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ABSTRACT 

Large woody debris (LWD) has been credited as an important structural and functional component 

of riparian and in-stream ecosystems.  LWD that recruits from riparian zones into stream bankfull margins 

is crucial in understanding the connectivity between the two ecosystems.  The amount of riparian zone and 

in-stream LWD is closely linked to the time since last disturbance and successional patterns following that 

disturbance or disturbance events.  However, this relationship is poorly understood in southern 

Appalachian landscapes.  I analyzed the amount and volume of LWD in stands of contrasting establishment 

ages in the Sipsey Wilderness of the Bankhead National Forest, Alabama and the large woody debris loading 

in streams that were contained within three establishment classes.  The establishment classes span 60 years 

(pre-1900s to 1950s) and incorporate three stages of forest development: stem exclusion, understory 

reinitiation, and understory reinitiation that is transitioning into complex.  The most often cited pattern of 

LWD loading across forest ages is a parabola shape.  However the abundance and volume of LWD across 

the establishment classes in the study area followed a bell shape pattern with the highest amount and volume 

of riparian zone LWD in the 1930s age class.  In this establishment class mean volume of LWD per plot was 

5.62 m3 ± 1.17 SE compared to 4.26 m3 ± 0.60 SE in the pre-1900s establishment class and 5.09 m3 ± 0.59 

SE in the 1950s establishment class.  Mean density and mean volume of riparian zone LWD per plot did not 

significantly differ across the chronosequence.  The mean volume of in-stream LWD followed the same bell 

shape pattern with the highest mean volume of in-stream LWD per plot also occurring in the 1930s 

establishment class (2.50 m3 ± 0.72 SE). However, there was no significant difference in the density or 

volume of in-stream LWD across the chronosequence.  Not only does this study provide specific LWD 

abundance and volume for specific stand ages but it also can provide baseline data for mature Quercus stands. 
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In addition, my research begins to explore how stand dynamics influences LWD in a southern Appalachian 

system. 
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1. Introduction 

Large woody debris (LWD) is defined as dead downed wood.  LWD is structurally and functionally 

important in both riparian and in-stream ecosystems.  Terrestrial LWD provides habitat for a variety of 

fauna and serves as a germination site for many vascular plants, bryophytes, and fungi (Harmon 1986, 

McGee et al. 1999, Webster et al. 2005).  Once LWD is recruited into bankfull margins it is considered in-

stream LWD.  In-stream LWD controls sediment movement, dissipates stream energy and serves as a 

substrate 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. 2010).  The distribution and composition of LWD is 

influential to in-stream processes and characteristics such as aquatic habitat, channel morphology, nutrient 

cycling, and sediment storage (Harmon et al. 1986, Bilby and Ward 1991, Spetich et al. 1999, Bendix and 

Cowell 2010).  LWD that is transported from the riparian zone into the stream is crucial in understanding 

the role of LWD in both ecosystems. The type, age, topography, anthropogenic modifications, and natural 

disturbances that occur in the riparian zone greatly influence the adjacent streams (Fetherston et al. 1995, 

Hedman et al. 1996, Webster et al. 2005, Powell et al. 2009).  The links between the processes occurring 

in riparian zones and the subsequent effects of in-stream processes raise important management concerns.  

The uniqueness of this study is that it examines both riparian and in-stream LWD separately and then as a 

whole in a region where few LWD studies have occurred.  

LWD is created by endogenous and exogenous disturbance events. Disturbances are episodic and 

include tree death by windthrow, fire, flood and pathogen attacks among others.  Wind is a leading agent of 

disturbance in the temperate deciduous forests of eastern North American (White 1979, Lormier 1980, 

Busing et al. 2009). The pattern of LWD volume and abundance that results from disturbances has most 
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often cited as being of parabola shape over time (Harmon et al. 1986, Spies et al. 1988, Bormann and 

Likens 1994, Sturtevant et al. 1997).  This hypothetical pattern is the result of high LWD loading at stand 

initiation with most of the LWD originating as carryover debris from pre-disturbance and the LWD that 

was created during the disturbance event.  After that initial flux of LWD decays, there is low LWD 

abundance until the stand matures to the point that overstory tree mortality increases (Harmon 1986, Spies 

et al. 1988, Sturtevant et al. 1997, Hély et al. 2000, Brassard and Chen 2008).  However this pattern is 

largely theoretical and has not been tested across forests of different compositions and age classes (Spies et 

al. 1988).  In fact most studies that cite the parabola shape have occurred in the forest systems of the 

northeastern United States and Pacific Northwest, in stands as old as 450 years (Spies et al. 1988).  Few 

standS of this age exist the eastern United States and few species in the region have the potential to live over 

4 centuries (OLDLIST 2011).  Furthermore, the LWD studies in the Pacific Northwest typically focus on 

channel morphology and the importance of LWD on native salmoid habitat.  However, the importance of 

LWD on southern Appalachian streams has been largely ignored.  Therefore little is known on the pattern 

of LWD in forests of the southern Appalachians.  In the Blue Ridge Mountains of Tennessee, Silsbee and 

Larson (1983) found that mean LWD volume was four times greater in streams associated with old-growth 

when compared to streams that drain stands that had been logged 40–75 years previously.  Webster and 

Swank (1985) hypothesized that the amount of LWD in the southern Appalachians would follow the 

parabola shape 125 years following a disturbance.  They conjectured that highest levels of in-stream LWD 

would be found in stands immediately after logging due to the carryover from the logging activities.  LWD 

loading would then decrease around 20 years post disturbance and increase again in stocks in the next 80–

100 years post disturbance.  Hedman et al. (1996) determined that LWD loadings increased linearly in late-

succesional through old-growth systems over a 165-year interval in the southern Appalachian forests of 

North Carolina.  Although these previous studies are useful, there is still a need for more specific and 

useable values of LWD loadings across a chronosequence and the resulting in-stream LWD.  This study 
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begins to fill this void by providing specific and detailed LWD density and volume amounts for forests of 

known establishment dates and the streams that drain these forests.  

Many studies assume a correlation between riparian stand structure and in-stream LWD volume 

and function but without any direct evidence of the correlation. However, more studies are demonstrating 

that terrestrial LWD in riparian zones may have a strong link to the structure of in-stream LWD (Bragg et 

al. 2000, Young et al. 2006).  My study assumes that the riparian zone LWD is being transported into the 

stream that is immediately adjacent.  One purpose of this study was to examine the links between the 

amount and composition of LWD in riparian zones of three different forest establishment classes and the 

LWD found in the streams draining those stands.  These stands represent three distinct age classes in 

various stages of forest development (stem exclusion, understory reinitiation and understory reinitiation 

moving into complex) and therefore different forest structures.  The potential differences in LWD across 

stand ages are important in management and LWD reintroduction projects because the amount and 

composition of LWD determines its importance in an ecosystem.  Although I was looking at stands of 

varying establishment ages across a 60 year period (establishment ages pre-1900s, 1930s, and 1950s), the 

results of each can be combined and used to demonstrate LWD patterns for a maturing, mesic Quercus 

forests in the region.  I hypothesized that the density and volume of LWD, for the riparian zone and in-

stream, was significantly different across the chronosequence and would follow the most commonly cited 

parabola shape of LWD loading over time.  To test this hypothesis I had several objectives. These objectives 

were to: 1) examine the species composition, and stand structure of the riparian zone 2) examine the 

density of riparian LWD by classifying species, decay class, and volume and 3) examine the abundance, 

volume, length, decay class, position class, and function class of in-stream LWD using the same size criteria 

as the riparian zone.  The results of my study are useful for land management of a mesic Quercus forests in 

the southern Appalachians.  This study was unique in that it assessed the interaction and connectivity 

between the riparian zone and stream as a single unit. 
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2. Study Area 

This research was focused in the Sipsey Wilderness Area of the W.B. Bankhead National Forest 

(BNF) in Winston County, Alabama (Figure 1).  Historical accounts for the BNF report that when the land 

was purchased, roughly 40% of the forest had been logged and/or converted to agriculture, predominantly 

on the hilltops and ridges (USFS, 2004).  The SWA was established in 1975 and expanded in 1988 to its 

current size of 10,085 ha making it one of the largest wilderness areas east of the Mississippi.  As part of the 

Cumberland Plateau, the SWA has been characterized as being on the border between the mixed 

mesophytic forest region to the north and the transitional forest region to the south (Braun 1950).  

Characteristics of a mixed mesophytic forest include lack of dominance by one tree species but major 

species include American beech (Fagus grandifolia Ehrh.), white oak (Quercus alba L.), northern red oak 

(Quercus rubra L.), tulip-poplar (Liriodendron tulipifera L.), and sugar maple (Acer saccharum Marsh.) (Martin 

1992).  Transitional forests are composed of Pinus and hardwood species, especially Quercus and Carya.  

Zhang et al. (1999) determined that the SWA contains 14 vegetation classes based on percent contribution 

of basal area.  I observed several of these classes in and around my plots including P. taeda, P. taeda-Quercus 

alliance, and M. macrophylla-Nyssa sylvatica alliance (Marsh.).   One characteristic of the SWA is that it has 

very steep environmental gradients.  The ridges and upper slope positions are often dominated by Pinus 

taeda (L.) and P. echinata (Mill.).   However, over a distance of only 70–100 m down slope the forest 

transitions from Pinus, into a Pinus-hardwood composition (Zhang et al. 1999).  Moving down slope you 

transition into a high quality, mesic hardwood stand with F. grandifolia, L. tulipifera, and Magnolia macrophylla 

(Muchx) (Hardin and Lewis 1980, Martin 1992, Zhang et al. 1999). Such environmental gradients are 

common of the southern Cumberland Plateau and Interior Low Plateau.   
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Figure 1. Map of the study area.  The Sipsey Wilderness Area (white) within the Bankhead National Forest 
(grey).  Some first order streams have been removed for clarity.   
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The geology of this region is composed primarily of the Pennsylvanian Pottsville formation 

characterized by light-gray thick-bedded to pebbly quartzose sandstone and containing differing levels of 

interstratified dark-gray shale, siltstone, and thin discontinuous coal (Szabo 1988).  Topography of this 

region is strongly dissected to the point that it no longer resembles a plateau, and consists of narrow ridges 

and valleys, extensive hills, and steep slopes (USDA 1959, Smalley 1979).  Soils are acidic, excessively 

drained, and shallow originating from the Muskingum and Pottsville series (USDA 1959).  The climate of 

this region is humid mesothermal characterized by short, mild winters and long, hot summers 

(Thornthwaite 1948).  The mean annual temperature between 1971–2000 was 22° C (January mean 9° C; 

July mean 31° C) with a frost-free period ranging from late March to early November and a growing season 

of 220 days (USDA 1959, Smalley 1979, PRISM 2011).  Precipitation is distributed evenly throughout the 

year with no distinct dry season.  Annual precipitation between 1971–2000 was 59.5 cm with monthly 

means of 16.4 cm and 9.1 cm for March and October, the wettest and driest months respectively (PRISM 

2011).  During winter, most precipitation events are of relatively low intensity and are a result of low 

pressure frontal boundaries, whereas summer precipitation events are more intense (USDA 1959). 

The SWA is a dissected plateau that includes deep ravines that have not been heavily logged (Davis, 

2003).  The SWA contains forest of varying seral stages including small remnants of uniquely older forests 

for the eastern U.S.  The logging history of the SWA made this research possible because I was able to 

design a project that had three different and distinct forest establishment ages: pre-1900s, 1930s, and 

1950s.  The SWA provided the unique opportunity to study in an unmanaged area with a very precise and 

complete land history.  Of particular interest is the pre-1900s establishment age class because there are few 

hardwood forests of this age in the eastern U.S.  The pre-1900s age class represents a forest that has been in 

the understory reinitiation phase for a few decades but has not transitioned into the complex stage of 

development.  The 1930s establishment class is in the understory reinitiation stage of development.  The 

1950s establishment class, the youngest in my study, is in the stem exclusion stage of development as 
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defined by Oliver and Larson 1996.  The SWA is drained by the Sipsey Fork of the Black Warrior River that 

eventually joins the Tombigbee River and Mobile Bay.   
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3. Methods 

3.1 Pairing Sites 
To document differences in density and volume of LWD across varying forest establishment classes, 

it was imperative to pair sites in an effort to eliminate all factors except for stand age.  Previous studies have 

used a GIS to pair potential research sites and this method is credited with increasing objectivity, isolating 

confounding influences and decreasing error variance (Young et al. 2002, Collier et al. 2007, Roberts et al. 

2009).  Sites georefenced database created by the USDA Forest Service that was queried and graphically 

displayed in ArcMap9, aerial photographs, personal communication with Forest Service staff, and forest 

reconnaissance, stands were selected based on the following characteristics:  1) Q.  Alba dominance, which 

allowed for similar species composition across treatments. 2) Stands were selected from three distinct 

establishment classes pre-1900s, 1930s, and 1950s.  These establishment classes were chosen because they 

represented stands of varying forest structure.  3) The stands were adjacent to second order streams 

because streams of that size are most common on the SWA and the ratio of LWD length to stream width 

and the recruitment into these size streams was of particular interest.  The drainage area of the each of the 

plots was determined to be similar.  The pre-1900s, 1930s, and 1950s establishment class had a mean 

drainage area of 49,600 m2, 47,250 m2, and 41,350 m2.  After completing site selection using ArcMap9, 

and performing field reconnaissance, I chose ten plots (10 x 30 m) within each forest establishment age 

group giving me a total of 30 sites.  Ten sites per treatment were chosen because I was confident that this 

was enough land area to capture variability. 

At each of the sites, I established two plots on both sides of the stream.  Using a 30 m tape running 

along the stream bank and metal pins I temporarily marked the shape of the stream bank.  In an effort to 

capture the interface between riparian zone and streambed a digital hypsometer with transponder was used 
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to measure 10 m upslope of the 30 m baseline tape on the bank.  Riparian zones typically extend 10 to 20 

mfrom the streambank (Clinton et al. 2010).  Outside of this first 20 meters, forest conditions become less 

couple to stream ecosystems and transition to a more upland forest type.  By following the bends of the 

stream I was able capture the 10 m immediately adjacent to the streams.  This was a critical part of my 

study design because I wanted to focus on the immediate riparian-aquatic interface.  I used a sighting 

compass to ensure that the shape of the stream was correctly accounted for in the riparian zone plot making 

each plot 300 m2 (N = 20 per treatment).  

3.2 Plot Inventories 

In each plot I measured: 1) species, diameter at breast height (DBH), and classified crown class 

(dominant, co-dominant, intermediate, or overtopped based on the amount of crown exposed) for all trees 

 5 cm DBH, 2) for snags (  5cm DBH,  1 m height) I documented species to the lowest taxonomic level 

possible, DBH, height, and decay class (Table 1) and 3) for the downed logs  5 cm diameter and   1 m 

length I recorded species to the lowest taxonomic level possible, diameter, length, and decay class.  I 

classified live tree and snag characteristics to examine how stand dynamics was influencing LWD.  

Categorizing each piece of LWD into decay class was used to test for difference in LWD composition across 

the establishment classes.  For LWD with root plates, I measured diameter at breast height (DBH) and total 

length to calculate volume using species-specific standard allometric equations (Honer 1967).  For LWD 

segments without an identifiable root plate, I 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, I measured diameter in the middle and length.  Then volume was 

calculated using Huber’s formula (Fraver et al. 2007).   After volume was calculated for all terrestrial 

LWD, I examined the volume by species and decay class.  I documented species so that I could compare 

species composition of live trees to LWD.  For the live trees, I calculated density, mean DBH, and relative  
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 Table 1. Methodology description.  These descriptions of position, decay, and function classes were used 
to categorize LWD. Adapted from Jones and Daniels (2008). 

  

Parameter  Description 

Position Class  

Bridge Log spans channel, touching both banks and resting on flood plain 

Partial Bridge Spanned log has broken in one or more places within the stream channel 

Loose Log is no longer associated with the floodplain; fully associated with the 
streambed; log is fully submerged during bank-full 

Buried Log has become incorporated into streambed or the sides of the streambank; 
sediment stored upstream of the log which is at least partly buried 

Decay Class  

I Wood has >75% bark still intact, bark adheres tightly; branches have fine (third 
order) branchlets; sapwood is sound, and log retains structural integrity 

II Wood has 25–75% bark intact which, in places, is loosely attached to the bole; 

first order branches have a solid connection to the bole; wood is solid with 
evidence of decay on some outer sections of sapwood only 

III Wood has 0–25% bark present, adhering loosely to the sapwood; first order 
branches and branch nubs are present and sit loosely in the bole; along some 

parts of the bole, wood shows significant signs of decay to depths of 5–10 cm 
IV Bark is no longer attached; branch nubs only are present; along some parts of the 

bole, wood is soft, crumbly or fibrous, and decay can penetrate nearly through 
the sapwood 

Function Class  

I Stabilizing or armoring banks 

II Creating pools and riffles  

III Holding back organic matter 

IV Having no observable influence of function 
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dominance to classify the composition of the live trees in the riparian zone.  In addition, all riparian zone 

values were standardized to the hectare scale so that my results could be compared to other chronosequence 

LWD studies and used as baseline data for management objectives.   

I surveyed the in-stream LWD within the 30 m transect established for the riparian plots as stated 

above.  I measured in-stream LWD with the same size parameters as the riparian zone LWD.  For each 

piece of LWD, I measured length, diameter, decay class, position class, and function class (Table 1).  The 

description of each class was adapted from Jones and Daniels (2008).  Each piece of LWD could serve 

multiple functions.  Assigning position and function classes were important to examine the composition of 

in-stream LWD.  As part of the in-stream methods, I collected multiple width and depth measurements of 

the stream to calculate stream width.  This was important to test for differences in stream widths and to 

standardize the in-stream values to the 100 m, m and m2 of stream.  

3.3 Statistical 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, I used one-way 

ANOVAs (SAS 9.1).  First I visual assessed that the data were normal.  Significance was set at the P < 0.05 

level. 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 often 

created a riffle and/or pool (Function II) and held back organic matter (Function III), it was determined to 

combine function classes II and III, henceforth referred to as function II/III.  To test for difference in the 

volume and length of individual riparian and in-stream LWD pieces across the chronosequence, I ran 

ANOVAs (SAS 9.1) with a Scheffe post hoc test.  In addition, I used ANOVA (SAS 9.1) to test for significant 

differences (P< 0.05) in mean bankfull widths across the establishment classes. 
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4. Results 

 
4.1 Live Trees 

The mean number of trees and the mean DBH did not significantly differ across the establishment 

classes at the plot level (P < 0.05).  The mean number of trees per plot (300 m2) was lowest for the pre-

1900s establishment class with 14.65 ± 1.35 SE.  The pre-1900s establishment class had the highest mean 

DBH per plot across the establishment classes (20.41 cm ± 0.87 SE) (Table 2).  The four most dominant 

species based on relative basal area contribution (percent basal area) for this establishment class were F. 

grandifolia, L. tulipifera, Q. alba and Acer rubrum (L.) (Table 3).  In the 1930s establishment class, the mean 

number of trees per plot was 16.95 ± 1.69 SE with a mean DBH of 17.88 cm ± 1.04 SE (Table 2). The 

four most dominant species for this establishment class were Q. alba, F. grandifolia, Q. prinus L., and L. 

tulipifera (Table 3).  The 1950s establishment class had the highest mean number of trees per plot with 

18.90 ± 1.21 SE and the lowest mean DBH with 16.84 cm ± 0.88 SE (Table 2). The top four dominant 

species were Q. alba, Liquidambar styraciflua (L.), Carya tomentosa (L.), and L. tulipifera (Table 3).  The mean 

number of trees across the establishment classes at the plot scale was 16.83 ± 2.47 SE and the mean DBH 

was 18.38 cm ± 0.56 SE (Table 2). When values were standardized to the hectare level, the total number 

of trees in the pre-1900s, 1930s, and 1950s establishment classes were 488, 565, and 630 respectively.                  

4.2 Snags 

The mean number of snags per plot (300 m2) was highest in the 1950s establishment plots (0.95 ± 

0.25 SE) and lowest in the 1930s establishment class (0.50 ± 0.14 SE ) (Table 2).  However, the highest 

mean volume of snags occurred in the pre-1900 establishment class with 0.07 m3 ± 0.03 SE per plot (Table 

2).  The volume of snags was lowest in the 1930s establishment 0.02 m3 ± 0.01 SE per plot and the 1950s  
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Table 2. Riparian zone trees, snags, and LWD. Means with standard error of number of trees, DBH, 
number and volume of snags, and number and volume of LWD per 300 m2.  Values were calculated for 
each of the establishment classes and combined to examine forest level composition.  Columns followed by 
the same letter are not significantly different (P< 0.05).   

 

 

 

 

 

 

 

 

 

 

 

Parameter Pre-1900s 1930s 1950s All Ages 

Live Trees     

Number  14.65 ± 1.35 a 16.95 ± 1.69 a 18.90 ± 1.21 a 16.83 ± 2.47   

DBH (cm) 20.41 ± 0.87 a 17.88 ± 1.04 a 16.84 ± 0.88 a 18.38 ± 0.56  

     

Snags     

Number  0.60 ± 0.18 a 0.50 ± 0.14 a 0.95 ± 0.25 a 0.68 ± 0.11 

Volume (m3) 0.07 ± 0.03 a 0.02 ± 0.01 a 0.04 ± 0.01 a 0.04 ± 0.01 

     

LWD      

Number of pieces 11.25 ± 0.82 a 12.20 ± 1.86 a 10.90 ± 1.03 a 11.48 ± 0.75 

Volume (m3) 4.26 ± 0.60 a 5.62 ± 1.17 a 5.09 ± 0.59 a 5.03 ± 0.48 

Volume in decay class I (m3) 0.13 ± 0.08 a 0.65 ± 0.28 a 0.33 ± 0.21 a 0.37 ± 0.17  

Volume in decay class II (m3) 1.63 ± 0.54 a 1.15 ± 0.31 a 1.57 ± 0.38 a 1.42 ± 0.34 

Volume in decay class III (m3) 1.62 ± 0.33 a 2.18 ± 0.60 a 2.13 ± 0.38 a 1.98 ± 0.37 

Volume in decay class IV (m3) 0.81 ± 0.22 a  1.63 ± 0.66 a 1.19 ± 0.36 a 1.21 ± 0.37 

Length of individual LWD pieces (m) 3.70 ± 0.19 a 3.97 ± 0.17 a 4.28 ± 0.22 a 3.98 ± 0.11 

Volume of individual LWD pieces (m3) 0.38 ± 0.07 a 0.46 ± 0.06 a 0.47 ± 0.08 a 0.44 ± 0.02 
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Table 3. Relative dominance of riparian zone live trees. Relative dominance (% BA) of the most dominant 
live trees ≥ 5cm DBH. Bold indicates top ten for that age group. This table does not show all species, only 
those to show top ten for each establishment class. 
 

 

 

 

 

 

 

Species Pre-1900s 1930s 1950s 

Quercus alba 11.24 20.66 21.28 

Liquidambar styraciflua 4.32 4.55 14.29 

Carya tomentosa 6.34 6.56 13.14 

Fagus grandifolia 27.11 20.71 9.06 

Liriodendron tulipifera 15.46 8.66 8.41 

Magnolia macrophylla 2.38 3.51 4.99 

Quercus prinus 3.39 9.69 4.91 

Acer rubrum 14.83 1.65 4.13 

Caya glabra N/A 7.98 3.89 

Oxydendrum arboreum 1.72 1.75 3.74 

Acer saccharum 0.04 3.31 1.83 

Quercus rubra 3.22 2.22 2.57 

Pinus taeda 2.69 N/A 2.22 

Nyssa sylvatica 2.53 1.35 1.69 
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establishment class had an average snag volume of 0.04 m3 ± 0.01 SE.  Across all ages, the average number 

of snags was 0.68 ± 0.11 SE and the mean volume of snags was 0.04 m3 ± 0.01 SE (Table 2).  At the 

hectare scale the total number of snags for the pre-1900s, 1930s, and 1950s establishment classes was 20, 

17, and 32 with a corresponding total volume of 2.20 m3, 1.18 m3, and 0.79 m3 respectively.   

 4.3 Riparian Zone LWD 

The mean density and volume of logs across the chronosequence did not differ significantly (P < 

0.05) (Table 2).  The frequency of LWD per plot (300 m2) for the pre-1900s, 1930s, and 1950s 

establishment classes was 11.25 ± 0.82 SE, 12.20 ± 1.86 SE, and 10.90 ± 1.03 SE, respectively. This 

corresponded to a mean LWD volume for the pre-1900s, 1930s, and 1950s establishment classes on the 

plot scale  of 4.26 m3 ± 0.60 SE, 5.62 m3  ± 1.17 SE, and 5.09 m3± 0.59 SE respectively (Table 2). When 

the individual establishment classes are combined to examine forest scale LWD patterns, the average 

number of logs was 11.48 ± 0.75 SE and the volume of logs was 5.03 m3 ± 0.48 SE (Table 2). When the 

data were standardized to the hectare scale, the number of LWD in the pre-1900s, 1930s and 1950s 

establishment classes was 375, 407, and 367 respectively. The density of LWD corresponded to a LWD 

volume of 141.97 m3 ± 0.04 ha-1 SE, 187.05 m3 ± 0.04 ha-1  SE, and 173.77 m3 ± 0.05 ha-1 SE.  

The ratio of live trees to logs was similar across the forest establishment ages.  For the pre-1900s 

establishment class it was 1.30: 1.  For the 1930s and 1950s establishment class it was 1.38:1 and 1.72:1 

respectively.  The mean volume and mean length of individual logs did not differ significantly across the 

establishment age classes (Table 2). When examining LWD at the individual log level, the mean volume 

(m3) of individual LWD pieces ranged from 0.38 ± 0.07 m3 (pre-1900s establishment class) to 0.47 ± 0.08 

m3 (1950s establishment class) (Table 2).  The mean length of individual logs ranged from 3.70 ± 0.19 m 

(pre-1900s establishment class) to 4.28 ± 0.22 m (1950s establishment class) (Table 2).  The mean volume 

of logs in each of the decay classes did not significantly differ across the establishment classes.  At the plot 

level, the highest mean volume of decay class I and IV was in the 1930s establishment class (Table 2).  The 
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Figure 2. Total volume of LWD by decay class per hectare.  The total volume of LWD per hectare across 
the establishment classes in the various decay classes.   
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total volume of LWD by decay class was standardized to the hectare level but was not tested for significant 

differences (Figure 2).  However, it was determined that the highest volume of terrestrial logs was in decay 

class II and III.   

To examine the species composition of terrestrial logs, I compared the total volume of logs per ha 

by species.  The species composition of the logs was very similar across the age classes (Table 4).  Carya and 

Acer logs could only be identified confidently to the genus level.  While I did identify C. tomentosa , C. 

cordiformis (Wangenh.), A. rubrum, and A. saccharum logs, I could not confidently identify all logs to the 

species level.  Out of the logs that could be identified, the top four taxa based on volume per hectare for the 

pre-1900s establishment class were P. taeda, Q. alba, Carya spp., F. grandifolia, and L. styraciflua.  In the 

1930s establishment class the top four taxa by volume were Carya spp., P. taeda, Q. alba and Acer spp.  For 

the 1950s establishment class the top four taxa that could be identified were P. taeda, Q. alba, Carya spp., L. 

styraciflua, and L. tulipifera (Table 4).   

4.4  In-stream LWD 

In-stream LWD density and volume did not differ (P < 0.05) across the establishment ages at the plot level 

(30 m) (Table 5).  The highest mean volume of in-stream LWD occurred in the 1930s establishment class 

(2.50 m3 ± 0.72 SE) (Table 5).  The pre-1900s had a mean LWD density of 6.00 ± 1.24 SE per plot and a 

mean LWD volume of 2.24 m3 ± 0.72 SE.  In the 1950s establishment class the mean LWD density of 6.00 

± 0.87 SE and a mean volume of 1.45 m3 ± 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 establishment class) to 2.20 m ± 

0.15 SE (1950s establishment class) (Table 5).The mean volume at the plot level ranged from 0.24 m3 ± 

0.09 SE (1950s) to 0.37 m3 ± 0.15 SE (pre-1900s).  I found no significant difference in the volume of LWD 

across the decay or position classes (Table 6).  When comparing the volume of in-stream LWD in the 

function classes across the establishment ages, I found significantly higher volume of LWD in the function 

class I in the 1950s establishment class (P < 0.05) (Table 6).  The mean length of individual in-stream LWD 
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Table 4. Total volume of riparian LWD per hectare by species. Bold indicates top ten of volume per 
establishment period. 
  

Species  Pre-1900  1930s  1950s  

Unknown  73.75  53.00  61.07  

Pinus taeda 24.18  38.88  40.79  

Quercus alba  3.81  26.21  18.73  

Carya spp. 19.25  43.57 13.38  

Liquidambar styraciflua 3.99 N/A  9.67  

Liriodendron tulipifera  1.92 3.29  8.58  

Acer spp. 2.04 6.45 4.30 

Magnolia macrophylla 3.79  3.99  6.46  

Fagus grandifolia  5.02  1.97  4.07  

Quercus prinus 1.73 2.73 1.99 

Platanus occidentalis N/A  3.07  N/A  
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Table 5. In-stream LWD. Means with standard errors of number and volume of LWD and the length and 
volume of individual LWD pieces.  Measures are listed are per plot 30 m.  Means with rows followed by 
the same letter are not significant (P < 0.05).  
 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Pre-1900s 1930s 1950s 

Number of LWD 6.00 ± 1.24 a 8.30  ± 1.20 a 6.00  ± 0.87 a 

Volume of  LWD (m3) 2.24  ± 0.72 a 2.50  ± 0.72 a 1.45  ± 0.45 a 

Length of  individual LWD pieces (m) 2.55  ± 0.18 a 2.79  ± 0.18 a 2.20  ± 0.15 a 

Volume of individual LWD pieces (m3) 0.37 ± 0.15 a 0.30 ± 0.10 a 0.24 ± 0.09 a 
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Table 6. In-stream LWD volume by decay, position, and function classes. Means with standard errors of the 
volume of LWD by decay, position, and function class.  Measures are listed are per plot 30 m.  Means with 
rows followed by the same letter are not significant (P < 0.05).  
 

 

 

 

 

 

 

 

 

 

 

 

Parameter Pre-1900s 1930s 1950s 

Decay Class (m3)    
I  0.05 ± 0.05 a 0.39 ± 0.17 a 0.19 ± 0.12 a 
II 0.36 ± 0.19 a 0.95 ± 0.49 a 0.40 ± 0.26 a 
III 1.30 ± 0.70 a 0.94 ± 0.31 a 0.56 ± 0.18 a 
IV 0.54 ± 0.28 a 0.22 ± 0.11 a 0.29 ± 0.16 a 
    
Position Class (m3)    
Bridge  0.50  ± 0.32 a 0.92 ± 0.26 a 0.50 ± 0.21 a 
Partial bridge  0.91 ± 0.46 a 0.91 ± 0.38 a 0.48 ± 0.17 a 
Loose  0.55 ± 0.27 a 0.47 ± 0.11 a 0.26 ± 0.13 a 
Buried  0.27 ± 0.13 a  0.19 ± 0.09 a 0.21 ± 0.13 a 
    
Function Class (m3)    
I 0.02 ± 0.02 a 0.37 ± 0.19 a 0.69 ± 0.25 b 
II/III 1.97 ± 0.75 a 1.49 ± 0.36 a 0.38 ± 0.08 a 
IV 0.24 ± 0.12 a 0.65 ± 0.22 a 0.38 ± 0.25 a  
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pieces was not significantly different and ranged from 2.79 m ± 0.18 SE(1930s establishment class) to 2.20 

m ± 0.15 SE (1950s establishment class) (Table 6).  For the 30 sampled stream reaches, the mean bankfull 

width was 3.23 m ± 0.23 SE.  The frequency of LWD per 100 m of streams was highest in the 1930s 

establishment age class with 27.76 ± 4.08 SE LWD pieces.  The total volume (m3m-1) of stream was highest 

in the 1930s age class with 0.083 m3m-1 ± 0.02 SE.  Although the frequency was the same in the pre-1900s 

and 1950s establishment classes the volume was higher in the 1950s age class (0.075 m3m-1 ± 0.02 SE 

compared to 0.05 m3m-1 ± 0.02 SE).  The total in-stream volume, which takes into account the width and 

depth of the streams, was highest in the pre-1900s establishment class (0.050 m3m-2 ± 0.02 SE) and lowest 

in the 1950s establishment class (0.02 m3m-2 ± 0.01 SE) but did not differ significantly across the 

establishment classes (Table 7).  To further standardize in-stream LWD data I calculated the frequency and 

total volume of LWD across the establishment classes within the various decay, position, and function 

classes (Figure 3).  The highest frequency and volume of in-stream LWD occurred in the decay class II/III.  

The lowest frequency and volume of LWD occurred in the buried position class.  The highest frequency and 

volume was in the function class II/III.  There was no significant difference in the mean length of logs across 

the establishment classes in the decay, position, and function classes (Figure 3).  I was unable to compare in-

stream LWD by species because the vast majority of logs were too decayed to be identified to the species 

level. 
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Table 7. Stream description and total in-stream volume.  Means with standard errors for bankfull width, 
LWD frequency 100 m-1, total LWD volume m-1, and total in-stream LWD volume across the 
establishment classes.  Columns with the same letter are not significantly different (P < 0.05).   

 

  Large Woody Debris (Mean ± SE) 

Establishment 
Age 

Mean bankfull width 
(m) ± SE 

Frequency         
(# 100 m-1) 

Total volume 
(m3 m-1) 

Total in-stream 
volume (m3 m-2) 

Pre-1900s 3.70 ± 0.36 a 20.00 ± 2.90 a 0.075 ± 0.02 a 0.022 ± 0.01 a 

1930s 4.08 ± 0.42 a 27.67 ± 4.08 a 0.083 ± 0.02 a 0.019 ± 0.01 a 

1950s 1.90 ± 0.15 b 20.00 ± 4.13 a 0.048 ± 0.02 a 0.032 ± 0.01 a 

All Ages 3.23 ± 0.225 22.54 ± 2.18  0.069 ± 0.01  0.024 ± 0.01  
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Figure 3. Frequency, volume, and mean length of logs by decay, position, and function classes. Measures 
for mean length were determined at the establishment class scale (300 m).   
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5. Discussion 
 
5.1 Live Trees 

Classifying forest composition was an integral part of studying the LWD across the 

chronosequence.  I only documented trees ≥ 5 cm DBH and therefore did not record saplings or small 

understory trees.  The highest number of trees and the smallest mean DBH occurred in the 1950s 

establishment class.  This is indicative of being in the stem exclusion development stage. The stem exclusion 

stage is characterized by a relatively high density of small tress (Oliver and Larson 1996).  The pre-1900s 

age class had the fewest number of trees and the largest mean DBH.  This is expected for a forest beginning 

its transition from understory reinitiation stage to complex stage of development (Oliver and Larson 1996).  

Forest composition of the three establishment classes was very similar as evidenced by relative 

dominance values.  The USDA Forest Service database classified all stands sampled as Q. alba dominated.  

According to my forest survey Q. alba was the dominant species in the 1950s establishment class.  In the 

1930s and pre-1900s stands, Q. alba and F. grandifolia shared dominance.  Nevertheless, I am confident that 

the species compositions were comparable across the establishment classes and therefore differences in live 

tree species did not contribute to differences in the amount, volume and composition of the riparian or in-

stream LWD.   

5.2 Snags 

Snags represent future LWD and as such snag density and volume are important components of this 

chronosequence. The highest number of snags occurred in the 1950s establishment class. This finding 

supports other studies that have found second growth stands to have higher snag densities than old growth 

remnants (Muller1982, McComb and Muller 1983, Hart and Grissino-Mayer 2008). Although the 1950s 
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establishment class had the highest density of snags, the overall volume of snags was low.  The highest 

volume of snags occurred in the pre-1900s establishment class meaning that each individual snag was of 

higher volume. This pattern was expected considering the pre-1900s had the largest mean DBH and the 

1950s had the smallest mean DBH. 

5.3 Riparian LWD 

Chronosequence studies of terrestrial LWD has indicated that following a stand-replacing 

disturbance, LWD abundance follows a U-shaped pattern (Harmon 1986, Spies et al. 1988, Sturtevant et 

al. 1997). This would mean a high abundance initially after disturbance with a high percentage of that LWD 

to be carried over from the stand previous to the disturbance.  But after that initial flux of LWD 

decomposes it is not immediately replaced causing a decrease in LWD abundance.  However, during later 

developmental stages LWD abundance increases again as logs are created through self-thinning and 

exogenous disturbances (Harmon et al. 1986, Spies et al. 1988, Sturtevant et al. 1997).  The amount and 

volume of LWD in this chronosequence did not follow this pattern.  Interestingly, in my study the oldest 

plots (establishment age pre-1900s) had the lowest volume of LWD per plot.  Although not statistically 

significant, the highest density and volume of logs per hectare occurred in the 1930s age class.  The 1950s 

establishment class had the lowest density of logs and was second lowest in volume of logs per plot.  

Therefore, the parabola shaped distribution does not hold for stands of these establishment ages in this 

forest type. Although not statistically significant, data from my study shows a bell shape distribution of log 

density and volume across stand establishment ages.   

The bell shaped distribution observed in this study can be explained through a variety of factors 

including forest dynamics, range of establishment classes, and the influx of LWD from outside the riparian 

zone. While the pre-1900s establishment age class represents a uniquely old forest for eastern U.S., it is still 

in the understory reinitiation stage and just beginning to transition to the complex stage of development 

(Oliver and Larson 1996).  It is during this stage of development that overstory tree death is less frequent 
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than other developmental stages and the mid-story trees that have not released into the canopy are 

beginning to die.  Therefore I contend that the LWD found in this riparian zone was created from limb 

break out of the larger canopy trees or from the death of small, sub-canopy trees that have not been able to 

recruit to a canopy position. This hypothesis is further supported by the fact that this age class had the 

smallest (volume and length) of individual LWD pieces and previous studies have determined that when 

snags and limbs fall they break into smaller pieces (Young et al. 2006).     

The high density and volume of LWD in the 1930s establishment class can be explained by the fact 

that this stand is transitioning from stem exclusion into understory reinitiation and it is during this period of 

stand development forests undergo a higher frequency of overstory tree death relative to older stands (Hart 

and Grissno-Mayer 2008).  Hart and Grissino-Mayer (2009) proposed that the frequencies of canopy gaps 

are higher in second growth forests but the gap events are of less magnitude.  Therefore I contend that the 

LWD observed in this riparian zone has been created from the increased frequency of gaps and the death of 

trees that are being outcompeted.  In comparison, the lowest density of logs occurred in the 1950s 

establishment class.  These stands are undergoing stem exclusion which is characterized by high mortality, 

death of entire trees and the differentiation of the canopy structure with irregular gaps (Oliver and Larson 

1996).  The 1950s establishment stand also had the largest individual pieces of LWD (length and volume).  

Containing the largest individual LWD pieces is an indication that the LWD measured in the 1950s 

establishment class was from the death of entire trees. In addition, this establishment class has this highest 

number of snags.  Previous studies support a higher frequency of snags in second growth stands when 

compared to old growth remnants (Muller 1982, McComb and Muller 1983). The increased density of 

snags is most likely due to the increase in localized small scale canopy gaps (Hart and Grissino-Mayer 2008). 

Another explanation for not demonstrating the parabola shape is that my establishment classes, 

while distinct in development class, could cover too short of a time period (60+ years).  Furthermore, 

many studies that result in the parabola shape distribution start after a stand replacing disturbance whereas 
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my study begins at the minimum 60 years post disturbance.  Many forests that contain trees over 400 years 

old demonstrate the parabola shape distribution of LWD loading.  Sturtevant et al. (1997) found a parabola 

shape over a 500-year period following a major disturbance in a balsam fir and mix balsam fir-black spruce 

forests in Newfoundland.  They credit the parabola shape on the influence of residual LWD of hardwoods 

from past logging.  However, a study that encompassed forests of > 400 years old would be difficult 

because there are few forests of that age in the eastern US and trees in this region do not typically live to be 

that old.  In addition, it has been hypothesized in that there is a poor relationship between stand age and 

LWD for stands < 150 years old because the majority of the LWD in the young stands are actually a 

carryover from the last disturbance (Spies et al. 1988).   

By investigating what tree species are contributing to the riparian LWD loadings I determined that 

the source area of riparian zone LWD was from outside the 10 m I established off the stream bank.  Finding 

P. taeda  as riparian LWD in all age classes at a high amount although  no  P. taeda was not present as a live 

tree in the 1930s and was only in the top ten (based on % BA) in the pre-1900s age class confirmed that 

Pinus logs were being transported down slope.  This is evidence that the steep environmental gradients in 

SWA promote the movement of logs from the upper slopes into the riparian zone.  The high abundance of 

Pinus logs could also be carryover from the outbreak of Dendroctonus frontalis Zimmerman (southern pine 

beetle).  The logging history of the SWA, particularly on the ridges and hillslopes, allowed for the 

establishment of Pinus virginiana (Mill.), P. echinata and P. taeda.  When an epidemic of D. frontalis peaked in 

1999–2001, many stands of these pine species were killed (Duncan and Linhoss 2004, USFS 2004, Veysey 

et al., 2003).  The high number of Pinus logs in stands with little to no live Pinus demonstrates that there are 

still remnants of LWD from the southern pine beetle outbreak and these Pinus logs are being transported 

down slope into the riparian zones.  Although we could not control for the movement of Pinus logs into the 

riparian zones, I contend that because of the steep environmental gradients of the entire SWA, each 

establishment class had an equal probability of Pinus log to move down from upper slope positions and 
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therefore its presence does not affect my study design. The presence of logs from species that reside upslope 

from my plots also demonstrates that source area of terrestrial logs is from farther than the 10 m plots I 

established.  This influx of wood from a different slope position, with a different species composition could 

also be influencing the distributional pattern of the amount and volume of riparian LWD.  

One limitation of my study is that I did not examine species specific decay rates.  Species specific 

decay rates and storage processes determines what ecosystem services the LWD provides (Benda et al. 

2002). The volume of logs in the four decay classes did not differ significantly.  Interestingly the pre-1900s 

age class had a greater volume of logs in decay class I and this indicates a recent flush of logs from a forest 

disturbance or disturbance events that created LWD in a short amount of time (Hart et al. 2008). 

5.4  In-stream LWD 

Although it was determined that the source area of riparian zone LWD was upslope of the 10 m 

plots, I contend that the in-stream LWD was coming from the adjacent riparian zone. Examining the in-

stream LWD at the plot scale (30 m), the density and volume of logs was highest in the 1930s establishment 

class and although this is not significant across the establishment classes, it follows the same pattern as the 

riparian LWD density and volume.  Evaluating the size (length and volume) of individual LWD can be 

useful in examining the structure of in-stream LWD.  Previous studies evaluating wood volume across 

forest age indicate that large wood volumes are greater in streams flanked by older riparian forests than in 

those in young forests (Keeton et al. 2007).  While not statistically significant, the largest pieces of in-

stream LWD was in the pre-1900s age class. Containing the largest pieces in-stream mirrors the fact that 

the pre-1900s age class had the largest mean DBH in live riparian trees and this further supports that the in-

stream LWD is being transported from the immediate riparian zone. 

The mean amount and volume of in-stream LWD across the establishment classes in the various 

decay and position classes at the plot level was not significantly different.  The 1950s establishment class had 

significantly more volume in the function I class (armoring banks).  The high number of small trees entering 
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the stream in this establishment class could be increasing the volume of LWD in function I.  The frequency 

and total volume of LWD across the decay, position, and function classes was standardized to the hectare 

scale.  Although these data were not tested for statistical differences, important patterns arise.  The longest 

pieces of wood were in the lowest decay classes.  Decay class I can be indicative of freshly fallen logs that 

have not decayed and broken into smaller pieces.  The buried position had the fewest and the shortest LWD 

pieces with the least amount of volume and this is expected because to be buried and an integrated part of 

the streambed, that piece has to have broken into shorter segments with less volume (Powell et al. 2009). 

Although I attempted to make forest establishment age the only variable in my study design, the 

stream widths were significantly narrower the 1950s establishment class (Table 7).  However, I am still 

confident that this establishment class is similar in every other category in my site selection criteria that it 

can still be compared to the pre-1900s and 1930s establishment classes.  Because of my criteria for site 

selection I was spatially limited in the 1950s establishment class.  To accurately compare across the streams 

in these forest establishment classes it is important to focus on the results that standardized the values and 

includes variation in width.  Using relativized values (m3m-2) negates some of the discrepancy in stream 

widths.  When focusing on this unit of measurement, the pattern of in-stream LWD is in the parabola shape 

that was hypothesized for the riparian zone LWD.  Total in-stream volume was highest in the 1950s age 

class (0.032 ± 0.013 m3m-2) and lowest in the 1930s class (0.019 ± 0.05 m3m-2).  I speculate that this 

parabola shaped distribution is occurring when examining standardized values because the source area for 

the in-stream wood is the riparian zone whereas the source area for the riparian zone is farther upslope than 

the initial 10 m off the stream.  

 The ratio of LWD length to stream width is a fundamental component when studying in-stream 

LWD.  This ratio gives insight into the ‘jam potential’ of LWD which can influence the quality of LWD to 

the fluvial system (Downs and Simon 2001).  Research by Chen et al. (2006, 2008) and Baillie et al. (2008) 

determined that a bankfull channel width of 3 m is a critical threshold for LWD transport processes in 



 

30 

smaller streams. They determined that most LWD was suspended above the active channel in streams with 

bankfull widths less than 3 m.  The mean length of in-stream LWD pieces in my study was longest in the 

1930s establishment class which had the widest streams 4.08 m ± 0.42 SE.    However the volume of 

individual pieces was highest in the pre-1900s age class which only had the second widest streams.  Small 

streams have low streamflow volume and thus can have a lower capacity 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 transport in all establishment classes and the 

in-stream LWD was in situ and therefore increased my confidence that the wood measured in-stream 

originated from the riparian zone. 
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6. Conclusions 

Although not statistically significant, my results do not demonstrate the parabola shaped 

distribution most often cited in LWD chronosequence studies.  My results demonstrate a bell shaped 

distribution curve for the amount and volume of LWD across the establishment classes.  I contend that this 

pattern is the result of the forest dynamics ongoing in the different establishment stands, the restricted 

range of the establishment stands (pre-1900s–1950s) and the transport of LWD from more upslope 

positions.   

In-stream LWD volumes and densities initially followed the riparian zone patterns with the highest 

density and volume in the 1930s establishment class.  However when examining standardized in-stream 

LWD to incorporate stream with, the in-stream LWD demonstrated the parabola distribution pattern and 

appear to be dependent and riparian stand characteristics. Again, there is no significant difference in the 

amount and volume of LWD across these different ages but the pattern is that of a parabola with the highest 

total in-stream volume of LWD occurring in the 1950s age class and the lowest in the 1930s age class.  In 

my study, it appears that the in-stream LWD is influenced by the trees in the riparian zone and that LWD 

from the upland sites is inhibited from entering the stream by the terrestrial live trees. This is supported by 

the highest volume of individual logs occurring in the age class with the largest mean DBH of riparian zone 

live trees (pre-1900s).  There was difficulty in comparing in-stream LWD values because there is no 

standard unit in previous literature.   

The results of this study provide specific density and volume amounts of LWD across a 60 year 

chronosequence in the southern Appalachians.  Data from each individual establishment classes and the 

combination of the establishment class can provide management officials crucial baseline information of the 



 

32 

amount and volume of LWD in these systems.  Additionally, this study provides insight into how stand 

dynamics influence in-stream LWD loadings.  Further research is needed on riparian and in-stream LWD 

dynamics in this region.  
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