.M. Preston, and
A.D. Munson. 2007. Soil enzyme inhibition
by condensed litter tannins may drive
ecosystem structure and process: the case
of Kalmia angustifolia. New Phytol. 175:
535–546.

Kleb, H.R. and S.D. Wilson. 1997. Vegetation
effects on soil resource heterogeneity in
prairie and forest. Amer. Naturalist 150:
283–298.

Knoepp, J.D. and W.T. Swank. 1998. Rates of
nitrogen mineralization across an elevation
and vegetation gradient in the southern
Appalachians. Plant Soil 204:235–241.

Lei, T.T., E.T. Nilsen, and S.W. Semones. 2006.
Light environment under Rhododendron

maximum thickets and estimated carbon
gain of regenerating forest tree seedlings.
Plant Ecol. 184:143–156.

Lei, T.T., S.W. Semones, J.F. Walker, B.D.
Clinton, and E.T. Nilsen. 2002. Effects of
Rhododendron maximum thickets on tree
seed dispersal, seedling morphology, and
survivorship. Intl. J. Plant Sci. 163:
991–1000.

Lipp, C.C. and E.T. Nilsen. 1997. The impact
of subcanopy light environment on the
hydraulic vulnerability of Rhododendron

maximum to freeze-thaw cycles and
drought. Plant Cell Environ. 20:1264–
1272.

Lipscomb, M.V. and E.T. Nilsen. 1990. Envi-
ronmental and physiological factors influ-
encing the natural distribution of evergreen
and deciduous ericaceous shrubs on north-
east- and southwest-facing slopes of the
southern Appalachian mountains. II. Wa-
ter Relations. Amer. J. Bot. 77:517–526.

McCune, B. and M.J. Medford. 1999. Multi-
variate analysis of ecological data, version
4.34. MjM Software Design, Gleneden
Beach, Oregon.

McGinty, D.T. 1976. Comparative root and
soil dynamics on a white pine watershed
and in the hardwood forest in the Coweeta
basin. Ph.D. Dissertation, University of
Georgia, Athens, Georgia.

Monk, C.D., D.T. McGinty, and F.P. Day, Jr.
1985. The ecological importance of Kalmia
latifolia and Rhododendron maximum in the
deciduous forest of the southern Appala-
chians. Bull. Torrey Bot. Club. 112:187–
193.

Nilsen, E.T., B.D. Clinton, T.T. Lei, O.K. Miller,
S.W. Semones, and J.F. Walker. 2001. Does
Rhododendron maximum L. (Ericaceae) re-
duce the availability of resources above and
belowground for canopy tree seedlings?
Amer. Midl. Naturalist 145:325–343.

Nilsen, E.T., J.F. Walker, O.K. Miller, S.W.
Semones, T.T. Lei, and B.D. Clinton. 1999.
Inhibition of seedling survival under Rho-
dodendron maximum (Ericaceae): could alle-
lopathy be a cause? Amer. J. Bot. 86:
1597–1605.

Nilsson, M.-C. and D.A. Wardle. 2005. Un-
derstory vegetation as a forest ecosystem
driver: evidence from the northern Swedish
boreal forest. Frontiers in Ecology and the
Environment 3:421–428.

Northup, R.R., R.A. Dahlgren, and J.G.
McColl. 1998. Polyphenols as regulators of
plant-litter-soil interactions in northern
California’s pygmy forest: a positive feed-
back? Biogeochemistry 42:239–257.

Pelletier, B., J.W. Fyles, and Dutilleul P. 1999.
Tree species control and spatial structure of
forest floor properties in a mixed-species
stand. Ecoscience 6:79–91.

Peterson, T.A., W.C. Mueller, and L. Englan-
der. 1980. Anatomy and ultrastructure of a
Rhododendron root-fungus Clavaria associa-
tion. Can. J. Bot. 58:2421–2433.

Phillips, D.L. and W.H. Murdy. 1985. Effects of
rhododendron (Rhododendron maximum L.)
on regeneration of southern Appalachian
hardwoods. Forest Sci. 31:226–233.

Radford, A.E., H.E. Ahles, and C.R. Bell. 1964.
Manual of the vascular flora of North
Carolina. The University of North Carolina
Press, Chapel Hill, North Carolina.

SAS, Institute, Inc. 1994. Users guide: Statis-
tics. SAS Institute, Cary, North Carolina.

2009 HORTON ET AL.: SOIL, FOREST FLOOR OF ERICACEOUS SHRUB COVER 351



Straker, C.J. 1996. Ericoid mycorrhizae: ecologi-
cal and host specificity. Mycorrhiza 6:215–225.

Swank, W.T. and D.A. Crossley. 1988. Forest
hydrology and ecology at Coweeta. Ecolog-
ical Studies, Volume 66. Springer-Verlag,
New York, New York.

Swank, W.T. and W.J. Culpepper. 1992.
Ecosystem management project. Wine
Spring Creek, United States Forest Service,
Wayah Ranger District, Nantahala Nation-
al Forest, Franklin, North Carolina.

Thomas, W.R. and D.F. Grigal. 1976. Phos-
phorus conservation by evergreenness of
mountain laurel. Oikos 27:19–26.

Tilman, D. 1982. Resource competition and
community structure. Princeton University
Press, Princeton, New Jersey.

United States Department of Agriculture.
2007. Web Soil Survey. Macon County.
http://websoilsurvey.nrcs.usda.gov/app/.

Vance, G.F., D.L. Mokma, and S.A. Boyd.
1986. Phenolic compounds in soils of

hydrosequences and developmental se-
quences of Spodosols. Soil Sci. Soc. Amer.
J. 50:992–996.

Walker, J.F., O.K. Miller, T.T. Lei, S.W.
Semones, E.T. Nilsen, and B.D. Clinton.
1999. Suppression of ectomycorrhizae on
canopy tree seedlings in Rhododendron
maximum L. (Ericaceae) thickets in the
southern Appalachians. Mycorrhiza 9:
49–56.

Wurzburger, N. and R.L. Hendrick. 2007.
Rhododendron thickets alter N cycling and
soil extracellular enzyme activities in south-
ern Appalachian hardwood forests. Pedo-
biologia 50:563–576.

Yang, H.-R. and S.-X. Wang. 1978. Chemical
studies of Rhododendron habanshanense I.
The isolation and identification of four
phenolic compounds. Acta Bot. Sin. 20:
355–359.

Zinke, P.J. 1962. The patterns of influence of
individual forest trees on soil properties.
Ecology 43:130–133.

352 CASTANEA VOL. 74


