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ABSTRACT: The density and volume of riparian and in-stream large woody debris (LWD) is hypoth-
esized to be a function of forest disturbance and developmental processes. However, these relationships 
are poorly understood for many forest types, including hardwood forests of the southern Appalachian 
Highlands. We analyzed patterns of riparian and in-stream LWD in hardwood stands across three es-
tablishment classes (pre-1900s, 1930s, and 1950s) on the Cumberland Plateau to elucidate the relation-
ships between forest development and LWD patterns. The stands were dominated by Fagus grandifolia, 
Quercus alba, and Lirodendron tulipifera. Density and volume of riparian LWD did not differ across 
the chronosequence. Density of riparian LWD ranged from 367 (1950s) to 407 (1930s) pieces ha-1 and 
volume ranged from 142.0 (pre-1900s) to 187.1 (1930s) m3 ha-1. Likewise, mean density and volume 
of in-stream LWD did not differ across the chronosequence. Density of in-stream LWD ranged from 
20 pieces 100 m-1 (pre-1900s and 1950s) to 28 pieces 100 m-1 (1930s) and volume ranged from 4.8 m3 
(1950s) to 8.3 m3 100 m-1 (1930s). We documented significantly greater volume of in-stream LWD in 
the stabilizing or armoring banks function class in the 1950s establishment class, but no other systematic 
differences. Based on species composition and size, we speculate that riparian LWD largely originated 
from trees that grew outside the riparian zone and were transported down slope. In contrast, in-stream 
LWD inputs were linked directly to the adjacent riparian zones.

Index terms: Appalachian, forest disturbance, forest structure, riparian, streams, woody debris

INTRODUCTION

Large woody debris (LWD), defined as 
dead standing or downed wood, is structur-
ally and functionally important in riparian 
and in-stream ecosystems (Harmon et al. 
1986; Spies et al. 1988; Bilby and Ward 
1991). Riparian LWD provides habitat for a 
variety of fauna and serves as germination 
sites for many vascular plants, bryophytes, 
and fungi (Harmon et al. 1986; Bragg and 
Kershner 1999; McGee et al. 1999; Webster 
and Jenkins 2005). In-stream LWD (i.e., 
dead wood positioned within bankfull 
margins) may control sediment movement, 
dissipate stream energy, and serve as sub-
strate for aquatic activity (Hedman et al. 
1996; Naiman and Decamps 1997; McGee 
et al. 1999; Powell et al. 2009; Bendix 
and Cowell 2010; Jones et al. 2011). As 
such, density, volume, and composition of 
LWD can be strong controls of riparian and 
aquatic habitat quality, nutrient cycling, and 
geomorphological processes (Harmon et al. 
1986; Bilby and Ward 1991; Spetich et al. 
1999; Bendix and Cowell 2010).

LWD is created by endogenous and ex-
ogenous disturbance events that kill trees 
or parts of them and deposit wood on the 
forest floor or in streams. Although the 
disturbance mechanisms vary, wind is 
the most common disturbance agent that 
generates LWD in temperate deciduous 
forests of the eastern United States (White 
1979; Lormier 1980; Runkle 1985; Busing 
et al. 2009). Density and volume of LWD 

are hypothesized to be linked to forest 
developmental processes. When density 
and volume of LWD have been plotted 
over the course of long-term forest develop-
ment (i.e., from stand initiation to complex 
stages), the frequency distributions have 
typically been shown to exhibit a parabola 
(Harmon et al. 1986; Spies et al. 1988; 
Bormann and Likens 1994; Sturtevant et 
al. 1997).

The parabola distribution pattern has 
been explained by forest disturbance and 
developmental processes. LWD loading 
at stand initiation (i.e., immediately fol-
lowing a catastrophic disturbance) is high 
with LWD originating as carryover from 
the pre-disturbance period combined with 
debris generated during the stand initiat-
ing disturbance event. With time since the 
catastrophic disturbance, LWD gradually 
declines in abundance and volume as the 
material decays and little is added to the 
system. The rising arm of the parabola cor-
responds to stand maturation. LWD should 
increase when stands develop to the point 
when overstory and midstory tree mortal-
ity increases as a result of self-thinning 
and exogenous disturbance (Harmon et al. 
1986; Spies et al. 1988; Sturtevant et al. 
1997; Hély et al. 2000; Brassard and Chen 
2008). Indeed, LWD is commonly cited as 
a characteristic of old-growth conditions of 
temperate deciduous forests (Martin 1992; 
Tyrrell et al. 1998). However, patterns of 
abundance and total volume of riparian 
and in-stream LWD have rarely been ana-
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lyzed over relatively fine temporal scales 
(i.e., short periods of stand development). 
Specifically, riparian and in-stream LWD 
loadings have not been analyzed across a 
chronosequence of stands representing the 
stages of development that characterize 
general forest conditions of the eastern 
U.S. Anthropogenic forest clearing in the 
region peaked in the early-1900s, resulting 
in large expanses of even-aged secondary 
stands (Whitney 1994; Dyer 2006). Thus, 
the region’s forests are largely character-
ized as developing secondary stands that 
established between ca. 1900 and the 
1950s. Furthermore, relatively few ripar-
ian and in-stream LWD studies have been 
conducted in the southern Appalachian 
Highlands and no such studies have been 
conducted on the southern Cumberland 
Plateau. These data are required to improve 
our understanding of the relationships 
between forest development and ripar-
ian and in-stream LWD in this region. 
Empirical data on LWD loadings are also 
important for forest management as LWD 
is increasingly being considered in forest 
management plans and LWD enhance-
ment is becoming a common practice in 
forested stream ecosystems (Hilderbrand 
et al. 1997; Larson et al. 2001; Benda et 
al. 2002).

The overarching goals of our study were 
to characterize patterns of riparian and 
in-stream LWD across a chronosequence 
of southern Appalachian hardwood stands. 
Our specific objectives were to: (1) quantify 
live tree species composition and stand 
structure of riparian zones; (2) document 
the density, volume, composition, and de-
cay class of riparian LWD; and (3) quantify 
the abundance, volume, size, decay class, 
position class, and function class of in-
stream LWD across the chronosequence 
to examine these variables in the context 
of stand development.

METHODS

Study Area

Our study was conducted in the Sipsey 
Wilderness on the Bankhead National 
Forest in Alabama (Figure 1). The Sipsey 
Wilderness was established in 1975 and 

expanded in 1988 to its current size of 
10,085 ha. The Sipsey Wilderness occurs 
on the Cumberland Plateau section of 
the Appalachian Plateaus physiographic 
province (Fenneman 1938). The geol-
ogy of this region primarily consists of 
the Pennsylvanian Pottsville formation 
characterized by thick-bedded to pebbly 
quartzose sandstone with variable amounts 
of interstratified shale, siltstone, and thin 
discontinuous coal (Szabo et al. 1988). 
The landscape is dissected to the point 
that it no longer resembles a true plateau. 
The topography is characterized by narrow 
ridges and valleys, extensive hills, and steep 
slopes (USDA SCS 1959; Smalley 1979). 
Soils are generally acidic, well drained, and 
shallow (USDA SCS 1959). The Sipsey 
Wilderness is drained by the Sipsey Fork 
of the Black Warrior River.

The climate of the region is classified 
as humid mesothermal with short, mild 
winters and long, hot summers (Thorn-
thwaite 1948). Mean annual temperature 
is 16 °C and the January and July means 
are 5 °C and 26 °C, respectively. The 
frost-free period extends from late-March 
to early-November and is ca. 220 days 
(Smalley 1979). Precipitation is evenly 
distributed throughout the year. Mean an-
nual precipitation is 139 cm and monthly 
mean precipitation for January is 13.5 
cm and July is 11.3 cm (PRISM Climate 
Group 2011). Winter precipitation typically 
consists of low intensity events that result 
from frontal lifting. Summer precipitation 
can be more intense (sometimes accompa-
nied by lightning) and result from extreme 
low pressure centers and convective lifting 
(Smalley 1979).

According to Braun’s (1950) classification 
system, the Sipsey Wilderness occurs in 
a transitional zone between the Quercus-
Pinus Forest to the south and the Mixed 
Mesophytic Forest to the north. Species 
composition on the Cumberland Plateau 
is largely driven by topographic charac-
teristics and factors related to soil water 
availability (e.g. stone cover and soil depth; 
Hinkle 1989). The Cumberland Plateau 
is noted for high gamma diversity, and 
forests may contain over 30 tree species 
with potential to occupy positions in the 
main forest canopy (Hinkle et al. 1993). 

In a gradient analysis study, Zhang et al. 
(1999) documented 14 distinct ecological 
community types in the Sipsey Wilder-
ness. Quercus was the most abundant 
and widespread genus and it occurred in 
almost every community type. Environ-
mental gradients in this region are quite 
steep. Ridges and upper slope positions 
are often dominated by Pinus taeda and 
Pinus echinata Mill. Over a distance of 
less than 100 m down slope, stands may 
transition to support a stronger component 
of hardwood species (Zhang et al. 1999). 
Middle and lower slope positions may sup-
port mesic hardwood stands that include 
Fagus grandifolia, Liriodendron tulipifera, 
and Magnolia macrophylla (Hardin and 
Lewis 1980; Martin 1992; Zhang et al. 
1999; Richards and Hart 2011). Such steep 
environmental gradients are common on the 
southern Cumberland Plateau and adjacent 
Interior Low Plateau. Richards and Hart 
(2011) analyzed disturbance processes 
in slope forests of the Sipsey Wilderness 
and concluded that the disturbance regime 
was characterized by gap-scale events that 
modified local environmental conditions.

Pairing Sites

To document differences in composition, 
density, and volume of LWD across a chro-
nosequence of establishment classes, we 
paired sites to eliminate factors unrelated 
to stand age. Previous studies have paired 
potential research sites in a GIS environ-
ment and this method is credited with in-
creasing objectivity, isolating confounding 
influences, and decreasing error variance 
(Young et al. 2002; Collier et al. 2007; 
Roberts et al. 2009). To select our study 
stands, we first created a map in ArcGIS 
v. 9 from USDA Forest Service georef-
erenced, stand-level data that contained 
information on species composition and 
establishment age. The map was queried 
and potential study sites were graphically 
displayed. We then used a combination of 
historical and contemporary aerial pho-
tographs, personal communication with 
USDA Forest Service staff, and field recon-
naissance to select our study stands. Using 
this information, we subjectively selected 
stands (n = 3, one per age class) that: (1) 
were dominated by Quercus alba to ensure 
similar species composition across treat-



Volume 34 (1), 2014 Natural Areas Journal 67 

ments and to represent conditions typical 
of the broader region; (2) represented three 
distinct establishment classes (pre-1900s, 
1930s, and 1950s) to analyze LWD along 
a chronosequence; (3) were drained by 
second order streams because streams of 
that size are most common in the Sipsey 

Wilderness and the ratio of LWD length 
to stream width and the recruitment into 
these size streams was of particular interest; 
and (4) occurred in watersheds with similar 
morphometry, in particular similar drain-
age areas (drainage area of the selected 
watersheds ranged from 41.3 to 49.6 ha).

Field Methods

Once we determined the stands to be 
studied, we established 10 sampling sites 
in each establishment class. Each sampling 
site contained two 10-m x 30-m riparian 
plots and a 30-m in-stream reach. At each 

Figure 1. Map of Sipsey Wilderness, Alabama. White area is the Sipsey Wilderness, thin lines are 30 m contour intervals, heavy gray lines are streams, and 
heavy dark double lines are roads. Shaded portion on Alabama inset map is the Cumberland Plateau physiographic section.
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of the sites, we established two plots on 
opposite sides of the stream (two riparian 
plots for each stream reach, 10 reaches for 
each establishment class for a total of 20 
riparian plots age class-1). To capture the 
interface between the riparian zone and the 
stream, we established our riparian plots 
to correspond to the stream channel. We 
ran a 30-m tape along the stream bank and 
used survey pins to mark the stream bank 
shape. We then used a digital hypsometer 
with transponder to measure 10-m upslope 
of the 30-m baseline along the stream 
margin. We used a sighting compass to 
ensure that the shape of the stream was 
correctly accounted for in the riparian 
zone plot making each plot exactly 300 
m2. Riparian zones typically extend 10-m 
to 20-m from the stream bank (Clinton et 
al. 2010). Beyond this distance, forests 
become less coupled to stream ecosystems 
and, in our study area, may transition to 

a more upland forest type. By using this 
sampling technique, we avoided simply 
establishing rectangular plots that did not 
correspond to the interface of the terrestrial 
and aquatic environments.

On each of the 60 riparian plots we mea-
sured species, diameter at breast height 
(dbh), and classified crown class as 
dominant, co-dominant, intermediate, or 
overtopped based on the amount and direc-
tion of intercepted light (Oliver and Larson 
1996) for all living trees  5 cm dbh. For 
snags  5 cm dbh we documented species 
to the lowest taxonomic level possible, dbh, 
height, and decay class (Table 1). For all 
downed logs ≥ 5 cm diameter and ≥ 1 m 
length, we recorded species to the lowest 
taxonomic level possible, diameter, length, 
and decay class. We quantified live trees 
to characterize composition and structure 
of the riparian zone for each establish-

ment class and across all age categories to 
determine general forest-level conditions. 
The riparian stands were assessed using 
standard descriptors of density, basal area, 
and mean tree diameter. Snag characteris-
tics were quantified to examine how stand 
dynamics influenced LWD patterns because 
that material would become LWD.

Each piece of LWD was placed into a decay 
category to test for differences in LWD 
composition across the chronosequence. 
For LWD with root plates, we measured 
dbh and total length to calculate volume 
using species-specific allometric equations 
(Honer 1967). For LWD segments without 
an identifiable root plate, we measured 
total length and diameter at both ends and 
used the equation for a conical paraboloid 
to calculate volume (Fraver et al. 2007). If 
the segment of LWD was too decayed to 
accurately measure both ends, we measured 

Table 1. Descriptions of position, decay, and function classes used to characterize LWD (adapted from Jones and Daniels 2008).
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diameter in the middle and length and 
calculated volume using Huber’s formula 
(Fraver et al. 2007). After volume was cal-
culated for all riparian LWD, we examined 
the volume by species and decay class.

We surveyed the in-stream LWD (LWD 
within bankfull margins) in the 30-m 
reaches established for the riparian plots 
as stated above. We measured in-stream 
LWD with the same size parameters as 
the riparian zone LWD. For each piece 
of LWD, we measured length, diameter, 
decay class, position class, and function 
class (Table 1). The description of each 
class was adapted from Jones and Daniels 
(2008) and each piece of LWD could serve 
multiple functions. Assigning position and 
function classes were important to examine 
the composition and structural importance 
of in-stream LWD. We collected multiple 
bankfull width and stream depth measure-
ments of the sampled stream reaches to 
test for differences in stream width and 
to standardize the in-stream values for 
comparative purposes.

Data Analysis

To test for significant differences in the 
number of trees, mean dbh, density of 
LWD, volume of LWD, and volume of 
LWD in the different decay classes across 
the chronosequence, we used one-way 
ANOVA. We visually assessed that the data 
were normally distributed and Levene tests 
were used to measure variances. A Tukey 
post-hoc test was used when comparing 
across the establishment classes (n = 60). 
The same statistical analysis was also 
completed for the density and volume of in-
stream LWD and the volume of in-stream 
LWD in the different decay, position, and 
function classes (n = 30). Since LWD 
pieces created a riffle and/or pool (Function 
II) and held back organic matter (Function 
III), we combined function classes II and 
III, henceforth referred to as Function II/III. 
To test for differences in the volume and 
length of individual riparian and in-stream 
LWD pieces across the chronosequence, 
we used ANOVA with a Scheffe post-hoc 
test. In addition, we used ANOVA to test 
for systematic differences in mean bankfull 
widths across the establishment classes. 

All statistical tests were performed using 
SAS v. 9.1 and statistical significance for 
all tests was set at P < 0.05.

RESULTS

Riparian Live Trees

The pre-1900 establishment class was 
dominated by F. grandifolia, L. tulipifera, 
Acer rubrum, and Q. alba (Table 2). Spe-
cies richness of stems ≥ 5 cm dbh was 
22 and the most abundant species in this 
establishment class were F. grandifolia 
and L. tulipifera. The 1930s establishment 
class was dominated by F. grandifolia and 
Q. alba and notably did not contain any P. 
taeda (Table 3). Fagus grandifolia and Q. 
alba were also the most abundant species in 
this class and species richness was 26. The 
1950s establishment class was dominated 
by Q. alba, Liquidambar styraciflua, and 
Carya alba (Table 4). The most commonly 
encountered species in this establishment 
class were F. grandifolia, M. macrophylla, 
A. rubrum, and Q. alba and species rich-
ness was 25. Mean live tree density ha-1 
ranged from 490 stems for the pre-1900s 
class to 630 stems for the 1950s class 
and at the plot-level did not significantly 
differ across the chronosequence. Mean 
tree diameter did not differ across the 
chronosequence. Basal area was 29.55 m2 
ha-1 for the pre-1900s class, 17.80 m2 ha-1 
for the 1930s class, and 21.55 m2 ha-1 for 
the 1950s class. Crown class distributions 
were similar across the three classes (Fig-
ure 2). However, the 1950s establishment 
class had a relatively high number of stems 
with intermediate crown positions and the 
ratio of codominant to dominant trees was 
different compared to the 1930s and pre-
1900s establishment classes.

Riparian Snags

We found no significant differences in 
the mean number of snags per plot (300 
m2). Riparian snag density per plot ranged 
from a high of 0.95 ± 0.25 SE in the 1950s 
establishment class to a low of 0.50 ± 0.14 
SE in the 1930s establishment class (Table 
5). However, the highest mean volume of 
snags occurred in the pre-1900 establish-

ment class with 0.07 m3 plot-1 ± 0.03 SE 
(Table 5). The volume of snags was lowest 
in the 1930s establishment class with 0.02 
m3 plot-1 ± 0.01 SE. Across all ages, the 
mean number of snags was 0.68 ± 0.11 SE 
and the mean volume of snags was 0.04 
m3 ± 0.01 SE. At the hectare level snag 
density for the pre-1900s, 1930s, and 1950s 
establishment classes was 20, 17, and 32 
with corresponding total volumes of 2.20 
m3, 1.18 m3, and 0.79 m3, respectively.

Riparian LWD

The mean density and volume of LWD 
across the chronosequence did not dif-
fer significantly (Table 5). The mean 
frequency of LWD across establishment 
classes ranged from 10.90 ± 1.03 SE 
(1950s) to 12.20 plot-1 ± 1.86 SE (1930s) 
and mean LWD volume ranged from 4.26 
m3 ± 0.60 SE (1900s) to 5.62 m3 plot-1 ± 
1.17 SE (1930s). The frequency of LWD 
pieces in the pre-1900, 1930s, and 1950s 
establishment classes was 375, 407, and 
367 ha-1, respectively, and LWD volume 
of these classes was 141.97 m3 ha-1 ± 0.04 
SE, 187.05 m3 ha-1 ± 0.04 SE, and 173.77 
m3 ha-1 ± 0.05 SE, respectively. When 
the individual establishment classes were 
combined to examine forest-scale LWD 
patterns, the mean number of logs was 
382.78 ha-1 ± 7.3 SE and the volume of 
logs was 167.63 m3 ha-1 ± 0.02 SE.

The ratio of live trees to logs was similar 
across the forest establishment classes. For 
the pre-1900 establishment class, it was 
1.30:1. For the 1930s and 1950s estab-
lishment class, it was 1.38:1 and 1.72:1, 
respectively. The mean volume and mean 
length of individual logs did not differ sig-
nificantly across the establishment classes 
(Table 5). When examining LWD at the log 
level, the mean volume (m3) of individual 
LWD pieces ranged from 0.38 m3 ± 0.07 SE 
(pre-1900 establishment class) to 0.47 m3 ± 
0.08 SE (1950s establishment class). The 
mean length of individual logs ranged from 
3.70 m ± 0.19 SE (1900s establishment 
class) to 4.28 m ± 0.22 SE (1950s establish-
ment class). The mean volume of logs in 
each decay category did not significantly 
differ across the establishment classes. At 
the plot level, the highest mean volume 
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of decay class I and IV was in the 1930s 
establishment class. The greatest volume 
of riparian logs was in decay classes II 
and III. More than half of the LWD pieces 
for each establishment class could not be 
taxonomically identified with confidence 
(Table 6). For each establishment class, 
P. taeda constituted the greatest volume 
of identified pieces.

In-stream LWD

In-stream LWD density and volume did 
not differ across the establishment classes 
at the plot level (i.e., within the bankfull 
margins of the 30-m transects) (Table 7). 
The highest mean volume of in-stream 
LWD occurred in the 1930s establishment 

class (2.50 m3 ± 0.72 SE). The pre-1900 
stream reaches had a mean LWD density 
of 6.00 ± 1.24 SE plot-1 and a mean LWD 
volume of 2.24 m3 ± 0.72 SE. In the 1950s 
establishment class, mean LWD density 
was 6.00 ± 0.87 SE and mean volume 
was 1.45 m3 plot-1 ± 0.45 SE. The mean 
length of individual in-stream LWD pieces 
was not significantly different and ranged 
from 2.79 m ± 0.18 SE (1930s) to 2.20 
m ± 0.15 (1950s). The mean volume at 
the plot level ranged from 0.24 m3 ± 0.09 
(1950s establishment class) to 0.37 m3 ± 
0.15 (pre-1900 establishment class). We 
found no significant difference in the vol-
ume of in-stream LWD across the decay or 
position classes (Table 8). We documented 
significantly greater volume of LWD in the 

function class I in the 1950s establishment 
class, but no other systematic differences 
were noted. The mean length of individual 
in-stream LWD pieces was not significantly 
different and ranged from 2.79 m ± 0.18 
to 2.20 m ± 0.15 (Table 7). For the 30 
sampled stream reaches, the mean bankfull 
width was 3.23 m ± 0.23. The frequency 
of LWD 100 m-1 of stream was highest in 
the 1930s establishment class with 27.76 
LWD pieces ± 4.08 SE. The total volume 
(m3 m-1) of in-stream LWD was highest 
in the 1930s age class with 0.08 m3 m-1 ± 
0.02. Although the frequency was the same 
in the pre-1900 and 1950s establishment 
classes, the volume was higher in the 1950s 
class (0.075 m3 m-1 ± 0.02 compared to 
0.05 m3 m-1 ± 0.02). The total in-stream 

Table 2. Density and dominance measures for all live stems ≥ 5 cm dbh in riparian zones of a stand that established prior to 1900 on the Sipsey Wilder-
ness, Alabama.
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volume, which takes into account stream 
width and depth, was highest in the pre-
1900 establishment class (0.050 m3 m-2 ± 
0.02) and lowest in the 1950s establish-
ment class (0.02 m3 m-2 ± 0.01), but these 
differences were not systematic across 
the establishment classes. The highest 
frequency and volume of in-stream LWD 
occurred in decay class II/III. The lowest 
frequency and volume of LWD occurred 
in the buried position class. We found no 
systematic differences in the mean length 
of logs across the chronosequence in the 
decay, position, or function classes. We 

were unable to compare in-stream LWD 
by species because the vast majority of 
logs were too decayed to be taxonomically 
identified with confidence.

DISCUSSION

Live Trees and Snags in Riparian 
Zones

Although basal area contributions and 
rank orders of species differed across the 
establishment classes, the same species 

were common components to all stands. 
The USDA Forest Service database we used 
to select stands classified all of them as Q. 
alba dominated. Although Q. alba may be 
considered dominant at the stand-level, this 
species was only the greatest contributor 
to riparian zone basal area in the 1950s 
establishment class. Certainly composition 
of the riparian zone components of these 
systems differed from that of the entire 
stand (Zhang et al. 1999). We are confident 
that species compositions were sufficiently 
similar across establishment classes for 
our purposes and thus, we hypothesize 

Table 3. Density and dominance measures for all live stems ≥ 5 cm dbh in riparian zones of a stand that established in the 1930s on the Sipsey Wilder-
ness, Alabama.



72 Natural Areas Journal Volume 34 (1), 2014

that composition did not contribute to 
differences in the amount, or volume, of 
riparian or in-stream LWD. Although no 
statistically significant differences were 
documented, tree density was highest and 
mean tree diameter was smallest in the 
1950s establishment class. In contrast, tree 
density was lowest and tree diameter was 
largest for the pre-1900 establishment class. 
Thus, we found a negative relationship 
between tree density and stem diameter, 
which agrees with forest development 
models (Oliver and Larson 1996).

The highest number of snags occurred in 

the 1950s establishment class, although the 
differences were not statistically signifi-
cant. Several studies on the Cumberland 
Plateau have found second-growth stands 
to contain higher snag densities than old-
growth remnants (Muller 1982; McComb 
and Muller 1983; Hart and Grissino-Mayer 
2008). Although the 1950s establishment 
class had the highest density of snags, 
the overall volume of snags in this class 
was relatively low. The highest standing 
dead tree volume occurred in the pre-1900 
establishment class. Thus, the youngest 
stands were characterized by a high density 
of small snags (i.e., small diameter trees), 

and the oldest stands were characterized 
by a lower density of larger standing dead 
trees. This pattern was not surprising 
given the differences in tree density and 
size across the chronosequence. Young 
secondary stands have a high density of 
small stems (Oliver and Larson 1996). 
These stands are characterized by a high 
frequency of snag formation because 
competition for growing space is intense 
and self-thinning is common (Clebsch and 
Busing 1989; Hart and Grissino-Mayer 
2009; Richards and Hart 2011). With 
maturity, these processes, combined with 
localized exogenous disturbance, result in 

Table 4. Density and dominance measures for all live stems ≥ 5 cm dbh in riparian zones of a stand that established in the 1950s on the Sipsey Wilder-
ness, Alabama.
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stands that contain fewer individuals and 
thus, reduced competition and mortality 
rates leading to a lower frequency of tree 
mortality (Zeide 2005).

Riparian Zone LWD

Based on the species composition of LWD, 
we speculated that trees outside the riparian 

zone contributed to riparian LWD loadings. 
Notably, P. taeda logs occurred in ripar-
ian zones of all establishment classes, but 
the species was uncommon as a live tree 
in these areas. Pinus taeda is a common 
component of upland sites in the Sipsey 
Wilderness (Zhang et al. 1999), and the 
region experienced an outbreak of Den-
droctonus frontalis Zimmerman between 
1999 and 2001 that resulted in localized 
patches of high Pinus mortality (Duncan 
and Linhoss 2005; USDA FS 2004). 
Although P. taeda is largely restricted to 
upland sites in the Sipsey Wilderness, the 
environmental gradients are steep and the 
terrestrial distance between riparian and 
ridgetop communities is relatively short 
in this region. Mortality from D. frontalis 
results in snags which later fall and deposit 
wood pieces that, unlike uprooted trees, 
have a greater potential to move downslope. 
Thus, we contend that trees, which occur 
on middle and upper slope positions, may 
still have an influence on the abundance 
and volume of riparian zone LWD on the 
southern Cumberland Plateau.

We did not find statistically significant 
differences in the abundance or volume of 
riparian LWD across our chronosequence. 
Perhaps the span of development analyzed 
in our study was not sufficiently long to 
capture differences in LWD loadings. 
Prior studies that found LWD abundance 
and volume to exhibit a parabola distribu-
tion across age classes have often been 
conducted over much longer periods. For 
example, Sturtevant et al. (1997) found 
LWD to fit a parabola shape over a 500-
year period following a major disturbance 
in Abies balsamea (L.) Mill. and mixed 
A. balsamea-Picea mariana Mill. stands 
in Newfoundland. Stands of these ages 
are exceedingly rare in this region. Stand 
structure and mortality rates certainly differ 
across the 60-year period of development 
analyzed in our study, but different stand 
structures and mortality rates may not 
result in systematic differences in LWD 
patterns, at least not at the temporal scale 
analyzed here.

During early development, stem density 
is high and competition for resources and 
growing space is intense (Oliver and Larson 

Figure 2. Crown class distributions for trees (≥ 5 cm dbh) per hectare by establishment class in hardwood 
stands of the Sipsey Wilderness, Alabama. Crown class categories (OVT: overtopped; INT: intermediate; 
CDOM: codominant; DOM: dominant) were based on the amount and direction of intercepted light 
(Oliver and Larson, 1996).
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1996; Zeide 2005). In hardwood stands 
of this region, tree mortality increases 
abruptly after ca. 40 years of development 
(Hart and Grissino-Mayer 2008; Hart et al. 
2011). At this stage, we would expect a 
high density of small LWD pieces on the 
forest floor. As stands mature, mean tree 
size increases, the spacing between canopy 
trees increases, and the tree mortality rate 
decreases (Hart and Grissino-Mayer 2009; 
Richards and Hart 2011). Thus, the size 
of individual LWD pieces generated in 
older stands should be larger than those 
produced in young stands. However, older 
stands, with decreased mortality, should 
produce LWD less frequently. The pre-
1900s establishment class in our study is 
transitioning to the complex stage of forest 
development (Richards and Hart 2011), 
which is noted for large canopy gaps and 
high LWD loadings (Tyrrell et al. 1998). 
However, these LWD producing canopy 
disturbances are localized and stochastic 
(Brokaw and Busing 2000). Thus, riparian 
zones in old-growth stands that are not 
within a canopy gap environment may not 
necessarily have higher LWD loadings than 
young stands with relatively high inputs of 
small LWD pieces.

Making direct comparisons of LWD 
loading patterns across different studies 
is difficult because field sampling and 
data reporting have not been standard-
ized. Nonetheless, we attempted to place 
the results of our study in context with 
other projects in similar forests. Harmon 

et al. (1986) reported LWD volume of 
old-growth forests in the Great Smoky 
Mountains National Park using a minimum 
size threshold of 7.5 cm diameter. They 
found volume of LWD was 94 m3 ha-1 in 
a mixed hardwood-Quercus stand, 82 m3 

ha-1 in a Fagus-Betula-dominated stand, 

Table 5. Descriptive statistics for riparian zone trees, snags, and LWD by establishment class and cumulatively for our 300 m2 sampling plots in the Sipsey 
Wilderness, Alabama. No values were significantly different (P < 0.05).

Table 6. Total volume of riparian LWD by species ha-1 across three establishment classes in hardwood 
stands of the Sipsey Wilderness, Alabama. Bold indicates top 10 rank by volume per establishment 
class.
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and 132 m3 ha-1 in a Quercus-dominated 
stand. MacMillian (1981) documented a 
LWD volume of 46 m3 ha-1 in old-growth 
mixed-Quercus stands in Donaldson’s 
Woods, Indiana, using 5 cm as a minimum 
diameter limit. In old-growth Pinus-Quer-
cus stands of South Carolina, Hardt and 
Swank (1997) found LWD volume of 66 
m3 ha-1 using a 20-cm diameter threshold. 
In the same study using the same diameter 
limit, they reported a LWD volume of 86 
m3 ha-1 in old-growth mixed mesophytic 
stands in North Carolina. Additionally, 
Hardt and Swank (1997) described a 
wide range of LWD loadings in second-
ary stands (22-91 m3 ha-1) attributed to 
unique disturbance histories. Webster and 
Jenkins (2005) found that in the Great 
Smoky Mountains National Park, areas of 
primary forest contained more total LWD 
than areas with anthropogenic disturbance 
(134 v. 87 m3 ha-1).

Mean LWD volume (from all sites) was 
168 m3 ha-1 and ranged from 142 to 187 m3 

ha-1 across our chronosequence. Thus, the 
volume of riparian zone LWD in second-
ary stands on the Sipsey Wilderness was 
within the range reported for old-growth 
stands in the eastern U.S. and was actually 
higher than what has been reported for 
some old-growth stands in the southern 
Appalachian Highlands. LWD loadings 
vary by species assemblage, disturbance 
history, and physical site conditions. The 
relatively high riparian zone LWD loadings 
in the Sipsey Wilderness may be a result 
of the P. taeda mortality event and the 
relatively steep environmental gradients 
and steep topography of the region, which 
facilitated the transport of P. taeda wood 

into riparian zones. The influx of P. taeda 
in riparian zones illustrated that LWD 
loadings are complex and controlled by 
more variables than simply stand develop-
ment and associated endogenous mortal-
ity. Although LWD loadings in harvested 
stands may take more than a century to 
reach values typical of old-growth stands 
(Webster and Jenkins 2005), intermedi-
ate-scale disturbance events, such as those 
that occurred along ridgetops and upper 
slope positions in the Sipsey Wilderness, 
can accelerate the time required for LWD 
loadings to match the volume that may be 
expected in late-successional stands.

In-stream LWD

Although upslope positions appeared to 
be source areas for riparian LWD, based 
on composition and size distributions, we 
speculated that riparian zones were likely 
the source areas for in-stream material. 
Pinus taeda from upslope positions was 
noted in riparian zones, but was absent 
from stream channels. We suggest that 
riparian trees may serve as filters to restrict 
the movement of upslope generated woody 
material into stream environments.

Chen et al. (2006, 2008) and Baillie et 
al. (2008) found that a bankfull channel 
width of 3 m is a critical threshold for 
LWD transport processes in small streams. 
These studies determined that most LWD 
was suspended above the active channel 
in streams with bankfull widths below 
this threshold. We found the mean length 
of in-stream LWD pieces was longest in 
the 1930s establishment class, which also 
had the widest streams 4.08 m ± 0.42 SE. 
However, the volume of individual pieces 
was highest in the pre-1900 age class, 
which only had the second widest streams. 
Small streams have low streamflow vol-
ume and thus, can have a lower capacity 

Table 7. Number and volume of in-stream LWD and the length and volume of individual LWD pieces 
by establishment class in the Sipsey Wilderness, Alabama. Values are per 30 m in-stream reach. No 
values were significantly different (P < 0.05).

Table 8. In-stream LWD volume by decay, position, and function class across stand establishment 
class in the Sipsey Wilderness, Alabama. Values are per 30 m in-stream reach. Means with rows 
followed by the same letter are not significant (P < 0.05).
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to transport large material such as LWD 
(Bilby and Ward 1989; Montgomery et 
al. 1995; Piegay and Gurnell 1997; Chen 
et al. 2006). Because the streams in this 
study were small, there was limited LWD 
transport in all establishment classes. Thus, 
we contend that LWD transport in these 
streams is limited and that most woody 
material remains in the stream reach within 
which it was deposited.

When in-stream LWD volume was stan-
dardized to reflect differences in stream 
widths, the distribution exhibited a parabola 
shape with total in-stream volume highest 
in the 1950s establishment age. Although 
there were no significant differences in 
the frequency or volume of in-stream 
LWD across the age classes, patterns were 
evident including that the pre-1900s class 
contained some of the largest pieces of 
individual in-stream LWD by volume. The 
pre-1900s establishment class contained 
the largest riparian zone trees and provided 
evidence that the in-stream LWD was 
produced from the adjacent riparian zones 
and generally not transported by fluvial 
processes. The frequency distributions of 
riparian and in-stream LWD volume were 
similar, which we contend illustrated the 
coupling between riparian and in-stream 
ecosystems.

Direct comparison of in-stream LWD 
loadings are difficult because of the lack 
of consistent field sampling and report-
ing protocols. Nonetheless, the volume 
of LWD 100 m-1 of stream in our study 
(mean of all establishment classes was 
6.9 m3 100m-1 ± 1.1 SE) was lower than 
that reported in other regional studies. 
Hedman et al. (1996), working in mixed 
mesophytic systems in the southern Blue 
Ridge province, reported an average of 
13 m3 100 m-1 for streams draining mid-
successional (40 – 70 years of age) and 
late-successional (180 – 221 years of age) 
secondary stands and 22 m3 100m-1 for 
streams in old-growth (> 287 years of age) 
stands. However, they noted that much of 
the woody material in mid-successional 
stands was decay resistant material that 
carried over from the prior stand and they 
speculated that without this material, LWD 
loadings in stands of this developmental 

stage would have been lower (Hedman et 
al. 1996). Hedman et al. (1996) also noted 
that in-stream LWD loadings were highly 
variable, especially in mid-successional 
stands. On the Alleghany Plateau, Williams 
and Cook (2010) reported LWD loadings of 
4 and 18 m3 100 m-1 for Tsuga canadensis 
(L.) Carr. – Pinus strobus L. dominated 
second-growth and old-growth stream 
reaches, respectively. The comparatively 
low in-stream LWD values we documented 
were interesting because we found higher 
riparian zone LWD loadings than what has 
been reported in similarly aged stands in 
the region. We hypothesize this pattern is 
a result of the source areas for the docu-
mented LWD and the P. taeda mortality 
event. The P. taeda inputs originated from 
upslope areas and were the result of D. 
frontalis mortality, which created snags 
that eventually fell. In contrast, in-stream 
LWD typically originated from the adjacent 
riparian corridors and seemed insensitive 
to upslope processes.
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