
 
 

   
 

ABSTRACT 

GROVER, ZACHARY SCOTT. Climate Growth Responses and Carbon Consequences of 

Compositional Change in Mature Southern Appalachian Oak-Hickory Forests. (Under the 

Direction of Dr. Jodi Forrester). 

   

Disturbance events such as fire and drought play a significant role in forest growth, 

composition, and structure. Understanding the long term effects of ecological disturbances is 

increasingly important as climate change exacerbates these events and shifts species growth and 

distribution. My study sought to understand the disturbance history, climate influence, and carbon 

storage potential of a mature oak-hickory stand in the Pisgah Ranger District of the Pisgah National 

Forest, NC. The objectives were to 1) establish a climate response and disturbance history of the 

stand via dendrochronology and tree ring analysis and 2) quantify the carbon storage potential for 

each species. I hypothesized that the diffuse porous species (Acer rubrum and Liriodendron 

tulipifera) would be more sensitive to past disturbance events compared to ring porous species 

(Quercus spp. and Carya spp.). I found similar responses from diffuse and ring porous species to 

climate influences, with significant correlations among radial growth trends and annual drought 

index (PDSI) values.  Basal area increment (cm2yr-1, BAI) sensitivity analysis showed diffuse 

porous species slightly more sensitive to extreme drought in terms of percent change in annual 

growth. Several major release events occurred during the history of the stand in the 1860s, 1930s, 

and 1960s. During each decade with a major release, ≥75% of sampled trees showed a release 

event. Carbon storage was calculated for each species and functional group, with a stand wide 

aboveground live carbon (ATC) value of 96.2 Mg C ha-1 and mean annual ATC storage rates of 

0.52 Mg C ha-1 year-1 for ring porous species and 0.28 Mg C ha-1 year-1 for diffuse porous species. 

As climate change continues to increase the magnitude and frequency of forest disturbance events, 



 
 

   
 

understanding how species respond becomes increasingly important for hardwood forest 

management within the context of global forest change.  
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Chapter 1: Literature review and introduction 

1. Introduction  

The purpose of this literature review is to synthesize and critically evaluate current and 

historical literature relevant to dendroecology and carbon storage potential of a mature oak-hickory 

stand in the southern Appalachians. The literature and topics include forest disturbance, 

dendrochronology, climate change, carbon sequestration, the southern Appalachian Mountain 

ecosystem, and finally the study site, Pisgah Ranger District of the Pisgah National Forest, NC. 

These topics were chosen because of their relevance to natural resources management in a rapidly 

changing world, as well as their interconnectivity to one another. Most fundamental to this 

literature review are forest disturbance events and the methods of dendrochronology.  

I will also provide background and context for my own study throughout each section. My 

study seeks to understand the disturbance history of a mature hardwood stand in the southern 

Appalachian Mountains located within Pisgah National Forest, NC and adjacent to Bent Creek 

Experimental Forest. Disturbance events are a fundamental way by which forest managers can 

understand the history of a site, how the forest responded, and how these events may affect forests 

in the future. To reconstruct the stand history, dendrochronology methods are used. The basics of 

dendrochronology are measuring and counting annual growth rings in trees to understand past 

environmental and climatic events. Additionally, I would like to quantify the carbon storage 

potential on the site. As climate change continues to increase both local and global air temperature 

and natural disasters, it remains unclear how carbon sequestration can play a role in mitigating 

these impacts. Measuring the carbon storage on the study site with an established disturbance 

history will aid in predicting the future potential of forests for carbon storage. Understanding the 
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past disturbance history of the site allows forest managers to better predict how future disturbance 

events may alter the ecology and composition of these forests. 

For my study, I am interested in how past disturbances such as drought, insect and disease 

outbreaks, wind storms, and fire affected the growth rates of the dominant tree species. To measure 

this response, I have separated the tree species into two distinct functional groups based on xylem 

structure and water use or water use efficiency; diffuse-porous tree species (Acer and 

Liriodendron) and ring porous species (Quercus and Carya). My goal is to quantify the responses 

that these functional groups have from past disturbance events. This information will help local 

forest managers better understand and predict how disturbances affect forests, but also contribute 

to a global body of literature on how environmental and climatic events alter natural landscapes. 

Moreover, this research will add to a developing understanding of how mesophication (Nowacki 

& Abrams, 2008) is shifting forest structure and composition in upland oak forests of the 

southeastern US.  

2. Forest Disturbance within the eastern United States   

A substantial amount of research exists on ecological disturbances and how landscapes are 

affected by these events. However, our understanding of how disturbance events affect the long-

term dynamics of forested ecosystems is still developing. Disturbance events play a critical role in 

forest growth, composition, and structure. The type, frequency, and severity of these events are 

also fundamental in understanding how forests have changed in the past and predicting forest 

changes in the future. Forest disturbance regimes vary across geographic location and across time. 

Such disturbances are influenced by soil type, topographic features, and human settlement patterns 

(Lorimer, 2001). Thus, forest disturbance histories vary widely across North America and across 

ecosystems. In the southern Appalachians, understanding the disturbance history is a complex task 
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because many factors are at play. Drought, insect and disease, hurricanes, ice storms, timber 

harvests, and human influences all play a role in forming the current state of the forest. Community 

succession and evolution is in part driven by disturbance events. This section reviews and 

synthesizes literature on different forest disturbance events common across the southern 

Appalachian Mountains and how these forests are affected. Included first is anthropogenic forest 

disturbance events, followed by natural disturbance events. However, each natural disturbance 

event can, and has been, influenced by humans. This is demonstrated by fires caused by humans, 

insect/disease introduction via human travel and trade, and increased drought severity due to 

anthropogenic climate change.  

 2.1 Anthropogenic Forest Disturbance  

 Anthropogenic forest disturbances, especially pre-20th century, include logging, grazing, 

fire, and land clearing for agriculture and settlement. Since 1630, approximately 256 million acres 

of forest land across the US have been converted to other uses, primarily agriculture. A majority 

of this clearing happened in the latter half of the 1800’s (Oswalt & Smith, 2014). However, since 

the turn of the 20th century forest land acreage has remained relatively stable due to federal and 

state protections and the creation of national parks, forests, and preserves. In addition to the 

protection of these forests, land abandonment aided in allowing reforestation to occur on 

previously disturbed sites. Forest land in the southeast US is dominated by either private or 

industrial ownership (Oswalt & Smith, 2014). This generally means intensive, softwood forest 

management on these lands with frequent logging and chemical application.  

 Anthropogenic disturbances most relevant to the development of southern Appalachian 

hardwood forests is logging and conversion to agriculture. Following a similar pattern to the 

southeast and US, the late 1800’s were a time of intensive logging and land conversion to 
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agriculture throughout the southern Appalachians. Many settlers logged the highest value timber 

and left the rest (i.e., “high grading”), in addition to clearing large old-growth tracts for agriculture 

(Nesbitt, 1941). This fundamentally shifted ecosystem structure and composition, from mature, 

well stocked tracts to more mid-intolerant stands. Several studies have described potential 

ecosystem changes following similar type logging disturbances. One such project found that plant 

diversity increased following logging as soil resources were released, and thus created a shift in 

ecosystem composition (Belote et al., 2012). These effects are especially apparent as time from 

harvest increases; as clearcuts or gaps transition to areas with high density, small diameter trees 

that reduce light availability for the understory (Belote et al., 2012). Another study found that 

clearcut logging increases sprouting of shade-intolerant species such as Liriodendron tulipifera 

and can potentially shift the areas toward even-aged forests (Shure et al., 2006). Overall, relative 

to the natural disturbance regime, anthropogenic forest disturbances tend to be more intense and 

extensive and alters ecosystem function. While natural forest disturbances are of different 

magnitude, scale, and effect, anthropogenic disturbances have played a critical role in shaping 

forests across the world into their current successional state and composition.  

2.2 Drought  

One of the most common and widespread natural forest disturbances is drought. Although 

droughts are generally low intensity and do not cause immediate tree mortality, they can still affect 

large forested areas, alter competitive relationships among trees, and modify stand dynamics 

(Anderegg et al., 2013; Olano & Palmer, 2003). It is well established that tree mortality increases 

during drought (see Allen et al., 2010 for a  comprehensive list of studies). However, the extent 

and duration of tree mortality from drought is an active field of research and one of the most 

common ways to measure and quantify drought is the Palmer Drought Severity Index (PDSI). 
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Wayne Palmer established this index in 1965 to quantify and measure drought across both space 

and time. Palmer argues that drought is dependent on the average climate of a given area as well 

as prevailing meteorological conditions during and preceding the drought period (Palmer, 1965). 

The PDSI seeks to address drought intensity and the beginning and ending times of an event; two 

elusive and somewhat ambiguous characteristics. This index uses precipitation and temperature 

data, as well as soil moisture and evapotranspiration information. Since the inception of the PDSI, 

several papers have since been published that argue this index uses somewhat arbitrary rules for 

drought classification and has methodological limitations (Alley, 1984; Sabol, 1991). Another 

drought index, the Standardized Precipitation Index (SPI) was developed in order to address 

temporal scale problems with the PDSI ( McKee et al., 1993).  The SPI is not as widely used, and 

currently not available from NOAA climate databases. Ultimately, the PDSI is still a widely 

accepted method to quantity droughts, if only as part of the analysis.  

Drought affects different tree species at different rates and across different time scales. 

Ryan (2011) provides commentary on this phenomenon, suggesting to incorporate photosynthetic 

and respiration rates, as well as water use efficiency and carbon measurements in order to 

understand a tree’s response to drought. However, it remains unclear the extent to which drought 

affects certain tree species. Namely, Appalachian hardwoods such as tulip poplar (Liriodendron 

tulipifera), red maple (Acer rubrum), European oak (Quercus alba), and chestnut oak (Quercus 

montana). This is due to variables such as soil type, elevation, and topography. Some studies have 

shown that there is a quantifiable and significant difference between tree species response to 

drought. Elliot et al (2015) suggests that response to extreme drought varies by functional groups 

based on xylem anatomy. Elliott et al. (2015) found that diffuse porous species (Acer and 

Liriodendron) were more sensitive to drought compared to ring porous (Quercus) species. Elliot 
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and Swank (1994), too, reported that Liriodendron growth was significantly reduced following a 

drought (1985) whereas two different Quercus species showed no reduction in growth over the 

same timeframe. Keyser and Brown (2016) showed that there are even quantifiable differences 

among species in the same genus, where chestnut and European oak showed greater resistance to 

drought compared with northern red and black oak (Q. velutina). These studies suggest drought 

affects different species in different ways, which has ramifications for economic timber value, long 

term stand composition, and carbon storage potentials. Conversely, other studies have suggested 

drought stress may be independent of wood functional group and instead depends on latitude 

(Martin-Benito & Pederson, 2015). These studies reinforce the idea that our current understanding 

of how drought affects forests and individual species is still developing.  

2.3 Insect and Disease  

The invasion of foreign and native insects, pathogens, and other diseases has long been a 

problem that natural resource managers must actively deal with. These invasions happen at local, 

regional, and national scales and can drastically alter the composition and succession of a forest. 

There is continuous research being done to better understand and eliminate, or control forest pests 

and invasive species. However, these species remain a large cause of forest disturbance across the 

southern Appalachians and forests around the globe. Long term effects on forest dynamics 

following these invasions are not fully understood. Specific to the southern Appalachians, several 

species stand out as causing significant disturbance and altering the local ecosystems. The 

Hemlock woolly adelgid (Adelges tsugae) and balsam woolly adelgid (Adelges piceae) 

(Hollingsworth & Hain, 1991; McWilliams & Schmidt, 1994) and chestnut blight (Katherine J. 

Elliott & Swank, 2008) caused by the fungus Cryphonectria parasitica are two of the most prolific 

forest pest disturbance events that the southern Appalachian mountains have experienced since the 
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turn of the 20th century. These invasions caused dramatic shifts in species composition, structure, 

and the long-term ecological trajectory for these forests (Ellison et al., 2005).  

2.3.1 Woolly Adelgids 

The hemlock woolly adelgid (Adelges tsugae) (hereafter HWA) infestation was one of the 

most prominent insect invasions across the eastern US during the latter part of the 20th century. 

The Hemlock woolly adelgid is a small, aphid-like insect that is reddish-brown to purplish-black 

in color (Abella, 2014). The insect is native to Japan, where its population is maintained at non-

threatening levels by native host resistance and natural enemies. A variety of studies have been 

completed on HWA, including how the infestation will affect stream discharge and chemistry, 

future species composition after hemlock mortality, and the long-term ecological impacts of HWA. 

This insect was first reported in the eastern US near Richmond, VA in the early 1950s, and spread 

slowly to other mid-Atlantic states over the next 3 decades (Souto et al., 1996). Throughout this 

time, HWA was considered only a pest to ornamental trees in urban environments. However, by 

the 1980s, HWA began to cause severe mortality across this region, and continues to spread 

throughout the range of eastern hemlock (Lovett et al., 2006). While HWA has spread across the 

mid-Atlantic since the 1950s, it is estimated to have infiltrated the southern Appalachians of North 

Carolina around the turn of the 21st century, according to Morin et al. (2009). The authors from 

this study qualify this claim by saying that estimating the exact spatial and temporal spread of 

invasive insects is difficult due to the amount of surveying required. Since HWA has moved into 

the southern Appalachians, studies have suggested that as hemlocks become infected their water 

use and carbon assimilation ability significantly decrease (Domec et al., 2013).  

In addition to the HWA, the BWA was another prominent insect invasion across the 

southern Appalachians. The BWA, thought to be native to fir forests in central Europe, was first 
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discovered in the southern Appalachians in 1955 (Amman, 1965; Pschorn-Walcher & Zwolfer, 

1958). BWA primarily affects Fraser fir (Abies fraseri), although can attack other North American 

fir species. Relative to the southern Appalachians, BWA has infested and caused significant 

mortality to high altitude Frasier fir across the Black Mountains of NC to what is now Great Smoky 

Mountains National Park (Hollingsworth & Hain, 1991). By the late 1960s, approximately 90% 

of the Fraser fir over 8 feet tall in the Mt Mitchell area had been killed by the BWA (Witter & 

Ragenovich, 1986). BWA spread throughout the Black Mountains of western NC over the next 2 

decades, and made it difficult to compare infested and non-infested areas.  

2.3.2 Chestnut Blight  

Another prominent disturbance throughout eastern US forests came from the Chestnut 

blight (Endothia parasitica). This blight, which uses the American Chestnut (Castanea dentata) 

as a host, is a result of a canker pathogen known as Cryphonectria parasitica and was introduced 

from Asia in the late 19th century (Ellison et al., 2005). Chestnut was a co-dominant species in the 

southern Appalachians for over 3000 years and extended its range through much of the 

Appalachian mountain range, from southern New Hampshire down to northern Alabama (Paillet, 

2002). While it is difficult to specify exact dates when the blight reached specific portions of the 

southern Appalachians, enough historical observations exist to help scientists’ piece together the 

blight’s movement across space and time. First observations of chestnut blight in western North 

Carolina dates back to the early 1920s at Coweeta Hydrologic Laboratory (Katherine J. Elliott & 

Swank, 2008) and across other counties in western NC (Gravatt & Marshall, 1926). American 

chestnut was not only a dominant species by volume and basal area, but was also an important 

timber species to local economies across the southern Appalachians. The chestnut is also a unique 

tree species because of its rapid growth rate, slow decomposition rates, and effect on fundamental 
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ecosystem processes such as decomposition and nutrient cycling (Ellison et al., 2005). This makes 

the chestnut blight all the more impactful, as a foundational species went functionally extinct 

across southern Appalachian ecosystems. Additionally, the loss of chestnut was felt long after the 

species declined from the blight. A study by Wallace et al. (2001) sampled an Appalachian 

headwater stream in the late 1990s and found that the stream contained large woody debris (> 10 

cm diameter) from American chestnut that had died over 50 years prior. The chestnut blight 

fundamentally shifted many southern Appalachian forests from a chestnut-oak dominated 

landscape to allow shade-tolerant and understory species to fill the gaps left by chestnut mortality 

(Ellison et al., 2005). Other species, especially Quercus montana, also captured some of the 

available growing space left by chestnut mortality (Elliott & Swank, 2008). Forest insects and 

diseases are critical in understanding southern Appalachian forest disturbance histories. These 

disturbances have the power to change the dominant tree species and alter both ecosystem function 

and local forest succession.  

2.4 Fire 

Fire has long played a role in forested ecosystems as a way to maintain species diversity, 

manage understory growth, and promote dominant tree species growth. The fire history across the 

southern Appalachians is complex and includes both naturally occurring fires and those set by 

Native Americans and European settlers. The most common and accurate way to understand the 

long term fire history of an area is through soil cores (Delcourt & Delcourt, 1998; Fesenmyer & 

Christensen, 2010; Lorimer, 2001). Several studies have attempted to capture the fire history of 

the southern Appalachians through both soil cores and tree ring records. Researchers from Duke 

University studied and radiocarbon dated soil cores from a site in Nantahala National Forest in 

western North Carolina. They concluded that fire occurred at regular intervals across the last 4000 
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years, with an increase in the last 1000 years from human activity. Best estimates suggest a <35 

year return interval for low and mixed severity fires over the last 1000 year period (Fesenmyer & 

Christensen, 2010). Another study by Flatley et al. (2013) provides a comprehensive look at the 

fire history from three sites across the southern Appalachians in eastern Tennessee and western 

North Carolina using tree ring analysis and visual fire scars. The authors suggest fires occurred 

across this region relatively frequently (return interval of 9-13 years) until the turn of the 20th 

century when fire suppression policies began to be implemented. This includes Bent Creek 

Experimental Forest, where historical records indicate the area was burned, potentially on an 

annual basis, by both Cherokee Indians and European settlers up until the area transitioned from 

private ownership to eventually federal ownership in 1914 (Nesbitt, 1941).  

This leads to another important aspect of historic fire regimes and their effect on forests; 

fire suppression and land abandonment. The reasons for fire suppression can be attributed to a 

variety of factors, including converting forests to cropland, construction of road networks, and 

national scale fire suppression polices (Nowacki & Abrams, 2008). Fire suppression, beginning 

around the 1920s, has helped contribute to a foundational shift in ecosystem structure and 

succession. A now popular term called “mesophication” was coined by Nowacki and Abrams 

(2008) as a way to describe this environmental shift in forest conditions. Mesophication occurs as 

lack of fire continually improves habitat for shade-tolerant mesophytic species, such as Acer 

rubrum, and deteriorates habitat for shade-intolerant, fire-adapted species (Nowacki & Abrams, 

2008). Another major result of fire suppression is the elimination of open lands, where open 

grasslands and woodlands succeed to closed-canopy forests with associated composition and 

structural changes. This has caused a critical shift in how fire affects southern Appalachian forests. 

What was once a once-per-decade event that helped maintain species diversity and decrease fuel 
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loads can now be an intense disturbance events with the potential to drastically alter the species 

composition and structure due to increased fuel loads and “mesophication” of these forests. This 

phenomenon is exacerbated when other disturbances, such as drought, are occurring 

simultaneously. The interaction of fire and drought intensifies the disturbance and highlights the 

impacts caused from climate change. Bent Creek Experimental Forest is still dominated by oak 

and hickory, however the understory is now more dominated by late-successional and shade-

tolerant hardwoods such as red maple (Acer rubrum) and tulip poplar (Liriodendron tulipifera. 

These species have not experienced frequent, low intensity fires as a disturbance event and can 

compete with the oaks and hickories for water and nutrients. Studies conducted on BCEF suggest 

that even with a regular fire interval, oak and hickory regeneration is still uncertain due to high 

densities of shade-tolerant non-oak competitors (Keyser et al., 2017). This is yet another example 

of mesophication and fire suppression altering the landscape at a fine scale.  

2.5 Wind  

Another important disturbance agent in eastern North American forests is wind. Especially 

at large spatial scales, wind can drive forest change, although with varying frequency and 

magnitude across different forest types (Clinton & Baker, 2000). Wind events are unique in how 

they initiate forest change. Generally, localized wind throw events cause the uprooting and falling 

of canopy dwelling or co-dominant trees. This phenomenon can cause what is known as pit and 

mound topography, i.e. micro-topographic variation (Peterson et al., 1990). Moreover, wind events 

can create gaps across the forest canopy, thereby releasing surrounding trees. A common source 

of these wind events in the southern Appalachians is from remnant tropical systems.. Several 

studies have quantified and analyzed the effect that historical hurricanes have had on the creation 

of canopy gaps in the southern Appalachians (Clinton & Baker, 2000; Greenberg & McNab, 1998; 
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McNab et al., 2004). McNab and colleagues (2004) examined the spatial distribution of canopy 

gaps caused by Hurricane Opal in 1995 within the BCEF and found 30 wind-caused gaps across 

the 2400 ha study site. Other studies in this area related to Hurricane Opal suggest that high-

intensity wind events can have substantial influence on forest structure and species composition 

(Greenberg & McNab, 1998). The authors also suggest that red oaks (Quercus coccinea, Quercus 

rubra and Quercus velutina) were disproportionately uprooted due to their size and exposue, while 

Nyssa sylvatica and Acer rubrum were more resistant to uprooting due to their location in the 

understory. Other studies have examined smaller, localized wind throw events and how forest 

succession is altered because of this (Lorimer, 1980), with moderate-severity wind events possibly 

promoting the existence of mid-tolerant species, including oaks    across space and time (Hanson 

& Lorimer, 2007). Wind is an important forest disturbance event, and can create canopy gaps of 

variable sizes. This, along with the abovementioned forest disturbance events, all contribute to 

shaping forests into their current composition, structure, and successional stage.  

3. Dendrochronology and Ecosystem Function 

The most fundamental component of this project is the method by which the data were 

collected: dendrochronology. This is the practice of counting and measuring annual growth rings 

in trees to date and understand historical events (Stokes & Smiley, 1968). Tree rings serve as a 

proxy for both the climate and disturbance events occurring during the ring formation. A major 

benefit from dendrochronology is this method allows scientists to better understand and construct 

historical disturbances at an annual resolution. A comprehensive introduction to 

dendrochronology, including field and lab methods, has been prepared by Marvin Stokes and 

Terah Smiley (1968). This book provides a detailed description on sample collection and analysis 

for the study of tree rings.  
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Dendrochronology can be traced back to the early 1920s by the pioneer of the field, Andrew 

Ellicott Douglass (McGraw, 2003).  Douglass was an astronomer by training and worked at the 

University of Arizona in Tucson, Arizona. Throughout the 1910s and 1920s, Douglass studied tree 

rings and began to lay the foundation for the field now known as dendrochronology. McGraw 

(2003) provides an excellent review of Douglass’ career and how the field developed with his 

guidance. One of the seminal papers from Douglass discussed the idea of using tree rings to 

estimate historic rainfall (Douglass, 1914). Douglass published several keystone papers through 

the 1920s and 1930s that helped establish dendrochronology as a prominent scientific field 

(Douglass 1914, 1919, 1928, 1933).  Douglass later founded the Laboratory of Tree-Ring Research 

at the University of Arizona, the first of its kind. As the field evolved, dendrochronology has gone 

on to help ecologists, climatologists, astronomers, archaeologists, and paleontologists (McGraw, 

2003). Sub-disciplines of dendrochronology have developed including dendroecology, 

dendroclimatology, dendroarcheology, and dendropalentology.  

As the field has grown, scientists have found new ways to utilize tree-ring data to better 

understand our natural world. Dendrochronology is now used to quantify the effect of forest 

disturbance events (Altman et al., 2013; Douglass, 1914; Lorimer, 1980), estimate climate-growth 

relationships (Douglass, 1933; Katherine J. Elliott et al., 2015a), and understand historic fire 

regimes (Delcourt & Delcourt, 1998; Flatley et al., 2013; Lorimer, 2001). Each of these studies 

uses dendrochronological data in different ways to answer different types of questions, 

exemplifying the breadth of the field. Many studies have been conducted throughout the world 

with the goal of creating a disturbance history for a specific region or stand using 

dendrochronology as the fundamental method (Hart et al., 2012; Lorimer, 1980; Piovesan et al., 

2005).   
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4. Climate Change and Carbon Sequestration 

Global climate change provides a suite of challenges for natural resource managers and 

society as a whole, across ecosystems and biomes. Forests are especially susceptible to a changing 

climate as this will cause increased droughts, warmer annual temperatures, and increased 

likelihoods of disease and insect outbreaks. A major benefit of forests on a national and global 

scale is their ability to sequester and store carbon from the atmosphere. As forests are subject to 

the stress of climate change, their ability to sequester carbon and mitigate climate change is 

unclear. This section expands on both climate change in relation to forested landscapes and how 

carbon sequestration will be affected.  

4.1 Climate Change 

Climate change continues to increase disturbance frequency, intensity, severity, and extent 

across the globe. While the effects of climate change are complex and extensive, this section will 

focus on climate changes impacts to southern Appalachian forests. For other background 

information, there are abundant review articles that describe the effects of climate change and how 

humans can adapt (J. D. Ford et al., 2011; Höök & Tang, 2013). For the southern Appalachians 

specifically, much uncertainty remains as to how tree species will respond to warmer temperatures 

and the potential for longer and more severe droughts. Several studies have attempted to predict 

how hydrology in the Appalachians will be altered as climate change worsens. Wu and colleagues 

(2014) used models to predict soil moisture and stream flow across a portion of the southern 

Appalachians in western NC. Their models suggest drier summer and fall months and higher 

streamflow in winter (Wu et al., 2014). Other studies suggest that increased precipitation could 

lead to higher soil erosion across the Appalachians, influencing local streamflow and soil quality 

(Hoomehr et al., 2016). Additionally, researchers have found that increasing the abundance of 
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mesic species contributes to a decreased water yield (Caldwell et al., 2016). This emphasizes the 

importance of managing for oak and hickory across the southern Appalachians. A study by Silva 

and Anand (2013) showed that even with an increase in CO2, tree growth has still declined due to 

warming-induced stress.   

Directly linked to tree growth rates in the face of climate change is forest capacity to 

sequester and store carbon. Increasing CO2 concentrations in the atmosphere leads to increased 

warming and drought stress, which may reduce tree growth. Moreover, the effects from CO2 

fertilization are still unclear. Studies suggest that the relationship between increased CO2 

concentrations and forest growth are complex, noting that this phenomenon will likely not slow 

down climate change and the increased growth effects may be offset by decreased tree longevity 

(Bugmann & Bigler, 2011; Gedalof & Berg, 2010).  

4.2 Carbon Sequestration 

As a function of climate change, scientists and society as a whole must find ways to 

mitigate environmental effects of climate change. One such way is through carbon sequestration. 

There are several ways that carbon may be sequestered from the atmosphere. Current industrial 

scale methods include carbon capture and sequestration where CO2 is captured at point sources 

like power plants and injected into geologic formations such as depleted gas and oil fields or un-

mineable coal seams (Klara et al., 2003). Beyond these methods, sequestering carbon through 

forests is another prominent and sustainable approach to mitigating climate change (Daniels, 

2010). There is a direct link between tree growth and forest carbon sequestration potential. 

However, managing forests for carbon sequestration requires a different approach than that of 

traditional forest management. Managers and foresters must account for and understand the 

dynamics of belowground carbon allocation as well as timber harvest and prescribed burning 
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impacts (Noormets et al., 2015). A number of related studies have brought to light the complex 

relationship between carbon storage and forest age (Daniels, 2010; Forrester et al., 2013). As 

Daniels (2010) explains, forests over 100 years old generally do not sequester much additional 

carbon, however these forests represent large reserves of carbon. Therefore, it may be more 

beneficial to manage for and protect mature forests rather than plant new ones. Climate change is 

predicted to increase water stress across nearly all forest types, and forest tree growth is predicted 

to decline. As a result, carbon sequestration rates will also decline and the ability of forests to serve 

as carbon sinks and mitigate climate change may be reduced (Brzostek et al., 2014b). These 

dynamics make understanding forest growth response to disturbance all the more important. 

Growth rate data, paired with tree metadata such as height, diameter at breast height (DBH), and 

species provide important information for future forest carbon sequestration modeling.   

5. The southern Appalachian Mountains and western NC 

The history of the southern Appalachians is a rich and complex story that involves 

incredible biodiversity, unique forest ecosystems, and a diverse blend of cultures. While there is 

still some debate about the northern limit of the Appalachian Mountain range, the general 

consensus is that the range extends from northern Georgia and Alabama through either central 

New York or up into southern Quebec, Canada (Constantz, 2004). Regardless, the mountain range 

parallels the Atlantic Coast and stretches through many states. Due to the unique location of these 

mountains, climate and weather patterns vary significantly from the northern to southern portion 

of the Appalachians.  

Due to the location of this study and breadth of information available on this area, the 

following section will focus on describing the southern portion of the Appalachian Mountains. The 

southern section contains the highest peaks east of the Rocky Mountains, with the highest being 
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Mount Mitchell at 2046 meters (Ayres & Ashe, 1905). Additionally, there are over 40 peaks and 

2600 ha above 1800 meters elevation throughout the southern Appalachians. Topography in this 

area is the result of long-continued erosion. Gorges, cut by streams over thousands of years, are 

common throughout the region. Large granite outcroppings are also common on exposed 

ridgelines, whereas the basins, coves and valleys generally occur above or adjacent to gorges 

(Ayres & Ashe, 1905). Weather can be variable, however annual temperatures at elevations above 

1500 meters generally range between 7 °C and 24 °C in the summer months and -23°C and 7°C in 

the winter months. At elevations below 1500 meters temperatures are slightly warmer.  

Dominant tree species in the southern Appalachians include many different oaks (Quercus 

montana, Quercus, coccinea, Quercus alba, Quercus rubra, Quercus velutina), hickories (Carya 

spp.), red maple (Acer rubrum), sugar maple (Acer saccharum) European ash (Fraxinus 

americana), black walnut (Juglans nigra), American beech (Fagus grandifolia), blackgum (Nyssa 

sylvatica), tulip poplar (Liriodendron tulipifera), Fraser fir (Abies fraseri) and eastern white pine 

(Pinus strobus) (Schafale, 2012). Notably, eastern hemlock (Tsuga Canadensis), Carolina 

hemlock (Tsuga caroliniana), and American chestnut (Castanea dentate) are excluded from this 

listing due to prominent insect diseases that spread throughout the southern Appalachians and are 

covered in sections 2.2.1 and 2.2.2. Even in the early 20th century, foresters observed and 

documented that unregulated timber harvest, fire, and grazing were deteriorating the quality of 

southern Appalachian forests at a large scale (Ayres & Ashe, 1905). Insect and disease outbreaks, 

along with effects from climate change, will be added to that list as the 21st century progresses.  

This region, especially western North Carolina, contains a complex cultural history as do 

many areas across the Atlantic coast where European settlers displaced Native Americans. The 

Cherokee Indians lived and prospered in the area between Asheville, NC and what is now the Great 
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Smoky Mountains National Park up until colonization from Europe (Constantz, 2004). Leading up 

to, throughout, and after the Revolutionary War (1775-1783) the Cherokee people were slowly 

and forcibly removed from their native lands and either relocated west of the Mississippi or moved 

to other parts of the southeastern US (Smithers, 2015). A small portion of the Cherokee people 

remained in western NC and throughout the southern Appalachians through the 19th century, and 

a reservation in western NC protects a small portion of their original land to this day. This 

background and context is important because the Cherokee people, as well as the European settlers, 

manipulated and used the forests to maintain their livelihoods. Literature suggests that the 

Cherokee actively and routinely burned the forests to improve hunting and grazing conditions 

(Flatley et al., 2013; Gragson & Bolstad, 2007; Nesbitt, 1941). European settlers also burned the 

forest, and made substantial timber harvest efforts across the southern Appalachians with little 

regard for how the forest may respond (Ayres & Ashe, 1905; Nesbitt, 1941). The European settlers 

burned frequently, generally to clear land for subsistence agriculture and hunting (Guyette et al., 

2006). These practices continued until state and federal protections began to be implemented to 

protect large undivided forested areas, just after the turn of the 20th century. The Cherokee and 

European settler uses of the forests played a role in how those same forests look today. Nesbitt 

(1941) and Ayres and Ashe (1905) suggest that substantial land clearing for agriculture and grazing 

negatively affected the surrounding forests, soil, and water quality in western North Carolina.  

6. Bent Creek Experimental Forest   

My study is located adjacent to the Bent Creek Experimental Forest (BCEF), on the Pisgah 

Ranger District of the Pisgah National Forest in western NC (35.5N and 82.6W). BCEF is a 2400 

ha field research facility of the US Forest Service located in the southern Appalachian Mountains, 

16 km southwest of Asheville, North Carolina (McNab et al., 2004). The BCEF has a unique 
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ownership history which has direct implications for the disturbance history across the site. During 

and up to the arrival of English frontiersmen and settlers, the area was likely inhabited by the Bent 

Creek Indians, a group of The Cherokee Nation. As the Indians were forcibly removed from the 

land throughout the late 1700s, European settlers and their families lived across BCEF and the 

surrounding areas from the time of the Revolutionary war through the end of the 19th century 

(Nesbitt, 1941). Next, from 1900 to 1909, came ownership by George W. Vanderbilt, owner of the 

prestigious Biltmore Estate. Vanderbilt came to western NC in 1895, and brought with him Dr. 

Carl A. Schenck from Germany. The plan was for Dr. Schenck to manage the vast forested lands 

that were part of Vanderbilt’s estate (Lee, 2012). In addition to this management, Dr. Schenck 

started the Biltmore Forest School in 1898 as a way to educate young men in the area about his 

forestry knowledge. 

Vanderbilt, with Dr. Schenck acting as his forestry consultant, acquired nearly every parcel 

within BCEF during the first decade of the 20th century. However, in 1914 George Vanderbilt 

entered into an agreement with the federal government to sell all of his holdings in Bent Creek, 

along with many other parcels, for a flat rate of $5.00 per acre to become Pisgah National Forest 

(Nesbitt, 1941). It was not until 1925 when the northeast portion of Pisgah, approximately 450 ha, 

was transferred to the Appalachian Forest Experiment Station for the establishment of Bent Creek 

Experimental Forest. From this point on, BCEF has remained in federal ownership, as well as the 

surrounding lands.  

My research takes place near the western border of BCEF on a site known as the Southern 

Appalachian Femelschlag Experiment (SAFE). The term femelschlag, a German word, is a type 

of alternative, expanding gap silvicultural approach where dispersed gaps within a forest are 

harvested at set intervals to regenerate targeted species (Puettmann, 2009). The initial harvest 
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occurred in 2019 and subsequent harvests/expansions are scheduled to recur in 10-year intervals. 

I will focus on dominant and co-dominant trees within the experimental gaps to establish an age 

distribution, climate response and disturbance history, and carbon storage potential for this site.  
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Figure 1: Map of Bent Creek Experimental Forest, Southern Appalachian Femelschlag Site, PNF boundary, and 

surrounding area. Located in southwestern Buncombe County, NC USA. 
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7. Objectives and Hypothesis  

I am curious how the site disturbance history has affected growth rates, climate responses, 

carbon storage potential, and subsequent economic value of ring porous and diffuse porous 

functional groups. The objectives of this study are to 1) establish a climate response and 

disturbance history of a mature, second-growth hardwood stand via dendrochronology and tree 

ring analysis and 2) quantify the carbon storage potential for each species and functional group. I 

hypothesize that the diffuse porous functional group will be more sensitive to disturbance and 

produce less growth during disturbance event years. Thus, I also hypothesize that the diffuse 

porous species will carry a smaller carbon storage potential compared to ring porous species.  
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Chapter 2: Climate Growth Responses and Carbon Consequences of Compositional 

Change in Mature Southern Appalachian Oak-Hickory Forests 

Introduction 

Disturbance events play a critical role in forest growth, composition, and structure. A 

substantial amount of research exists on how landscapes are affected by disturbance events. 

However, the understanding of how disturbance events affect the long-term dynamics of forested 

ecosystems is still developing. This is especially relevant as climate change is expected to increase 

global atmospheric temperatures and alter precipitation patterns in some regions, likely affecting 

tree growth and distribution (IPCC, 2014). The type, frequency, extent, and severity of disturbance 

events are fundamental in understanding how forests have changed in the past and predicting forest 

changes in the future. Forest disturbance regimes vary across geographic location and across time. 

Such disturbances are influenced by soil type, topographic features, and patterns of past land-use 

(Lorimer, 2001). Thus, forest disturbance histories vary widely across North America and across 

ecosystems. In the southern Appalachians, understanding the disturbance history is a complex task 

because many factors are at play, both natural and anthropogenic. Included in these disturbances 

are drought, insect and disease infestations, hurricanes, ice storms, and human influences (Elliott 

& Swank, 2008; Flatley et al., 2013; Lorimer, 2001; Seidl et al., 2017).  

Natural disturbances, especially drought, have a significant effect on forest growth and 

mortality rates (Allen et al., 2010; Brzostek et al., 2014; Elliott & Swank, 1994; Klos et al., 2009; 

Olano & Palmer, 2003; Pederson et al., 2012). Although droughts are generally low intensity and 

do not cause immediate tree mortality, they can still affect large forested areas, alter competitive 

relationships among trees, and modify stand dynamics (Anderegg et al., 2013; Olano & Palmer, 

2003). However, with extreme droughts such as the 2012-2014 drought in California, rapid and 
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widespread tree mortality can occur (Griffin & Anchukaitis, 2014). More specifically, drought 

affects different tree species at different rates and across different time scales (Clark et al., 2012). 

To compare responses between species, one approach is to group species into functional groups 

based on xylem anatomy and water use efficiency; isohydric, diffuse porous species and 

anisohydric, ring porous species (Elliott et al., 2015; Hoffmann et al., 2011; Klein, 2014; Meinzer 

et al., 2013; Oren et al., 1999). These functional groups are defined by the physiological traits of 

the trees, where daily water use may be influenced by the xylem anatomy (Meinzer et al., 2013; 

Sperry et al., 1994) More specifically, the groups are based on stomatal response to humidity and 

vapor pressure deficit. Species that maintain xylem water potentials above their critical water 

potential level and show a high stomatal sensitivity to the vapor pressure deficit are classified as 

isohydric, or diffuse porous. Species that allow leaf and xylem water potentials to fall throughout 

the day and approach critical water potential levels and have a lower stomatal conductance 

sensitivity to the vapor pressure deficit are classified as anisohydric, or ring porous (Choat et al., 

2012; Ford et al., 2011; Klein, 2014; Meinzer et al., 2013; Oren et al., 1999a; Sade et al., 2012). 

Several studies have found that diffuse porous species common in the southern Appalachians (Acer 

rubrum and Liriodendron tulipifera) are more affected by drought compared to ring porous species 

(Quercus and Carya) (Elliott & Swank, 1994; Elliott et al., 2015). However, others suggest the  

actual growth rates (i.e., mean annual biomass growth) between the two functional groups may be 

similar (von Allmen et al., 2015). At an even finer taxonomic scale, differences in drought 

sensitivity have been shown among ring porous species where Quercus montana and Q. alba were 

more drought resistant compared to Quercus rubra and Q. velutina (Keyser & Brown, 2016).  

However, in order to best characterize the southern Appalachian forests as a whole, including both 

ring and diffuse porous functional groups may prove to be the most holistic and effective approach.   



25 
 

   
 

In addition to droughts, invasive insects and disease are another large scale forest 

disturbance that have affected the southern Appalachians forest structure and composition. The 

hemlock woolly adelgid (HWA) has caused severe hemlock mortality, altered local stream 

chemistry discharge, and decreased hemlock water use and carbon assimilation across the eastern 

US and southern Appalachian mountains (Souto, et.al., 1996; Domec et al., 2013; Lovett et al., 

2006). The chestnut blight, a result of a canker pathogen known as Cryphonectria parasitica, was 

another prominent disease to affect the southern Appalachians. The American chestnut was a co-

dominant species in the southern Appalachians for over 3000 years and extended its range through 

much of the Appalachian mountain range, from southern New Hampshire down to northern 

Alabama (Paillet, 2002). The chestnut blight fundamentally shifted many southern Appalachian 

forests from a chestnut-oak dominated landscape to allow more shade-tolerant and understory 

species, as well as some oaks, to fill the gaps left by chestnut mortality (Ellison et al., 2005; Keever, 

1953).   

Fire is another prominent disturbance event in forested ecosystems. In the southern 

Appalachians, fire occurred at varied intervals across the last 4000 years, with an increase in the 

last 1000 years from human activity (Fesenmyer & Christensen, 2010; Flatley et al., 2013). In the 

context of oak regeneration, fire-free periods of up 30 years have been shown to support oak fire 

resistance (Dey, 2014). Fire suppression and exclusion has contributed to “mesophication” across 

the southern Appalachians, as ecosystems shift towards more mesophytic, shade-tolerant species 

such as Ace rubrum (Nowacki & Abrams, 2008; Pederson et al., 2015). Other disturbance events, 

such as wind throw from hurricanes and other wind events, can cause localized disturbances and 

create canopy gaps in mature forests (Clinton & Baker, 2000; Greenberg & McNab, 1998; McNab 

et al., 2004).  
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In the Pisgah National Forest, disturbance events have continually influenced forest 

composition, structure, and successional patterns. Droughts, windfall events, and prolific insect 

and disease invasions have shaped the forest and to a larger extent, all of the southern Appalachian 

Mountains. For my study, located in Pisgah National Forest, the selected species all have 

implications on how southern Appalachian forests will change in the future and how these changes 

affect stand composition, economic value, and wildlife habitat quality. It is well established that 

oak (Quercus spp.) establishment and regeneration has declined in regions across the eastern US 

over the last 40 years (Dey, 2014; Dey et al., 2016; Elliott et al., 1997; Fei et al., 2011). This has 

led to both a shift in species composition and increased public interest in maintaining Quercus 

dominated landscapes. Most notably, shade-tolerant species (i.e., Acer rubrum) have increased in 

abundance as fire suppression and localized forest canopy disturbances help drive mesophication 

and Quercus regeneration and recruitment is suppressed. These processes are commonly 

characterized by the presence and abundance of the shade-tolerant Acer rubrum, A. Saccharum, 

Nyssa sylvatica, and Fagus grandifolia (Abrams, 1998; Lorimer, 1984). While several studies have 

focused on how the loss of oak will affect wildlife (McShea et al., 2007), these changes also make 

understanding forest carbon storage potentials more important than ever. Quantifying current 

carbon storage may help forest managers better predict future carbon storage values as forest 

composition changes. 

To study these disturbance events at a high temporal resolution, dendrochronology is the 

most prominent and effective method used. By counting and measuring annual growth rings in 

trees to date and understand historical events, scientists and natural resource managers can 

understand climatic and disturbance events an at annual resolution (Stokes & Smiley, 1968). 

Dendrochronology is widely used to quantify the effect of forest disturbance events (Altman et al., 
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2013; Douglass, 1914; Lorimer, 1980), estimate climate-growth relationships (Douglass, 1933; 

Elliott et al., 2015), and understand historic fire regimes (Delcourt & Delcourt, 1998; Flatley et 

al., 2013; Lorimer, 2001). Disturbance events will increase in both frequency and severity as 

climate change continues to alter local and global weather patterns. In particular, the southern 

Appalachians will likely see drier summer and fall months and higher streamflow in winter (Wu 

et al., 2014). As climate change is predicted to increase water stress across nearly all forest types, 

tree growth in these areas is predicted to decline. As a result, carbon sequestration rates will also 

decline and the ability of forests to serve as carbon sinks and mitigate climate change is reduced 

(Brzostek et al., 2014). In the face of climate change and a rapidly changing environmental 

landscape, understanding how disturbance events and climate affect tree growth becomes more 

critical. Not only for understanding carbon storage and sequestration, but also for predicting 

economic values of commercially viable timber species that may respond differently to 

disturbances.   

My study aimed to understand the complex disturbance history and contextualize growth 

rates of individual hardwood species from a mature oak-hickory stand in the southern 

Appalachians. I implemented a dendrochronological approach similar to that used by Elliot et al. 

(2015) that separates species into diffuse and ring-porous functional groups for analysis. 

Additionally, I sought to use species specific growth rate information to estimate stand level carbon 

sequestration rates.    

Objectives and Hypothesis  

I was curious how the site disturbance history has affected the growth rate and carbon 

storage potential of each functional group. The objectives of this study are to 1) establish a climate 

response and disturbance history of a mature, second-growth hardwood stand via 
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dendrochronology and tree ring analysis and 2) quantify the carbon storage potential for each 

species over time. I hypothesized that the diffuse porous functional group would be more sensitive 

to disturbance (i.e. produce less growth during disturbance event years) and thus carry a smaller 

carbon storage potential compared to ring porous species. These relationships may suggest an 

important negative consequence of current species trajectories under ongoing climate change 

scenarios.  

Methods 

Site Description  

The Southern Appalachian Femelschlag Experiment (SAFE) study site is 60 hectares in 

size and located within the Pisgah Ranger District of the Pisgah National Forest, North Carolina 

(latitude 35°28N, longitude 82°40W). The site is directly west of and borders the Bent Creek 

Experimental Forest (Fig. 1). The area is within the Blue Ridge Physiographic Province of the 

Southern Appalachian Mountains. The terrain is mountainous with steep slopes. Geology is 

predominantly felsic to mafic high-grade metamorphic biotite and granitic gneisses (Hadley and 

Nelson, 1971). Soils are Inceptisols and Ultisols that are shallow to very deep, well drained, 

moderately to extremely acidic, and range in texture from coarse-loamy to clayey; stones are 

scattered on the surface of some sites (Allison and Hale, 1997). Winters are cool and relatively 

short while summers are generally long and warm. Average monthly minimum and maximum 

temperatures are 3.9 °C and 24 °C. Site productivity varies among topographic position; mesic, 

lower slope sites tend to be more productive than the xeric ridge top locations. Vegetation is 

consistent with mature, second-growth, upland mixed-oak forests. Oak species (Q. rubra, Q. 

velutina, Q. coccinea, Q. alba, Q. montana), hickory species (Carya cordiformis, C. glabra, C. 

ovalis and C. tomentosa), and yellow-poplar (Liriodendron tulipifera) dominate the overstory. 
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Midstory species composition consists primarily of shade-tolerant species including sourwood 

(Oxydendrum arboreum), flowering dogwood (Cornus florida), blackgum (Nyssa sylvatica), and 

red maple (Acer rubrum). Stand structure is typical of mixed-hardwood forests in the area, with 

basal area averaging 37 m2/ha. Oak species comprise 46% of total basal area within the study area.  

 

 

Figure 2: Map of study site, located in southwestern Buncombe County, NC. Site is located within Pisgah National 

Forest and bordered by Bent Creek Experimental Forest. 
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Field and Laboratory Methods   

The SAFE was selected as a location for a large-scale, manipulative experiment to test an 

alternative silvicultural prescription to assist oak regeneration in the area. As part of the study 

establishment, an inventory was conducted in 2015. Six treatment units were delineated and 72 

plots were located among units. The treatment units were assigned to receive the 0.1 ha (3 units 

with 17 plots each) or 0.4 ha (3 units with 6 plots each) gap treatment during the initial harvest 

entry. The species and diameter at breast height (DBH; cm) of all trees >=12.7 cm DBH were 

Species Density (Stems ha-1) Basal Area (m2 ha-1) Mg C Ha-1

Acer negundo 47 0.10 0.17

Acer rubrum 428 5.85 13.18

Betula lenta 78 0.69 1.39

Carpinus caroliniana 1 0.02 0.04

Carya spp. 63 2.02 7.02

Cornus florida 33 0.13 0.17

Fraxinus americana 36 0.55 1.28

Ilex opaca 13 0.01 0.04

Liriodendron tulipifera 123 10.41 24.75

Magnolia acuminata 1 0.06 0.15

Magnolia spp. 22 0.18 0.42

Nyssa sylvatica 31 0.48 1.03

Oxydendrum arboreum 115 2.77 6.18

Quercus alba 17 3.07 8.14

Quercus coccinea 6 1.14 2.93

Quercus prinus 68 7.59 19.18

Quercus rubra 38 6.21 20.14

Quercus velutina 13 0.49 1.11

Robinia pseudoacacia 3 0.26 0.79

Sassafras albidum 26 0.01 0.02

Tsuga spp. 12 0.11 0.13

Total 1174 42.15 108.23

Table 1: Density, basal area, and ATC values for all species across SAFE site. ATC values represent 

stand wide aboveground carbon on a per hectare basis. Trees >=12.7 cm dbh were recorded on 12.6m 

radius plots, and midstory trees (stems >=1.5 <12.7 cm dbh) were recorded on nested subplots with 

a 5.6m radius. Highlighted rows represent species of focus in this study. 
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recorded on 12.6 m radius plots. Midstory trees (stems >=1.5 <12.7 cm DBH) were recorded on 

nested subplots with a 5.6 m radius. Heights were recorded for the first tree encountered in each 

canopy social position. All plots were included in the pre-treatment inventory.        

Prior to treatment implementation, a subset of plots were randomly selected for intensive 

measurements and became the focus of this study: 13 plots from the 0.1 ha gap treatment pool and 

8 plots from the 0.4 ha treatment group. This subset of plots was re-visited in February 2019. 

Within each plot, trees were selected in order to provide a representative sample of both species 

and size classes for the site. Sampled species include oaks (Quercus alba, Q. rubra, Q. montana, 

Q. coccinea, and Q. velutina), yellow poplar (Liriodendron tulipifera), red maple (Acer rubrum), 

and hickory (Carya cordiformis, C. glabra, C. ovalis and C. tomentosa). Samples ranged in size 

from 14.7-107.7 cm DBH. Specifically, I selected for larger, older samples within plots. I targeted 

these samples because larger, older trees provide the maximum dendrochronological history to 

study establishment, disturbance, climate influence, and release history in the stand. Starting from 

the approximate gap center, trees were selected such that I marked approximately 10 trees per plot. 

The azimuth, distance from center, species and diameter were recorded. Elevations for sampled 

trees ranged from 847-1117 m. Trees were painted and tagged at the base for relocation after the 

harvest. 

Gap creation occurred from January 2019-May 2019. Harvesting was completed via 

traditional mountain harvest methods. All trees were hand-felled, winched to temporary logging 

decks, and moved to a central deck with a forwarder. Post-harvest, a total of 236 cookies were 

collected from 21 plots in May 2019. Here, a “cookie” is defined as a whole disc or partial wedge 

extracted from each stump that captured the tree rings from pith to bark. Logistical restraints, 

including how and where loggers harvested trees from the stump, dictated from where my samples 
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could be harvested. Generally, if samples were not whole discs, they were wedges cut from the 

downhill side of the stump. When pre-selected stumps contained heart rot or were otherwise 

unusable, the stump was disregarded and a new sample of the same species and similar size within 

the gap was selected. Discs were air dried on site at Bent Creek Experimental Forest and moved 

to NC State University in Raleigh for further processing.  

Each sample was cleaned and sanded with sandpaper increasing in fineness until rings were 

easily discernible. The sanding process included the use of a random orbit sander in three rounds; 

with sandpaper grits of 80, 120, and 220. A finishing 360 grit sponge was used as needed to polish 

sample surface. After preparation, samples were aged and measured using standard 

dendrochronological methods. On each sample, one clear strip was measured from bark to pith 

with lines drawn onto the sample to simulate the width of a standard tree core and guide 

measurement. Annual ring widths for each sample were measured using a linear-encoded stage, 

microscope, and software (Velmex Inc., Bloomfield, NY, Olympus America Inc., Center Valley, 

PA; Measure J2X software, Holderness, NH). Annual ring widths were measured to the nearest 

0.001 mm. This was followed by visual and statistical cross-dating using the software program 

COFECHA (Grissino-Mayer, 2001; Holmes, 1983).   

 RWI and Chronology Development 

A total of 209 tree cross-sections were measured (Table A1). Ninety-five samples across 

all species were selected for climate analysis. Samples were selected based on visual and statistical 

cross-dating accuracy, geographic location, and length of timeseries. Samples were then grouped 

into species-specific composite chronologies by functional group; diffuse-porous (n = 31) or ring-

porous (n = 64). This led to 8 ring width length timeseries, as well as a master timeseries for both 

diffuse and ring-porous functional groups. To transform individual timeseries from ring width 
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length (mm) to the unitless ring width index, timeseries were standardized and detrended using 

standard methods in R Studio (R Core Team, 2019). The purpose of detrending and standardizing 

each timeseries is to remove or reduce non-climatic influences, such as from the tree’s natural 

biological growth trend or growth patterns resulting from local competition (Cook & Peters, 1981; 

Fritts, 1976). Thus, raw ring width series must be stabilized before being related to past climate or 

disturbance events. This process was done using the dplR Package (Bunn, 2008). I used an 

intermediate, 50-year spline to detrend and standardize the raw ring width data. This approach 

attempts to keep long-term variations in the ring width in order to highlight ecological disturbances 

(Cook & Kairiukstis, 1990).   

 Basal area increment (BAI) chronologies were also calculated for each functional group. 

Here, I used all cross-dated, detrended, and standardized chronologies (n = 95) to better quantify 

biomass and carbon flux from my selected trees. This process converts ring width series (mm) to 

ring area series (i.e. basal area increments) and is based on the diameter of the tree and width of 

Figure 3: Mean basal area increment (cm2 yr-1) for diffuse and ring porous species shown using left side y axis. Right 

side y axis shows values for relative Aboveground live Tree Carbon (ATC) storage potential (Mg C ha-1) for diffuse 

and ring porous species. Stand wide carbon storage values calculated from pre-harvest inventory in 2015 and modeled 

against BAI values. 
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each measured ring. A circular cross section was assumed. BAI series were created with the dplR 

package (Bunn, 2008) which utilizes methods from Biondi (1999) and Biondi & Qeadan (2008) 

(Fig. 2).  

Release analysis was done using the TradeR package (Altman et al., 2017). This analysis 

utilized all samples available (n = 209) so as to more accurately capture stand wide growth release 

events. I chose to investigate release episodes because this is the primary dendroecological method 

by which to reconstruct stand canopy disturbance events (Frelich, 2002; Fraver &, 2005; Lorimer, 

1980, 1985; Nowacki & Abrams, 1997). I used the percent growth change method (%GC), 

developed by Nowacki & Abrams (1997). This method computes the percentage growth change 

between average radial growth over the preceding 10-year period:  

%GC = [(M2-M1)/M1] * 100  

where M1 is average growth in a 10 year period (including the target year), and M2 is the average 

radial growth over the subsequent 10-year period, (excluding the target year):. The minimum 

threshold for release is 25% growth change for moderate and >50% for major release (Altman et 

al., 2017). 

Climate and Carbon Data  

Average monthly precipitation and temperature data were obtained for Buncombe County, 

North Carolina from January 1895- May 2019 (https://www.ncdc.noaa.gov/). Palmer Drought 

Severity Index (PSDI) data were obtained for the Southern Mountains climate division of North 

Carolina from 1895-2019 on a monthly basis (https://www.ncdc.noaa.gov/). The PDSI is a drought 

index that quantifies drought across space and time, providing positive values for wet years and 

negative values for dry years on a regional basis (Alley, 1984; Palmer, 1965). PDSI values were 

compared against standardized chronologies of both diffuse and ring porous functional groups to 

https://www.ncdc.noaa.gov/
https://www.ncdc.noaa.gov/
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produce correlation coefficients to measure the impact droughts had on annual tree growth. Species 

and stand level carbon storage data were calculated using 2015 pre-harvest inventory data and 

allometric equations based on Jenkins (2003). These data were processed using the Southern 

Variant of the Forest Growth Simulator (FVS). Biomass was converted to carbon by multiplying 

by 0.5. Aboveground live tree carbon (ATC) values (Mg C ha-1) were summarized by species and 

represent stand wide carbon storage values (Table 1). Annual carbon storage rates were compared 

by functional group, using the mean ATC values from 1923-2015 and divided by the respective 

number of years. This time period was used to control for sample size among functional groups, 

ensuring ≥10 samples per group. This yielded mean annual ATC storage rate (Mg C ha-1 year-1) 

for each functional group. 

Statistical Analysis 

I used multiple approaches to determine whether and how diffuse or ring porous functional 

groups responded differently to climatic events over time, as well as during extreme drought 

events. Annual PDSI, precipitation, and temperature data were compared against standardized ring 

width index data for both functional groups using the treeclim R package (Zang & Biondi, 2019). 

This package was used to compute bootstrapped Pearson correlation coefficients for PDSI, 

precipitation, and temperature data with RWI data. The package is built on the functionality of 

DENDROCLIM2002, from Biondi & Waikul (2004). These correlations were run for years 1910-

2019. Years of analysis were limited by availability of climatic data, and the size of analysis 

windows was limited by functionality of treeclim. Additionally, correlations were run for time 

periods associated with extreme drought events, with 10 year buffers before and after the years of 

extreme drought. Selected drought periods include 1925-1926, 1985-1988, 1998-2002, and 2007-

2008. These droughts represented time periods with precipitation levels of 92 cm (-26% below 
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mean annual precipitation), 96 cm (-22%), 108 cm (-13%), and 92 cm (-25%) respectively, all 

significantly below mean annual precipitation of 123 cm. For each PDSI and RWI correlation, a t-

test was run to test for a statistically significant difference between diffuse and ring porous species 

response to drought. Additionally, a Levene-test was performed to test for interannual variation 

between functional group BAI. Finally, to test for any effect from elevation on species growth, a 

linear regression model was produced that modeled mean RWI for all cross-dated species versus 

elevation of each sample. Due to the number of factors affecting tree growth and the general 

variability of ecological data, I interpreted differences to be statistically significant at the α = 0.1 

level. All analyses were conducted in R Studio version 1.2.1335, R version 3.6.1 (R Studio Team, 

2018).  

Results   

Growth and disturbance history  

Both functional groups showed similar RWI and BAI trends (Figures 2 and 3). Diffuse 

porous species (Acer rubrum and Liriodendron tulipifera) had a mean BAI of 19.7 ± 1.1 cm2 yr-1 

and ring porous species (Quercus and Carya spp.) had a mean BAI of 26.5 ± 0.99 cm2 yr-1. Mean 

BAI values spanned from 1923 – 2019, ensuring ≥10 samples per group. Quercus rubra had the 

highest mean BAI for this time period (41.1 ± 1.79 cm2 yr-1). Interannual variations between ring 

porous and diffuse porous BAI series (tested for 1923-2019 to include ≥10 samples per group) 

were not significantly different according to the Levene-test (p = 0.42). No relationship was 

apparent between mean RWI and elevation for diffuse porous (R2 = 0.04, p = 0.28) or ring porous 

species (R2 = 0.004, p = 0.58) (Figure A1). Mean elevation for diffuse porous samples was 975 m 
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and mean elevation for ring porous species was 982 m. Elevations for sampled trees ranged from 

847-1117 m.  

 

Quercus alba had the oldest mean age (151 years) while Q. rubra had the largest mean 

diameter (63.9 cm) (Table 2). Across all species, diameters ranged from 14.7 to 107.7 cm and ages 

ranged from 47 to 225 years. Mean tree age across species was 121 years, and mean diameter 

across species was 47.1 cm. Ninety-one of the aged disks were from diffuse porous (44%) and 117 

were from ring porous (56%) species.  Mean BAI rates varied across both functional groups and 

species. Ring porous species mean BAI ranged from 12.9 to 41.1 cm2 yr-1 while BAI of diffuse 

porous species ranged from 12.8 cm2 yr-1 for A. rubrum and 28.9 cm2 yr-1 for L. tulipifera. The 

mean BAI from 1923-2019 was significantly different for diffuse and ring porous functional 

groups (ANOVA, F = 24, p < 0.001).  

Figure 4: Standardized and detrended ring width index chronologies for diffuse and ring porous species.  
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Stand composition and annual growth trends  

Ring porous species dated back to 1795 and diffuse porous species date back to 1901. Both 

ring porous and diffuse species responded similarly during extremely dry years (e.g. 1925, 1985-

1988, 1998-2002, and 2007-2008) by decreasing annual growth (Fig. 3). Additionally, both 

functional groups showed positive BAI growth responses during stand wide release events from 

1932-1935 and 1965-1968 (Fig. 2). In order to determine sensitivity to disturbance across 

functional groups, I analyzed percent change in mean BAI during years of extreme drought (1925-

1926, 1985-1988, 1998-2002, and 2007-2008) (Table 3). In each drought event, diffuse porous 

species showed a larger response, either positive or negative, compared to ring porous species. 

This trend is most evident during the 1925-1926 and 2007-2008 droughts, where diffuse porous 

Species No. of trees Age (years) Diameter (cm) Mean BAI (cm2 yr-1)

Acer rubrum 40 Mean 94 30.8 12.8

Min/Max 47/121 14.7/54.4

Liriodendron tulipifera 51 Mean 95 48.2 28.9

Min/Max 48/121 18/80.6

Quercus alba 25 Mean 151 50 28.6

Min/Max 91/215 25/80.6

Quercus coccinea 11 Mean 107 42.3 24.5

Min/Max 80/139 26.5/54.9

Quercus velutina 9 Mean 143 55.3 27.1

Min/Max 95/225 33.9/82.8

Quercus prinus 27 Mean 138 52.3 24.8

Min/Max 83/202 20.2/84

Quercus rubra 21 Mean 117 63.9 41.1

Min/Max 79/199 28/107.7

Carya spp. 25 Mean 125 34 12.9

Min/Max 48/213 16.7/68.3

Table 2: Summary growth and size, and age statistics by species. Mean BAI (cm2 yr-1) calculated for time period 

1923-2019 (to include ≥10 samples per species).  
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species mean BAI percent change was -13.3% and -10.1% respectively, compared to -7.6% and -

6.6% for ring porous species.  

 

 

 

 

 

Year Ring Porous Diffuse Porous

1925 -6.0% -9.2%

1926 -9.2% -17.5%

2-yr Mean  -7.6% -13.3%

1985 -11.6% -11.7%

1986 -2.0% 4.5%

1987 -14.4% -9.7%

1988 33.7% 33.9%

4-yr Mean  1.4% 4.2%

1998 3.6% -12.0%

1999 -20.0% 0.8%

2000 10.5% 6.9%

2001 0.3% 50.7%

2002 9.9% -18.9%

5-yr Mean  0.9% 5.5%

2007 7.8% 20.1%

2008 -21.0% -40.3%

2-yr Mean  -6.6% -10.1%

Mean BAI Percent Change 

Table 3: Mean BAI percent change during extreme 

drought years for ring porous and diffuse porous 

species. Means for each functional group during 

selected time periods are highlighted for each drought 

period.   
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Climate analysis 

Composite ring width chronologies for diffuse and ring porous species were used for 

climate analysis to understand the effect of local drought, precipitation, and temperature on 

Figure 5: Correlation coefficients for monthly PDSI, precipitation, and temperature values with current year ring 

width index values for diffuse and ring porous species from 1910-2019. Left side shows correlations of previous year 

climatic data with current year RWI value, while right side shows correlations of current year climatic data with current 

year RWI value. Current year months extend through the growing season. Significant (shown as *) correlations are 

shown at the α = 0.1 level.  

 



41 
 

   
 

annual radial growth. These correlations are drawn from raw drought, precipitation, and 

temperature data and compared against RWI data (Figure A6). PDSI values showed significant 

correlations (α = 0.1 level) with radial growth for both ring and diffuse porous species (Fig. 3). 

Ring porous species showed significant correlations with PDSI values from May of the previous 

year through January of the current year, and during May-July of the current year for RWI 

growth (r = 0.23 and r = 0.22, respectively). Diffuse porous species also showed significant 

correlations with PDSI values, from July-November of the previous year (r = 0.25) and again in 

January of the current year (r = 0.18). Average correlation for ring porous species during the 

previous year growing season (May-October) was similar relative to the relationship for diffuse 

porous species (r= 0.24 and 0.21, respectively). Precipitation correlation coefficients showed a 

less significant relationship between monthly precipitation levels and annual radial growth. Ring 

porous species showed significant correlations during the previous year June, July, and October, 

and the current year January and July (Figure 5). Diffuse porous species showed significant 

correlations for previous year June and September, and negative correlations for current year 

February and April. Temperature correlation coefficients were less significant than precipitation 

and PDSI values. Ring porous species showed only negative correlations between monthly 

temperature values and annual radial growth, during the previous year February and September. 

Diffuse porous species showed positive correlations during the previous year January and March, 

and current year March.  

 Overall, PDSI had the strongest relationship with radial growth values, for both ring and 

diffuse porous species. While temperature and precipitation both directly influence PDSI values, 

drought is the strongest predictor for annual radial growth among my sampled trees. Analysis of 

mean PDSI correlations among ring and diffuse porous species indicated no significant difference 
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during the previous year growing season (t = 1.43, p = 0.11), though a weak relationship may be 

present. However, ring porous species showed a significantly higher correlation with PDSI during 

the current year growing season (t = 11.89, p < 0.001).  The most severe droughts on record were 

1925-1926, 1985-1988, 1998-2002, and 2007-2008 relative to the entire two century record. 

Contrary to the relationships in the 1910-2019 analysis, the patterns at the end of the century 

(representing the 1985-1988 drought) indicate diffuse porous species were strongly related to 

growing season drought values and significantly more so relative to ring porous (r=0.56 for diffuse 

porous and 0.49 for ring porous, t = -2.18, p = 0.027) (Figure 6). During the other three drought 

periods of 1925-1926, 1998-2002, and 2007-2008 the ring porous species return a higher 

correlation with PDSI values compared to diffuse porous species. All three time periods show a 

significantly higher growing season correlation with PDSI and ring porous species compared with 

diffuse porous species (t = 5.27, p < 0.001 for 1915-1935, t = 4.16, p < 0.001 for 1990-2010, and 

t = 2.41, p = 0.018 for 1996-2019). During both the 1925-1926 and 1998-2002 drought, other 

disturbance events were likely occurring, as well as release events. RWI analysis shows both ring 

and diffuse porous species decreased in growth during these drought events (Figure A7).  

Figure 6: Correlation coefficients for previous year PDSI values with current year RWI for diffuse and ring porous 

species for 1915-1935, 1975-1995, 1990-2010, and 1996-2019. These 20 year periods are associated with the 4 most 

severe droughts recorded for our study site; 1925-1926, 1985-1988, 1998-2002, and 2007-2008.  
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Disturbance release patterns were investigated using growth increments measured on all 

209 cookies (Figure 7). Several stand wide release events are evident throughout the 

dendrochronological record of the site for both functional groups. The first occurred during the 

1860s, where 77% of sampled trees (24 out of 31 samples) showed either a major (58%) or 

moderate (19%) release event. The next release event came during the 1930s (with spikes in 1932-

1935), where 80% of sampled trees showed either a major (66%) or moderate (14%) release event 

during this decade (Figure A8). Another stand wide release occurred during the 1960s (with spikes 

in 1965-1968) where 76% of sampled trees showed either a major (62%) or moderate (14%) 

release event during this decade (Figure A9).  

A stand establishment timeline is provided for all 209 samples, separated into diffuse and 

ring porous species (Fig. 7). Site ownership over time is provided as well. As ownership and 

management changed through the first two decades of the 20th century, 49.5% (n=45) of the diffuse 

Figure 7: Stand release analysis showing both moderate and major release events from 1820-2010 by decade. Release 

events are calculated by computing the percentage growth change between average radial growth over the preceding 

10-year period and average radial growth over the subsequent 10-year period. The minimum threshold for release is 

25% growth change for moderate and >50% for a major release. Both types are shown. 
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porous trees and 36.7% (n=44) of the ring porous trees established. An additional establishment 

pulse (n=9, 10%) of diffuse porous trees occurred in the 1960s, a decade with a large stand release 

event. Both functional groups show spikes in establishment as the property changed ownership. 

The establishment timelines of the functional groups create overlapping bell-shaped curves, with 

the ring porous species ranging in establishment dates from 1795-1971 and diffuse porous species 

establishment dates ranging from 1898-1972.  

 

Carbon storage potential 

Diffuse porous species represented an ATC value of 37.9 Mg C ha-1 across the stand, and 

ring porous species across the stand represented an ATC value of 58.3 Mg C ha-1. At the species 

level, Liriodendron tulipifera represented the largest ATC value at 24.7±2.82 Mg C ha-1 followed 

by Quercus rubra at 20.1±2.19 Mg C ha-1 and Quercus montana at 19.2±2.06 Mg C ha-1. Diffuse 

porous species represented approximately 40% of the aboveground live carbon across the stand 

Figure 8: Stand establishment timeline, showing establishment year for each sample tree. Also displayed is site 

ownership over time; from Native American and European settlers to ownership by the federal government. As the 

stand transitioned ownership, a large portion of sampled trees were able to establish. 
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while ring porous represented approximately 60% of the aboveground live carbon across the stand 

for my sampled species (Table 1). Carbon storage values differed significantly among functional 

groups (t = 2.91, p = 0.003). Diffuse porous species represent a mean ATC value of 18.96 ± 2.99 

Mg C ha-1 and ring porous species represented a mean ATC value of 9.75 ± 1.04 Mg C ha-1. I 

calculated mean annual ATC rates of 0.52 Mg C ha-1 year-1 for ring porous species and 0.28 Mg 

C ha-1 year-1 for diffuse porous species.     

Discussion  

Stand structure and response to climate 

I hypothesized that diffuse porous species growing in the southern Appalachian Mountains 

would be more sensitive to past disturbances, including drought, compared with ring porous 

species. BAI growth and comparison of annual percent change in BAI between functional groups 

suggests that diffuse porous species are more sensitive to and negatively affected by extreme 

drought events. However, the correlations among PDSI, temperature, and precipitation across the 

longest available time period (1910-2019) for these species suggests that although they are 

sensitive to climate, their responses to disturbances on the site are not significantly different from 

ring porous species. PDSI had the strongest relationship with RWI values, which supports other 

literature indicating drought as one of the strongest predictors of tree growth (Anderegg et al., 

2013; Anning et al., 2013; Boisvenue & Running, 2006; Chen et al., 2012; Elliott & Swank, 1994; 

Pederson et al., 2012). These climate responses, especially correlations of PDSI and RWI values, 

may be the result of complex ecological interactions across the site. Notably, I did not find 

elevation to be an influential predictor of growth rate for either functional group (Figure A1).  

When I looked more closely at functional group response to extreme disturbances (i.e. the 

four most severe droughts available on record), I saw a different scenario unfold. For the 1925-
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1926, 1998-2002, and 2007-2008 droughts (and preceding/proceeding 10 year periods), ring 

porous species showed higher correlations with PDSI values, i.e. a more sensitive relationship with 

disturbance. This contrasts previous studies that show diffuse porous species displaying a more 

sensitive relationship to climatic variables (Elliott et al., 2015; Oren et al., 1999). However, during 

the 1985-1988 drought (the most severe on record) and preceding/proceeding decade, diffuse 

porous species showed a significantly higher correlation with PDSI values. While a singular 

explanation for these contradictory relationships is unlikely, I can use other local disturbances to 

help explain the variations in PDSI and RWI correlations. These influences are extracted through 

stand release analysis and understanding local disturbances that may have affected stand growth. 

To contextualize the PDSI correlations among functional groups during the 1925-1926 drought, I 

examined other possible disturbances to the stand during this time. American chestnut was a 

dominant species in the southern Appalachians through this time period (Paillet, 2002). The 

invasive chestnut blight entered the southern Appalachians and western NC around the 1920s-

1930s (Elliott & Swank, 2008; Gravatt & Marshall, 1926).  At this time, the American chestnut 

was a dominant, canopy dwelling species in terms of stems per hectare and basal area growing in 

upland forests communities in the eastern US. The chestnut mortality stretched over the next 

several decades until the species existed only in the understory as saplings  Elliott & Swank, 2008). 

While it is difficult to comment on the exact extent the chestnut blight had within this stand, this 

event suggests that disturbances other than drought may have influenced growth of ring and diffuse 

porous species.  

Establishment and release analysis  

The large spikes in tree establishment during the ownership transition time period for the 

stand is particularly striking (Fig. 7). This timeline helps show the effects of drastically different 
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management styles. The intensive and at times exploitative management styles used by the Native 

Americans and early European settlers are reflected in relatively even ring porous establishment 

throughout the 1800s and few long-lived diffuse porous species. In direct contrast, after the area 

was federally protected in 1914 as National Forest land, species were able to establish without 

anthropogenic interference.  The relatively stable establishment throughout the 1800s, proceeded 

by a spike when the land changed ownership is supported by literature that chronicles the frequent 

burning and harvesting on this area before federal protection (Ayres, H; Ashe, 1905; Flatley et al., 

2013; Gragson & Bolstad, 2007; Nesbitt, 1941)(Ayres, H; Ashe, 1905; Flatley et al., 2015; 

Gragson & Bolstad, 2007; Nesbitt, 1941).  

To better understand BAI changes across functional groups, release analysis showed 

several stand wide releases (Fig. 6). The 1860s time period was dominated by major releases rather 

than moderate releases, which was the case in each decade of analysis. Climatic data does not 

extend back to the 1860s, thus I can only speculate as to possible causes for this release. Selective 

timber harvesting, along with land clearing in the area may have affected tree growth on my site 

during this time (Ayres & Ashe, 1905; Nesbitt, 1941). The next large release was during the 1930s, 

where 80% of sampled trees showed either a major (66%) or moderate (14%) release event during 

this decade. This release event aligns more with when the chestnut blight was documented in this 

region. A possible cause for this release event could be drawn from the sudden and widespread 

American chestnut mortality in the stand, allowing previously inaccessible water and nutrients 

light is probably the biggest limited resource in these stands to be accessed and utilized by the 

subset of trees studied here. This claim is supported by other dendrochronological studies in the 

southern Appalachian Mountains with similar findings (Butler et al., 2014). In addition to the 

chestnut blight as a possible cause for this stand release, a severe ice storm was observed in winter 
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of 1932 with reported tree mortality throughout western NC (Abell, 1934). The next stand wide 

release event occurred during the 1960s, where 76% of sampled trees showed either a major (62%) 

or moderate (14%) release event. This release is another example of how multiple disturbance 

events may influence a stand release event. Decline in radial growth in Quercus species throughout 

the southern Appalachians has been reported during the 1950s and 1960s (Phipps & Whiton, 1988; 

Tainter et al., 1984). In addition, the climatic data for Buncombe County, NC showed below 

average precipitation levels for 1950-1956 and for 4 years in the 1960s. The concurrence of these 

events may have contributed to the stand wide releases observed in this decade. Other smaller 

release events are observed throughout the 1990s and 2000s (Figure A10). A possible explanation, 

at least for the releases shown in the 1990s, is from Hurricane Opal that passed through the site in 

1995 (McNab et al., 2004). Several studies have described the process of gap creation and local 

disturbance impacts from hurricanes and wind throw events (Clinton & Baker, 2000; Greenberg 

& McNab, 1998).   

Carbon Implications 

The baseline total carbon storage potential for the approximately 200 year old stand was 

96.2 Mg C ha-1. Diffuse porous species comprised 37.9 Mg C ha-1 and ring porous species 

comprised 58.3 Mg C ha-1. This represents approximately 90% of the total aboveground live 

carbon for the stand, with the remaining 10% stored in midstory and less dominant species 

including Oxydendrum arboretum, Fraxinus americana, and Robinia pseudoacacia. Using BAI 

and ATC values for each functional group in corresponding years, I estimated carbon flux through 

release events and during known disturbance event periods. This method provides a baseline way 

of estimating stand wide carbon storage change as a reflection of biomass change. This helps to 

quantify the carbon storage potential change as the stand matures and is influenced by release 
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events and disturbances, such as droughts or the observed stand wide release events (Fig. 6). As 

climate and species composition of southern Appalachian forests continues to change, the carbon 

storage potential reflects these shifts as species respond differently to these changes. 

My observed difference in BAI values among diffuse and ring porous species have direct 

implications for carbon storage potential. Other such studies have compared different forest types 

and species and the respective carbon storage potentials, noting that understanding ecological and 

site conditions are critical in interpreting any ATC results (Nabuurs & Mohren, 1995). For added 

context, studies from Keyser & Zarnoch (2012) found an ATC value of 108.7 Mg C ha-1 across 

several southern Appalachian forest stands 30 years post-thinning. Another study by Moore, et al. 

(2012) found ATC values of 174, 152, and 132 Mg C ha-1 from stands in Great Smoky Mountains 

National Park along an elevation gradient. In total, my stand represented 108.2 Mg C ha-1. ATC 

rates of 0.52 Mg C ha-1 year-1 for ring porous species and 0.28 Mg C ha-1 year-1 for diffuse porous 

species led to a stand wide carbon storage rate of 0.97 Mg C ha-1 year-1 for my selected species. 

Important to note, these values represent storage for overstory species (approximately 90% of my 

stand) and does not include midstory species. Additionally, with the average age of my samples 

being 121 years, some mature tree ATC storage rates may be plateauing with age. Studies have 

demonstrated that mature forests may be sequestering less carbon than younger, re-growing forests 

(Pugh et al., 2019). While the storage rates between the functional groups are different, many 

factors may be influencing these values. The rates reflect carbon storage for years 1923-2015, to 

control for sample size across functional groups and when inventory data were available. 

Additionally, species composition of my stand dictates relative biomass volumes for each 

functional group, and thus influences ATC storage rates. Ring porous species, with a mean 

diameter of 49.6 cm, represent a larger portion of stand biomass than the diffuse porous species 
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(mean diameter of 39.5 cm). My climate analysis suggest that while drought sensitivities among 

diffuse and ring porous species on my site are similar, understanding stand composition will be 

critical in predicting how carbon storage is impacted by future drought events.  

Understanding future species composition on the site, while mostly speculative, can be 

informed by current models and observations of composition shifts in southern Appalachian 

forests (i.e., mesophication). These changes in species will alter ATC storage potentials. As diffuse 

porous species become more common and ring porous species (mainly Quercus spp.) decline due 

to poor regeneration and recruitment, carbon storage capacity of the forest will decline since 

diffuse porous species store on average half the amount of carbon that dominant ring porous 

species achieve. This is supported by research showing shade-tolerant, diffuse porous species 

persist in the understory and eventually out-compete the canopy-dominant, ring porous species 

(Abrams, 1998).         

The current trajectory of the stand, along with many other portions of southern Appalachian 

oak-hickory forests, is predicated on how oak and hickory establish and regenerate. Expanding on 

this phenomenon, I was interested in understanding future carbon storage potentials across my site 

depending on two separate management regimes. The current path of my stand, with a lack of 

Quercus and Carya recruitment, may lead to diffuse porous species such as Acer rubrum 

continuing to increase at current rates and carbon storage decreasing stand wide. The reasoning is 

two-fold; these shade-tolerant trees can survive longer in the understory without increasing in 

biomass, and Acer rubrum is generally smaller and shorter lived than Quercus and Carya species. 

This compositional shift could lead to sub-optimal carbon storage as the long lived, larger oak and 

hickory species are suppressed, out competed, or fail to establish. Alternatively, management 

regimes with the express objectives of facilitating oak and hickory establishment exist and are 
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currently being implemented. These methods (i.e., the femelschlag harvests) may lead to a more 

balanced forest ecosystem with “optimal” or larger carbon storage rates. With increased oak and 

hickory establishing, the longevity and size associated with these species leads to a larger and 

longer term carbon storage potential on my stand, as well as increased wildlife and economic value. 

As climate change continues to influence forests on a global scale, tree growth response 

will be an important factor in understanding the future potential for carbon storage. Drier summer 

and fall months along with higher winter streamflow are predicted for the southern Appalachians 

(Wu et al., 2014). This increase in precipitation may lead to higher levels of soil erosion and 

deterioration of soil quality (Hoomehr et al., 2016). These changes, along with warming-induced 

stress, may lead to a decrease in forest tree growth and the ability to sequester carbon even with 

increased atmospheric CO2
 (Brzostek et al., 2014b; Silva & Anand, 2013).  

Conclusion 

Overall, I saw similar responses to disturbance events from diffuse and ring porous species. 

While BAI for diffuse porous species appeared to be more sensitive to extreme droughts, ring 

porous species showed higher correlations with annual growth and PDSI values during 3 of the 4 

extreme drought periods. My study suggests that a multitude of factors were at play in determining 

annual growth rates on my site. Possible disease outbreaks may have masked growth correlations 

with drought records, and the continuing mesophication of the southern Appalachians is shifting 

forest composition and structure. For hardwood forest management in the southeastern USA and 

beyond, understanding species composition and relative biomass values will be critical in 

predicting how forests respond to future droughts, hurricanes, and insect or disease outbreaks. This 

is especially true as climate change is predicted to increase intensity and frequency of droughts, 

hurricanes, and alter the length of growing seasons.  



52 
 

   
 

Acknowledgements 

I thank Edd Watson, Donovan Stone, Jacquelyne Adams and Kenny Frick of the US Forest 

Service for their help with sample collection and processing. Additional thanks to Kelsey Bakken, 

Josh Grover, Brandy Benz, Emilio Teixeira, and Philip Whiting for sample collection and Amy 

Sofferin for sample preparation. I thank the department of Forest Biomaterials at North Carolina 

State University for access to Hodges Wood Products Lab for sample preparation. Special thanks 

to the organizers of the 30th European Dendroecological Fieldweek for providing critical expertise 

on methods and analysis techniques for tree ring data, especially Jan Altman and Stefan Klesse.  

 

 

 

 

 

 

 

 

 

 

 



53 
 

   
 

Chapter 3: Synthesis and Conclusion 

Project synthesis 

 My project provided a solid understanding of the disturbance history, climate sensitivities, 

and carbon storage potential of a mature oak-hickory forest in the southern Appalachian 

Mountains. The study area is representative of oak-hickory forests that occur throughout the 

southern Appalachians, covering approximately 720,000 ha across western NC, eastern TN, and 

northern GA (Simon et al., 2005). I sought to compare growth rates and climate responses from 

ring porous species (Quercus and Carya spp.) and diffuse porous species (Acer rubrum and 

Liriodendron tulipifera). This comparison is necessary to help forest and natural resource 

managers better understand and predict how future disturbance events (i.e., droughts, hurricanes, 

insect/disease outbreaks) will affect forests based on stand structure and composition. A similar 

approach has been done at Coweeta Hydrologic Laboratory by Elliott et al. (2015), yet I hoped to 

test if the results reported there could be generalized across the region. 

I found similar responses to climate from both functional groups, while drought was the 

strongest predictor of tree growth in a given year for my samples. While climate sensitivities were 

similar, I found that diffuse porous species had a slightly larger response to extreme drought. This 

analysis was done by comparing percent change in basal area increment values. The percent 

change method was used to control for the different sizes in species. Carbon storage values for 

each of my sample species were calculated on a per hectare basis and representative of a stand 

wide inventory. Ring porous species represented an aboveground live carbon (ATC) storage value 

of 58.3 Mg C ha-1 and a mean annual ATC storage rate of 0.52 Mg C ha-1 year-1. Diffuse porous 

species represented an ATC storage value of 37.9 Mg C ha-1 and a mean annual ATC storage rate 

of 0.28 Mg C ha-1 year-1. Several factors influence these values, including species  density (stems 
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ha-1) and individual growth rates. I was also interested in the stand release history on my site. This 

analysis uncovered several stand wide releases; during the 1860s, 1930s, and 1960s. During each 

release, ≥75% of sampled trees showed a release event. The 1930s release event suggests that the 

chestnut blight infestation played a role in affecting the trajectory of my stand, as the blight has 

been documented in and around western NC during this time period. The presence of the blight 

likely induced severe chestnut mortality, allowing the focal species of this study to access 

previously unavailable soil nutrients and water. The other release events, during the 1860s and 

1960s, have less clear causes.  

Contributions to the field 

 This project will contribute to southern Appalachian hardwood research, and more broadly 

the field of dendrochronology, by providing a long term disturbance history, carbon inventory, and 

climate influences for dominant Appalachian tree species. Especially helpful will be the direct 

comparison between ring porous and diffuse porous species, contributing to body of work that 

compares these functional groups (Elliott & Swank, 1994; Elliott et al., 2015; von Allmen et al., 

2015). My results differed slightly from these studies, suggesting the relationship between climate 

and functional group may not be ubiquitous for all southern Appalachian tree species. The complex 

disturbance history of my stand (i.e., chestnut blight infestation, multiple severe droughts) coupled 

with a recently changing climate may have influenced my results. A similar response to climate 

from each functional group, especially during the last 4 decades, may suggest that the growth 

effects from climate change are altering previously established climate-growth relationships. 

Avenues for future research emerge from these findings: quantifying and better understanding 

Quercus drought tolerance and better understanding the ecology and growth patterns of Acer 

rubrum.   
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Appalachian forests are predicted to shift in composition and structure, both from 

mesophication and the lack of a consistent fire regime, as well as the documented decline in 

Quercus establishment and regeneration (Dey, 2014; Dey et al., 2016; Flatley et al., 2013; Nowacki 

& Abrams, 2008). Understanding climatic influences and disturbance event impacts on different 

functional groups will help forest managers better understand and prepare for future forest change. 

This is particularly relevant as climate change is predicted to increase the frequency and severity 

of droughts and other natural disturbance events.  

Management Implications 

 Understanding and interpreting dendrochronological records is paramount for future forest 

management planning. Managing for Quercus and Carya regeneration improves the economic 

value and wildlife habitat quality of southern Appalachian forests, while maintaining natural 

succession and ecosystem function. To quantify the economic value added by retaining Quercus 

in the forest, stumpage prices ($/ton) of mixed oak sawtimber (generally Liriodendron tulipifera 

and Acer rubrum) was $17.88 as of April 15th, 2020 while oak sawtimber was priced at $25.99 

(“Quarterly Price Report”). These prices fluctuate and stumpage prices are certainly not the main 

driver in management decisions on national forest land. However, economic implications are an 

important consideration in forest management, especially for private timberland owners. My 

findings from this project will contribute to literature that may be used to make informed decisions 

on which species to manage for across the southern Appalachian Mountains.  

Pitfalls and Limitations 

 My project had limitations which are important to address in order to better interpret any 

results. Primarily, my samples were not randomly selected within each plot. Instead, samples were 

selected to represent the oldest and (generally) largest samples among all species and size classes. 
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While I did select for a range of diameter classes, the nature of selecting for older trees skewed my 

selections towards generally larger samples. In only selecting large, healthy looking trees for 

analysis, I introduced the possible bias of missing potential diseased or suppressed trees that 

contained different dendrochronological data. Additionally, I may have missed trees with a longer 

dendrochronological record than the ones I selected. While my final sample size (n = 209) was 

sufficient for my analysis, more samples would have more accurately represented the species and 

age distributions on my site. Several sample plots were not used in analysis because of logistical 

constraints during harvest; the trees were not harvested and I could not access stumps to cut discs. 

Another limitation to my study was not including all species present. While I did include all 

dominant species, I excluded several midstory and even canopy dwelling species including 

Carpinus caroliniana, Cornus florida, Fraxinus americana, Ilex opaca, Magnolia spp., Nyssa 

sylvatica, Oxydendrum arboreum, Robinia pseudoacacia, and Sassafras albidum. These species 

summed to represent only 10% of the total biomass on the site, however their growth rates and 

climate sensitivities were not included in my study. While literature suggests a similar response to 

climate based on the species functional group, excluding them from my study prevents any 

confirmation on this topic. Additionally, these species are not as economically important, nor as 

important for long-term carbon storage, or as long-lived as Quercus spp., Carya spp., and 

Liridendron tulipifera.  

Future Directions of Hardwood Dendrochronology 

 The future of dendrochronology, especially hardwood dendrochronology, is exciting. More 

robust and powerful statistical programs are continually being developed and refined to better 

understand growth trends, release events, and climate influences from ring width data. Long lived 

hardwood trees provide a powerful database with which to study past climates and disturbance 
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events in forests.  This research becomes more important as mature, old-growth hardwood stands 

become less common due to the perpetual impact of human use (i.e., deforestation for urban 

development, agriculture, etc.).  

Conclusion 

 My study sought to provide a disturbance history, climate sensitivity, and carbon storage 

potential for diffuse and ring porous species on a mature, oak-history stand in the southern 

Appalachian Mountains. I found similar climate responses among functional groups with the most 

severe droughts as the strongest predictor for tree growth among my samples. I discovered three 

major stand wide release events during my dendrochronological record; in the 1860s, 1930s, and 

1960s. While ring porous species represent more biomass and thus higher carbon storage 

potentials, diffuse porous species may increase in abundance and shift the structural complexity 

across my site due to mesophication and fire suppression. Ultimately, as climate change increases 

the frequency and severity of droughts and other natural disturbance events, understanding species 

composition and structure will be imperative to effectively manage and maintain our forests.  

 

 

 

 

 

 

 

 

 

 

 



58 
 

   
 

References  

Abell, C. A. (1934) Influence of glaze storms upon hardwood forests in the southern Appalachians.  

Ecology 74: 1551-1558. J. Forest. 32: 35-37. 

Abella, S. R. (2014). Impacts and Management of Hemlock Woolly Adelgid in National Parks of 

the Eastern United States. Southeastern Naturalist. https://doi.org/10.1656/058.013.s614 

Abrams, M. D. (1998). The Red Maple Paradox. BioScience, 48(5), 355–364. 

https://doi.org/10.2307/1313374 

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M., 

Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. H. (Ted., Gonzalez, P., Fensham, R., 

Zhang, Z., Castro, J., Demidova, N., Lim, J. H., Allard, G., Running, S. W., Semerci, A., & 

Cobb, N. (2010). A global overview of drought and heat-induced tree mortality reveals 

emerging climate change risks for forests. Forest Ecology and Management, 259(4), 660–

684. https://doi.org/10.1016/j.foreco.2009.09.001 

Alley, W. M. (1984). The Palmer Drought Severity Index: limitations and assumptions. Journal 

of Climate & Applied Meteorology, 23(7), 1100–1109. https://doi.org/10.1175/1520-

0450(1984)023<1100:TPDSIL>2.0.CO;2 

Altman, J., Doležal, J., Černý, T., & Song, J. S. (2013). Forest response to increasing typhoon 

activity on the Korean peninsula: Evidence from oak tree-rings. Global Change Biology, 

19(2), 498–504. https://doi.org/10.1111/gcb.12067 

Altman, J., Fibich, P., Aakala, T., & Dolezal, J. (2017). Package ‘ TRADER .’ 

Amman, G. (1965). Some New Infestations of the Balsam ~T oolly Aphid in North Carolina, with 

Possible Modes of Dispersal. 59(3), 508–511. 

Anderegg, W. R. L., Kane, J. M., & Anderegg, L. D. L. (2013). Consequences of widespread tree 

mortality triggered by drought and temperature stress. Nature Climate Change, 3(1), 30–36. 

https://doi.org/10.1038/nclimate1635 

Anning, A. K., Rubino, D. L., Sutherland, E. K., & McCarthy, B. C. (2013). 

Dendrochronological analysis of white oak growth patterns across a topographic moisture 

gradient in southern Ohio. Dendrochronologia, 31(2), 120–128. 

https://doi.org/10.1016/j.dendro.2012.10.002 

Ayres, H; Ashe, W. (1905). The Southern Appalachian Forests. 43–55. 

https://doi.org/10.2307/j.ctt1xp3n09.7 

Belote, R. T., Jones, R. H., & Wieboldt, T. F. (2012). Compositional stability and diversity of 

vascular plant communities following logging disturbance in Appalachian forests. 

Ecological Applications, 22(2), 502–516. https://doi.org/10.1890/11-0925.1 

Boisvenue, C., & Running, S. W. (2006). Impacts of climate change on natural forest 



59 
 

   
 

productivity - Evidence since the middle of the 20th century. Global Change Biology, 12(5), 

862–882. https://doi.org/10.1111/j.1365-2486.2006.01134.x 

Brzostek, E. R., Dragoni, D., Schmid, H. P., Rahman, A. F., Sims, D., Wayson, C. A., Johnson, 

D. J., & Phillips, R. P. (2014a). Chronic water stress reduces tree growth and the carbon 

sink of deciduous hardwood forests. Global Change Biology. 

https://doi.org/10.1111/gcb.12528 

Brzostek, E. R., Dragoni, D., Schmid, H. P., Rahman, A. F., Sims, D., Wayson, C. A., Johnson, 

D. J., & Phillips, R. P. (2014b). Chronic water stress reduces tree growth and the carbon 

sink of deciduous hardwood forests. Global Change Biology, 20(8), 2531–2539. 

https://doi.org/10.1111/gcb.12528 

Bugmann, H., & Bigler, C. (2011). Will the CO2 fertilization effect in forests be offset by 

reduced tree longevity? Oecologia, 165(2), 533–544. https://doi.org/10.1007/s00442-010-

1837-4 

Bunn, A. G. (2008). A dendrochronology program library in R (dplR). Dendrochronologia. 

https://doi.org/10.1016/j.dendro.2008.01.002 

Butler, S. M., White, A. S., Elliott, K. J., & Seymour, R. S. (2014).  Disturbance history and 

stand dynamics in secondary and old-growth forests of the Southern Appalachian 

Mountains, USA 1 . The Journal of the Torrey Botanical Society. 

https://doi.org/10.3159/torrey-d-13-00056.1 

Caldwell, P. V., Miniat, C. F., Elliott, K. J., Swank, W. T., Brantley, S. T., & Laseter, S. H. 

(2016). Declining water yield from forested mountain watersheds in response to climate 

change and forest mesophication. Global Change Biology, 22(9), 2997–3012. 

https://doi.org/10.1111/gcb.13309 

Chen, G., Tian, H., Zhang, C., Liu, M., Ren, W., Zhu, W., Chappelka, A. H., Prior, S. A., & 

Lockaby, G. B. (2012). Drought in the Southern United States over the 20th century: 

Variability and its impacts on terrestrial ecosystem productivity and carbon storage. 

Climatic Change, 114(2), 379–397. https://doi.org/10.1007/s10584-012-0410-z 

Choat, B., Jansen, S., Brodribb, T. J., Cochard, H., Delzon, S., Bhaskar, R., Bucci, S. J., Feild, T. 

S., Gleason, S. M., Hacke, U. G., Jacobsen, A. L., Lens, F., Maherali, H., Martínez-Vilalta, 

J., Mayr, S., Mencuccini, M., Mitchell, P. J., Nardini, A., Pittermann, J., … Zanne, A. E. 

(2012). Global convergence in the vulnerability of forests to drought. Nature. 

https://doi.org/10.1038/nature11688 

Clark, J. S., Bell, D. M., Kwit, M., Stine, A., Vierra, B., & Zhu, K. (2012). Individual-scale 

inference to anticipate climate-change vulnerability of biodiversity. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 367(1586), 236–246. 

https://doi.org/10.1098/rstb.2011.0183 

Clinton, B. D., & Baker, C. R. (2000). Catastrophic windthrow in the southern Appalachians: 

Characteristics of pits and mounds and initial vegetation responses. Forest Ecology and 



60 
 

   
 

Management, 126(1), 51–60. https://doi.org/10.1016/S0378-1127(99)00082-1 

Constantz, G. (2004). Hollows, Peepers, and Highlanders : An Appal achian Mountain Ecology. 

Shakespeare Quarterly, 51, 569–572. 

https://search.proquest.com/docview/195867875?accountid=136549 

Cook, E.R., & Kairiukstis, L. A. (1990). Methods of Dendrochronology: Applications in the 

Environmental Sciences. 

Cook, Edward R., & Peters, K. (1981). The Smoothing Spline: A New Approach to 

Standardizing Forest Interior Tree-Ring Width Series for Dendroclimatic Studies. In Tree-

Ring Bulletin. 

D. Souto, T. Luther,  and B. C. (1996). Past and Current Status of HWA in Eastern and Carolina 

Hemlock Stands. 

Daniels, T. L. (2010). Integrating forest carbon sequestration into a cap-and-trade program to 

reduce net CO2 emissions. Journal of the American Planning Association, 76(4), 463–475. 

https://doi.org/10.1080/01944363.2010.499830 

Delcourt, P. A., & Delcourt, H. R. (1998). The Influence of Prehistoric Human-Set Fires on Oak-

Chestnut Forests in the Southern Appalachians Author ( s ): Paul A . Delcourt and Hazel R . 

Delcourt Published by : Southern Appalachian Botanical Society Stable URL : 

https://www.jstor.org/stable/403398. Castanea, 63(3), 337–345. 

Dey, D. C. (2014). Sustaining Oak Forests in Eastern North America: Regeneration and 

Recruitment, the Pillars of Sustainability. Forest Science, 60(5), 926–942. 

https://doi.org/10.5849/forsci.13-114 

Dey, D. C., Kabrick, J. M., & Schweitzer, C. J. (2016). Silviculture to Restore Oak Savannas and 

Woodlands. Journal of Forestry, 115(3), 202–211. https://doi.org/10.5849/jof.15-152 

Domec, J. C., Rivera, L. N., King, J. S., Peszlen, I., Hain, F., Smith, B., & Frampton, J. (2013). 

Hemlock woolly adelgid (Adelges tsugae) infestation affects water and carbon relations of 

eastern hemlock (Tsuga canadensis) and Carolina hemlock (Tsuga caroliniana). New 

Phytologist, 199(2), 452–463. https://doi.org/10.1111/nph.12263 

Douglass, A. E. (1914). A Method of Estimating Rainfall by the Growth of Trees Author. 46(5), 

321–335. 

Douglass, A. E. (1933). TREE GROWTH AND CLIMATIC CYCLES. Journal of Clinical 

Endocrinology and Metabolism, 10(10), 1361–1362. https://doi.org/10.1210/jcem-10-10-

1361 

Elliott, A. K. J., Swank, W. T., Journal, S., & Apr, N. (2017). Impacts of Drought on Tree 

Mortality and Growth in a Mixed Hardwood Forest Stable URL : 

http://www.jstor.org/stable/3236155 REFERENCES Linked references are available on 

JSTOR for this article : You may need to log in to JSTOR to access the linked referen. 5(2), 



61 
 

   
 

229–236. 

Elliott, K.J., & Swank, W. T. (1994). Impacts of drought on tree mortality and growth in a mixed 

hardwood forest. Journal of Vegetation Science. https://doi.org/10.2307/3236155 

Elliott, Katherine J., Boring, L. R., Swank, W. T., & Haines, B. R. (1997). Successional changes 

in plant species diversity and composition after clearcutting a Southern Appalachian 

watershed. Forest Ecology and Management, 92(1–3), 67–85. 

https://doi.org/10.1016/S0378-1127(96)03947-3 

Elliott, Katherine J., Miniat, C. F., Pederson, N., & Laseter, S. H. (2015a). Forest tree growth 

response to hydroclimate variability in the southern Appalachians. Global Change Biology. 

https://doi.org/10.1111/gcb.13045 

Elliott, Katherine J., Miniat, C. F., Pederson, N., & Laseter, S. H. (2015b). Forest tree growth 

response to hydroclimate variability in the southern Appalachians. Global Change Biology, 

21(12), 4627–4641. https://doi.org/10.1111/gcb.13045 

Elliott, Katherine J., & Swank, W. T. (2008). Long-term changes in forest composition and 

diversity following early logging (1919-1923) and the decline of American chestnut 

(Castanea dentata). Plant Ecology, 197(2), 155–172. https://doi.org/10.1007/s11258-007-

9352-3 

Ellison, A. M., Bank, M. S., Clinton, B. D., Colburn, E. A., Elliott, K., Ford, C. R., Foster, D. R., 

Kloeppel, B. D., Knoepp, J. D., Lovett, G. M., Mohan, J., Orwig, D. A., Rodenhouse, N. L., 

Sobczak, W. V., Stinson, K. A., Stone, J. K., Swan, C. M., Thompson, J., Holle, B. Von, & 

Webster, J. R. (2005). Loss of Foundation Species: Consequences for the Structure and 

Dynamics of Forested Ecosystems. Frontiers in Ecology and the Environment, 3(9), 479. 

https://doi.org/10.2307/3868635 

Fei, S., Kong, N., Steiner, K. C., Moser, W. K., & Steiner, E. B. (2011). Change in oak 

abundance in the eastern United States from 1980 to 2008. Forest Ecology and 

Management, 262(8), 1370–1377. https://doi.org/10.1016/j.foreco.2011.06.030 

Fesenmyer, K. A., & Christensen, N. L. (2010). Reconstructing Holocene fire history in a 

southern Appalachian forest using soil charcoal. Ecology, 91(3), 662–670. 

https://doi.org/10.1890/09-0230.1 

Flatley, W. T., Lafon, C. W., Grissino-Mayer, H. D., & LaForest, L. B. (2013). Fire history, 

related to climate and land use in three southern Appalachian landscapes in the eastern 

United States. Ecological Applications, 23(6), 1250–1266. https://doi.org/10.1890/12-

1752.1 

Flatley, W. T., Lafon, C. W., Grissino-Mayer, H. D., & LaForest, L. B. (2015). Changing fire 

regimes and old-growth forest succession along a topographic gradient in the Great Smoky 

Mountains. Forest Ecology and Management, 350(15018), 96–106. 

https://doi.org/10.1016/j.foreco.2015.04.024 



62 
 

   
 

Ford, C. R., Hubbard, R. M., & Vose, J. M. (2011). Quantifying structural and physiological 

controls on variation in canopy transpiration among planted pine and hardwood species in 

the southern Appalachians. Ecohydrology, 130(February), 126–130. 

https://doi.org/10.1002/eco 

Ford, J. D., Berrang-Ford, L., & Paterson, J. (2011). A systematic review of observed climate 

change adaptation in developed nations. Climatic Change, 106(2), 327–336. 

https://doi.org/10.1007/s10584-011-0045-5 

Forrester, J. A., Mladenoff, D. J., & Gower, S. T. (2013). Experimental Manipulation of Forest 

Structure: Near-Term Effects on Gap and Stand Scale C Dynamics. Ecosystems, 16(8), 

1455–1472. https://doi.org/10.1007/s10021-013-9695-7 

Fraver, S., & White, A. S. (2005). Identifying growth releases in dendrochronological studies of 

forest disturbance. Canadian Journal of Forest Research, 35(7), 1648–1656. 

https://doi.org/10.1139/x05-092 

Fritts, H. C. (1976). Tree Rings and Climate. The University of Chicago Press, 40(3), 428–429. 

Gedalof, Z., & Berg, A. A. (2010). Tree ring evidence for limited direct CO2 fertilization of 

forests over the 20th century. Global Biogeochemical Cycles, 24(3), 2–7. 

https://doi.org/10.1029/2009GB003699 

Gragson, T. L., & Bolstad, P. V. (2007). A Local Analysis of Early-Eighteenth-Century 

Cherokee Settlement. Social Science History, 31(3), 435–468. 

https://doi.org/10.1215/01455532-2007-005 

Gravatt; R. P. Marshall, G. F. (1926). CHESTNUT BLIGHT IN THE SOUTHERN 

APPALACHIANS. 

Greenberg, C. H., & McNab, W. H. (1998). Forest disturbance in hurricane-related downbursts 

in the Appalachian mountains of North Carolina. Forest Ecology and Management, 104(1–

3), 179–191. https://doi.org/10.1016/S0378-1127(97)00246-6 

Griffin, D., & Anchukaitis, K. J. (2014). How unusual is the 2012-2014 California drought? 

Geophysical Research Letters, 41(24), 9017–9023. https://doi.org/10.1002/2014GL062433 

Grissino-Mayer, H. (2001). Evaluating Crossdating Accuracy: A Manual and Tutorial for the 

Computer Program COFECHA. 

Guyette, R. P., Spetich, M. A., & Stambaugh, M. C. (2006). Historic fire regime dynamics and 

forcing factors in the Boston Mountains, Arkansas, USA. Forest Ecology and Management, 

234(1–3), 293–304. https://doi.org/10.1016/j.foreco.2006.07.016 

Hanson, J. J., & Lorimer, C. G. (2007). Forest structure and light regimes following moderate 

wind storms: Implications for multi-cohort management. Ecological Applications, 17(5), 

1325–1340. https://doi.org/10.1890/06-1067.1 



63 
 

   
 

Hart, J. L., Clark, S. L., Torreano, S. J., & Buchanan, M. L. (2012). Composition, structure, and 

dendroecology of an old-growth Quercus forest on the tablelands of the Cumberland 

Plateau, USA. Forest Ecology and Management. 

https://doi.org/10.1016/j.foreco.2011.11.001 

Hoffmann, W. A., Marchin, R. M., Abit, P., & Lau, O. L. (2011). Hydraulic failure and tree 

dieback are associated with high wood density in a temperate forest under extreme drought. 

Global Change Biology, 17(8), 2731–2742. https://doi.org/10.1111/j.1365-

2486.2011.02401.x 

Hollingsworth, R., & Hain, F. (1991). Balsam Woolly Adelgid ( Homoptera : Adelgidae ) and 

Spruce-Fir Decline in the Southern Appalachians : Assessing Pest Relevance in a Damaged 

Ecosystem Author ( s ): Robert G . Hollingsworth and Fred P . Hain Reviewed work ( s ): 

Source : The Florida Entomo. 74(2), 179–187. 

Holmes, R. (1983). Computer-Assisted Quality Control in Tree-Ring Dating and Measurement. 

Höök, M., & Tang, X. (2013). Depletion of fossil fuels and anthropogenic climate change-A 

review. Energy Policy, 52, 797–809. https://doi.org/10.1016/j.enpol.2012.10.046 

Hoomehr, S., Schwartz, J. S., & Yoder, D. C. (2016). Potential changes in rainfall erosivity 

under GCM climate change scenarios for the southern Appalachian region, USA. Catena, 

136, 141–151. https://doi.org/10.1016/j.catena.2015.01.012 

Keever, C. (1953). Present Composition of Some Stands of the Former Oak-Chestnut Forest in 

the Southern Blue Ridge Mountains. Ecological Society of America, 34(1), 44–54. 

Keyser, T. L., Arthur, M., & Loftis, D. L. (2017). Repeated burning alters the structure and 

composition of hardwood regeneration in oak-dominated forests of eastern Kentucky, USA. 

Forest Ecology and Management, 393, 1–11. https://doi.org/10.1016/j.foreco.2017.03.015 

Keyser, T. L., & Brown, P. M. (2016). Drought response of upland oak (Quercus L.) species in 

Appalachian hardwood forests of the southeastern USA. Annals of Forest Science, 73(4), 

971–986. https://doi.org/10.1007/s13595-016-0575-0 

Klara, S. M., Srivastava, R. D., & McIlvried, H. G. (2003). Integrated collaborative technology 

development program for CO 2 sequestration in geologic formations - United States 

Department of Energy R&D. Energy Conversion and Management, 44(17), 2699–2712. 

https://doi.org/10.1016/S0196-8904(03)00042-6 

Klein, T. (2014). The variability of stomatal sensitivity to leaf water potential across tree species 

indicates a continuum between isohydric and anisohydric behaviours. Functional Ecology, 

28(6), 1313–1320. https://doi.org/10.1111/1365-2435.12289 

Klos, R. J., Wang, G. G., Bauerle, W. L., & Rieck, J. R. (2009). Drought impact on forest growth 

and mortality in the southeast USA: An analysis using Forest Health and Monitoring data. 

Ecological Applications. https://doi.org/10.1890/08-0330.1 



64 
 

   
 

Lee, D. S. (2012). The Biltmore Forest School: Poking Back into an Extraordinary Time. The 

American Biology Teacher, 74(7), 464–469. https://doi.org/10.1525/abt.2012.74.7.7 

Lorimer, C. G. (1985). Methodological considerations in the analysis of forest disturbance 

history. Canadian Journal of Forest Research. https://doi.org/10.1139/x85-038 

Lorimer, C. G. (2001). Historical and ecological roles of disturbance in eastern North American 

forests: 9,000 years of change. Wildlife Society Bulletin. 

Lorimer, Craig G. (1980). Age Structure and Disturbance History of a Southern Appalachian 

Virgin Forest. 61(5), 1169–1184. 

Lorimer, Craig G. (2001). Historical and Ecological Roles of Disturbance in Eastern North 

American Forests : 9 , 000 Years of Change Published by : Wiley on behalf of the Wildlife 

Society Stable URL : http://www.jstor.org/stable/3784167 Linked references are available 

on JSTOR for. 29(2), 425–439. 

LOVETT, G. M., CANHAM, C. D., ARTHUR, M. A., WEATHERS, K. C., & FITZHUGH, R. 

D. (2006). Forest Ecosystem Responses to Exotic Pests and Pathogens in Eastern North 

America. BioScience, 56(5), 395. https://doi.org/10.1641/0006-

3568(2006)056[0395:fertep]2.0.co;2 

Martin-Benito, D., & Pederson, N. (2015). Convergence in drought stress, but a divergence of 

climatic drivers across a latitudinal gradient in a temperate broadleaf forest. Journal of 

Biogeography. https://doi.org/10.1111/jbi.12462 

McGraw, D. J. (2003). Andrew Ellicott Douglass and the role of the giant sequoia in the 

development of dendrochronology. 120 p. 

McNab, W. H., Greenberg, C. H., & Berg, E. C. (2004). Landscape distribution and 

characteristics of large hurricane-related canopy gaps in a southern Appalachian watershed. 

Forest Ecology and Management, 196(2–3), 435–447. 

https://doi.org/10.1016/j.foreco.2004.04.004 

McShea, W. J., Healy, W. M., Devers, P., Fearer, T., KOCH, F. H., STAUFFER, D., & 

WALDON, J. (2007). Forestry Matters: Decline of Oaks Will Impact Wildlife in Hardwood 

Forests. Journal of Wildlife Management, 71(5), 1717–1728. https://doi.org/10.2193/2006-

169 

McWilliams, W. H., & Schmidt, T. L. (1994). Composition, Structure, and Sustaina bility of 

Hemlock Ecosystems in Eastern North America. Proceedings: Symposium on Sustainable 

Management of Hemlock Ecosystems in Eastern North America GTR-NE. 

Meinzer, F. C., Woodruff, D. R., Eissenstat, D. M., Lin, H. S., Adams, T. S., & Mcculloh, K. A. 

(n.d.). Above-and belowground controls on water use by trees of different wood types in an 

eastern US deciduous forest. Tree Physiology, 33, 345–356. 

https://doi.org/10.1093/treephys/tpt012 



65 
 

   
 

Meinzer, F. C., Woodruff, D. R., Eissenstat, D. M., Lin, H. S., Adams, T. S., & McCulloh, K. A. 

(2013). Above-and belowground controls on water use by trees of different wood types in 

an eastern US deciduous forest. Tree Physiology. https://doi.org/10.1093/treephys/tpt012 

Morin, R. S., Liebhold, A. M., & Gottschalk, K. W. (2009). Anisotropic spread of hemlock 

woolly adelgid in the eastern United States. Biological Invasions, 11(10), 2341–2350. 

https://doi.org/10.1007/s10530-008-9420-1 

Nabuurs, G. J., & Mohren, G. M. J. (1995). Modeling analysis of potential carbon sequestration 

in selected forest types. Canadian Journal of Forest Research, 25, 1157–1172. 

Nesbitt, W. A. (1941). History of Early Settlement and Land Use on the Bent Creek 

Experiemental Forest Buncombe County, N.C. 53(9), 1689–1699. 

https://doi.org/10.1017/CBO9781107415324.004 

Noormets, A., Epron, D., Domec, J. C., McNulty, S. G., Fox, T., Sun, G., & King, J. S. (2014). 

Effects of forest management on productivity and carbon sequestration: A review and 

hypothesis. Forest Ecology and Management, 355, 124–140. 

https://doi.org/10.1016/j.foreco.2015.05.019 

Nowacki, G. J., & Abrams, M. D. (1997). Radial-growth averaging criteria for reconstructing 

disturbance histories from presettlement-origin oaks. Ecological Monographs, 67(2), 225–

249. https://doi.org/10.1890/0012-9615(1997)067[0225:RGACFR]2.0.CO;2 

Nowacki, G. J., & Abrams, M. D. (2008). The Demise of Fire and “Mesophication” of Forests in 

the Eastern United States. BioScience, 58(2), 123–138. https://doi.org/10.1641/b580207 

Olano, J. M., & Palmer, M. W. (2003). Stand dynamics of an Appalachian old-growth forest 

during a severe drought episode. Forest Ecology and Management, 174(1–3), 139–148. 

https://doi.org/10.1016/S0378-1127(02)00033-6 

Oren, R., Sperry, J. S., Katul, G. G., Pataki, D. E., Ewers, B. E., Phillips, N., & Schäfer, K. V. R. 

(1999a). Survey and synthesis of intra- and interspecific variation in stomatal sensitivity to 

vapour pressure deficit. Plant, Cell and Environment. https://doi.org/10.1046/j.1365-

3040.1999.00513.x 

Oren, R., Sperry, J. S., Katul, G. G., Pataki, D. E., Ewers, B. E., Phillips, N., & Schäfer, K. V. R. 

(1999b). Survey and synthesis of intra- and interspecific variation in stomatal sensitivity to 

vapour pressure deficit. Plant, Cell and Environment, 22(12), 1515–1526. 

https://doi.org/10.1046/j.1365-3040.1999.00513.x 

Oswalt, S., & Smith, W. B. (2014). U.S. Forest Resource Facts and Historical Trends. USDA 

Forest Service, FS-801(August), 60. https://doi.org/FS-1035 

Paillet, F. L. (2002). Chestnut: History and ecology of a transformed species. Journal of 

Biogeography, 29(10–11), 1517–1530. https://doi.org/10.1046/j.1365-2699.2002.00767.x 

Palmer, W. C. (1965). Meteorological Drought. In U.S. Weather Bureau, Res. Pap. No. 45 (p. 



66 
 

   
 

58). https://www.ncdc.noaa.gov/temp-and-precip/drought/docs/palmer.pdf 

Pederson, N., D’Amato, A. W., Dyer, J. M., Foster, D. R., Goldblum, D., Hart, J. L., Hessl, A. 

E., Iverson, L. R., Jackson, S. T., Martin-Benito, D., Mccarthy, B. C., Mcewan, R. W., 

Mladenoff, D. J., Parker, A. J., Shuman, B., & Williams, J. W. (2015). Climate remains an 

important driver of post-European vegetation change in the eastern United States. Global 

Change Biology, 21(6), 2105–2110. https://doi.org/10.1111/gcb.12779 

Pederson, N., Tackett, K., McEwan, R. W., Clark, S., Cooper, A., Brosi, G., Eaton, R., & 

Stockwell, R. D. (2012). Long-term drought sensitivity of trees in second-growth forests in 

a humid region. Canadian Journal of Forest Research. https://doi.org/10.1139/x2012-130 

Peterson, C. J., Carson, W. P., Mccarthy, B. C., Pickett, S. T. A., Peterson, C. J., Carson, W. P., 

Mccarthy, B. C., Pickett, S. T. A., & Microsite, S. T. A. (1990). Microsite Variation and 

Soil Dynamics within Newly Created Treefall Pits and Mounds. 58(1), 39–46. 

Phipps, R. L., & Whiton, J. C. (1988). Decline in long-term growth trends of white oak. 

Candadian Journal of Forest Research, 18, 24–32. 

Piovesan, G., Di Filippo, A., Alessandrini, A., Biondi, F., & Schirone, B. (2005). Structure, 

dynamics and dendroecology of an old-growth Fagus forest in the Apennines. Journal of 

Vegetation Science, 16(1), 13–28. https://doi.org/10.1111/j.1654-1103.2005.tb02334.x 

Pschorn-Walcher, H., & Zwolfer, H. (1958). Preliminary Investigations on the Dreyfrcsia 

(Adelges) Populations, Living on the Trunk of the Silver Fir. 

Pugh, T. A. M., Lindeskog, M., Smith, B., Poulter, B., Arneth, A., Haverd, V., & Calle, L. 

(2019). Role of forest regrowth in global carbon sink dynamics. Proceedings of the 

National Academy of Sciences of the United States of America, 116(10), 4382–4387. 

https://doi.org/10.1073/pnas.1810512116 

Ryan, M. G. (2011). Tree responses to drought. Tree Physiology, 31(3), 237–239. 

https://doi.org/10.1093/treephys/tpr022 

Sabol, T. R. H. and P. (1991). A Review of the Palmer Drought Severity Index and Where Do We 

Go from Here? 92(6), 511–525. https://doi.org/10.1002/bdrb.20338 

Sade, N., Gebremedhin, A., & Moshelion, M. (2012). Risk-taking plants: anisohydric behavior 

as a stress-resistance trait. Plant Signaling & Behavior, 7(7), 767–770. 

https://doi.org/10.4161/psb.20505 

Schafale, M. (2012). GUIDE TO THE NATURAL COMMUNITIES OF NORTH CAROLINA 

FOURTH APPROXIMATION March. Structure, March, 208. 

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J., 

Ascoli, D., Petr, M., Honkaniemi, J., Lexer, M. J., Trotsiuk, V., Mairota, P., Svoboda, M., 

Fabrika, M., Nagel, T. A., & Reyer, C. P. O. (2017). Forest disturbances under climate 

change. In Nature Climate Change (Vol. 7, Issue 6, pp. 395–402). Nature Publishing Group. 



67 
 

   
 

https://doi.org/10.1038/nclimate3303 

Shure, D. J., Phillips, D. L., & Edward Bostick, P. (2006). Gap size and succession in cutover 

southern Appalachian forests: An 18 year study of vegetation dynamics. Plant Ecology, 

185(2), 299–318. https://doi.org/10.1007/s11258-006-9105-8 

Silva, L. C. R., & Anand, M. (2013). Probing for the influence of atmospheric CO2 and climate 

change on forest ecosystems across biomes. Global Ecology and Biogeography, 22(1), 83–

92. https://doi.org/10.1111/j.1466-8238.2012.00783.x 

Simon, S. A., Collins, T. K., Kauffman, G. L., McNab, W. H., & Ulrey, C. J. (2005). Ecological 

zones in the Southern Appalachians: first approximation. Research Paper SRS-41, 41. 

Smithers, G. D. (2015). The Cherokee Diaspora. The Cherokee Diaspora, 27–57. 

https://doi.org/10.12987/yale/9780300169607.003.0001 

Sperry, J. S., Nichols, K. L., Sullivan, J. E. M., & Eastlack, S. E. (1994). Xylem embolism in 

ring-porous, diffuse-porous, and coniferous trees of northern Utah and interior Alaska. 

Ecology. https://doi.org/10.2307/1939633 

Tainter, F. H., Fraedrich, S. W., & Benson, D. M. (1984). The Effect of Climate on Growth , 

Decline , and Death of Northern Red Oaks in the Western North Carolina Nantahala 

Mountains. Casranea, 49(3), 127–137. 

Thomas B. McKee, Nolan J. Doesken, J. K. (1993). THE RELATIONSHIP OF DROUGHT 

FREQUENCY AND DURATION TO TIME SCALES. Eighth Conference on Applied 

Climatology, 17-22 January 1993, Anaheim, California, 105(8), 818–824. 

https://doi.org/10.1002/jso.23002 

von Allmen, E. I., Sperry, J. S., & Bush, S. E. (2015). Contrasting whole-tree water use, 

hydraulics, and growth in a co-dominant diffuse-porous vs. ring-porous species pair. Trees - 

Structure and Function, 29(3), 717–728. https://doi.org/10.1007/s00468-014-1149-0 

Wu, W., Clark, J. S., & Vose, J. M. (2014). Response of hydrology to climate change in the 

southern Appalachian Mountains using Bayesian inference. Hydrological Processes, 28(4), 

1616–1626. https://doi.org/10.1002/hyp.9677 

Zang, C., & Biondi, F. (2019). Package “treeclim” Numerical Calibration of Proxy-Climate 

Relationships. 

 

 

 

 

 



68 
 

   
 

APPENDICIES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: Elevation analysis that compares mean RWI of diffuse and ring porous species with associated elevation 

value.  

Figure A2: Standardized and detrended ring width index chronologies for diffuse and ring porous species, 

with individual species chronologies shown in the background. 
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Figure A3: Diameter vs age distribution for all samples (n = 209).  

Species Count

Acer rubrum 40

Carya  spp. 25

Liriodendron tulipifera 51

Quercus alba 25

Quercus coccinea 11

Quercus prinus 26

Quercus rubra 21

Quercus velutina 9

Table A1: Species names and sample sizes.  
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Figure A4: Diameter vs age distribution for all ring porous samples (n = 118).  
 

Figure A5: Diameter vs age distribution for all diffuse porous samples (n = 91).  
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Figure A6: Local climate data, including PDSI values, mean annual precipitation, and mean annual temperature, 

with standardized RWI values for diffuse and ring porous species.  
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Figure A7: Ring width index values shown for each of the 4 most extreme droughts, from 1925-1926, 1985-1988, 

1998-2002, and 2007-2008 for ring and diffuse porous species.  
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Figure A8: Map showing release events from 1930-1939 for ring and diffuse and ring porous species.  
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Figure A9: Map showing release events from 1960-1969 for ring and diffuse and ring porous species.  
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Figure A10: Map showing release events from 1990-1999 for ring and diffuse and ring porous species.  
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Table A2: Complete list of each sample and associated ID number, unit and gap location, species, and DBH.  

 

 

 

 

 

 

 

 

ID Number Unit Gap Species DBH (cm)

1 1 2 Q. montana 47.8 91 1 38 A.rubrum 27 172 4 45 L. tulipifera 39.5 244 5 13 Q. rubra 68.5

2 1 2 A.rubrum 26.8 93 1 38 Q. alba 77.1 173 4 52 Q. alba 25 245 5 13 Q. rubra 42.2

3 1 2 Q. alba 34.7 95 1 38 Q. alba 54.9 174 4 52 A.rubrum 38 246 5 13 L. tulipifera 50.1

4 1 2 L. tulipifera 60.2 96 1 38 Q. montana 51.1 175 4 52 Carya spp. 26.2 248 5 13 L. tulipifera 68.8

5 1 2 Q. montana 62.5 97 1 38 L. tulipifera 52.2 176 4 52 A.rubrum 17.2 249 5 59 Carya spp. 27.5

6 1 2 Q. alba 67 98 1 38 Carya spp. 48.6 177 4 52 Q. montana 40 250 5 59 L. tulipifera 28.9

7 1 2 A.rubrum 40.7 99 3 11 Q. montana 57 179 4 52 L. tulipifera 54.3 251 5 59 Carya spp. 49.5

8 1 2 Carya spp. 43.5 100 3 11 Q. montana 84 180 4 52 L. tulipifera 34 253 5 59 Q. rubra 69.5

9 1 2 L. tulipifera 48.5 101 3 11 Q. rubra 47.4 181 4 52 Q. montana 59.9 254 5 59 L. tulipifera 45

11 1 2 Carya spp. 32 103 3 11 Carya spp. 57.6 182 4 52 Q. alba 25.5 255 5 59 L. tulipifera 74.3

12 1 2 Q. alba 47.7 104 3 11 Q. rubra 84.6 183 4 52 Q. montana 52.3 256 5 59 Carya spp. 24.8

13 1 2 Q. velutina 45.5 105 3 11 A.rubrum 42.8 184 4 52 Q. alba 59.8 257 5 63 L. tulipifera 75.6

14 1 2 Q. velutina 50.9 106 3 11 L. tulipifera 65.2 185 4 52 Q. coccinea 34 259 5 63 L. tulipifera 28.3

16 1 2 A.rubrum 39.5 107 3 11 Carya spp. 39.8 186 4 54 L. tulipifera 49.8 261 5 63 Q. alba 63.8

17 1 2 L. tulipifera 69.1 108 3 11 L. tulipifera 44.9 187 4 54 L. tulipifera 63.2 262 5 63 Q. rubra 66.2

18 1 2 A.rubrum 18.8 122 3 16 Q. coccinea 34.3 189 4 54 A.rubrum 34.8 264 5 63 Q. alba 26.8

19 1 2 Q. montana 41.2 123 3 16 Q. alba 41 190 4 54 L. tulipifera 29 265 5 63 L. tulipifera 44.1

20 1 2 Q. montana 55.5 124 3 16 A.rubrum 45.8 191 4 54 L. tulipifera 33.7 266 5 63 L. tulipifera 25.3

21 1 2 Q. rubra 77.9 125 3 16 Q. coccinea 41 193 4 54 L. tulipifera 71 267 5 63 A.rubrum 35.7

22 1 2 A.rubrum 25.5 126 3 16 Q. montana 26.2 196 4 54 A.rubrum 24.8 268 5 63 L. tulipifera 58.4

24 1 2 Q. alba 52.6 127 3 16 A.rubrum 14.7 197 5 7 L. tulipifera 65.6 269 5 63 Q. coccinea 48.6

25 1 2 Q. alba 50.6 128 3 16 Q. alba 58.4 198 5 7 Q. coccinea 26.5 270 5 63 Carya spp. 41.7

26 1 2 Q. alba 52.5 129 3 16 Q. montana 73.7 200 5 7 Q. velutina 75.3 271 5 63 Q. rubra 68.9

27 1 2 Carya spp. 29.8 130 3 16 Q. montana 62.6 201 5 7 Carya spp. 29.9 272 5 63 A.rubrum 24.6

28 1 2 Q. rubra 79.5 131 3 16 L. tulipifera 45.8 202 5 7 Q. alba 46.8 273 5 71 Q. rubra 60.7

29 1 2 L. tulipifera 49.2 132 3 16 Q. coccinea 49.7 203 5 7 Q. velutina 82.8 274 5 71 L. tulipifera 70.2

30 1 2 L. tulipifera 75.2 133 3 16 L. tulipifera 54.7 204 5 7 Carya spp. 35.3 276 5 71 L. tulipifera 60

31 1 5 Q. velutina 61.7 134 3 16 A.rubrum 24.3 205 5 7 L. tulipifera 31.9 279 5 71 Q. rubra 63.9

33 1 5 Q. alba 51.4 136 4 44 L. tulipifera 41.3 206 5 7 Q. rubra 57.8 280 5 71 A.rubrum 37.4

34 1 5 Q. rubra 92 137 4 44 Q. montana 76.1 207 5 7 A.rubrum 20.4 281 5 71 L. tulipifera 28.3

35 1 5 Q. velutina 37.3 138 4 44 A.rubrum 46.1 208 5 7 A.rubrum 32.2 282 5 71 Q. rubra 98.1

36 1 5 A.rubrum 21.4 139 4 44 A.rubrum 16 209 5 7 L. tulipifera 40

38 1 5 Q. alba 45.4 141 4 44 Carya spp. 38.9 210 5 7 A.rubrum 42.6

39 1 5 Q. montana 51.7 142 4 44 L. tulipifera 47.6 211 5 17 L. tulipifera 43.9

40 1 5 Q. montana 39 143 4 44 Carya spp. 43.2 212 5 17 Q. coccinea 37.5

41 1 5 A.rubrum 22.1 144 4 44 L. tulipifera 39.3 214 5 17 Q. rubra 62.4

42 1 5 Q. montana 49.3 145 4 44 Carya spp. 37.7 215 5 17 Carya spp. 17.9

43 1 5 Q. velutina 44.1 146 4 44 Q. montana 65.6 216 5 17 Q. rubra 107.7

44 1 5 L. tulipifera 46.8 147 4 44 Q. montana 20.2 217 5 17 A.rubrum 21.9

64 1 35 A.rubrum 34.9 148 4 44 Carya spp. 18.2 218 5 17 Carya spp. 68.3

67 1 35 Q. velutina 66.2 149 4 45 Q. montana 52.5 219 5 17 L. tulipifera 57.8

68 1 35 Carya spp. 16.7 150 4 45 A.rubrum 20.2 220 5 17 A.rubrum 20.1

69 1 35 A.rubrum 27.6 151 4 45 L. tulipifera 22.6 221 5 17 A.rubrum 28.5

70 1 35 Q. coccinea 44.3 152 4 45 Q. montana 51.3 223 5 17 Q. coccinea 54.9

71 1 35 L. tulipifera 49.3 153 4 45 A.rubrum 33.1 224 5 13 Q. alba 37

72 1 35 Q. alba 53.1 154 4 45 A.rubrum 46.8 225 5 13 Q. rubra 36.6

73 1 35 Q. alba 31.3 155 4 45 Q. montana 49.4 226 5 13 L. tulipifera 29.9

74 1 35 L. tulipifera 35.2 156 4 45 L. tulipifera 18 227 5 13 Carya spp. 24

75 1 35 Q. rubra 34.8 158 4 45 A.rubrum 29.5 228 5 13 A.rubrum 42.3

76 1 35 Q. coccinea 51.2 159 4 45 Q. montana 69 229 5 13 Q. alba 80.6

77 1 36 Carya spp. 27.6 160 4 45 L. tulipifera 18 230 5 13 Q. rubra 28

78 1 36 Carya spp. 23.1 162 4 45 A.rubrum 31.6 231 5 13 L. tulipifera 41

79 1 36 A.rubrum 30.4 164 4 45 Q. rubra 55 233 5 13 Q. coccinea 43.2

80 1 36 L. tulipifera 52.3 165 4 45 A.rubrum 25.9 235 5 13 Q. montana 29.6

81 1 36 Q. alba 55.7 166 4 45 A.rubrum 54.4 238 5 13 Q. montana 42.2

85 1 36 A.rubrum 50.5 167 4 45 A.rubrum 17.8 239 5 13 Q. montana 75.7

86 1 36 Q. alba 63.8 168 4 45 L. tulipifera 25.3 240 5 13 Q. montana 27.4

88 1 38 Carya spp. 31.5 169 4 45 L. tulipifera 80.6 241 5 13 Carya spp. 17.2

89 1 38 L. tulipifera 73.8 170 4 45 Q. rubra 40.8 242 5 13 Q. velutina 33.9


