
Georgia State University Georgia State University 

ScholarWorks @ Georgia State University ScholarWorks @ Georgia State University 

Geosciences Theses Department of Geosciences 

5-20-2005 

Ozone Damage Potential to Loblolly Pine Ecosystems in Ozone Damage Potential to Loblolly Pine Ecosystems in 

Metropolitan Atlanta, Georgia Metropolitan Atlanta, Georgia 

Diane Marie Styers 
Georgia State University 

Follow this and additional works at: https://scholarworks.gsu.edu/geosciences_theses 

 Part of the Geography Commons, and the Geology Commons 

Recommended Citation Recommended Citation 
Styers, Diane Marie, "Ozone Damage Potential to Loblolly Pine Ecosystems in Metropolitan Atlanta, 
Georgia." Thesis, Georgia State University, 2005. 
https://scholarworks.gsu.edu/geosciences_theses/21 

This Thesis is brought to you for free and open access by the Department of Geosciences at ScholarWorks @ 
Georgia State University. It has been accepted for inclusion in Geosciences Theses by an authorized administrator 
of ScholarWorks @ Georgia State University. For more information, please contact scholarworks@gsu.edu. 

https://scholarworks.gsu.edu/
https://scholarworks.gsu.edu/geosciences_theses
https://scholarworks.gsu.edu/geosciences
https://scholarworks.gsu.edu/geosciences_theses?utm_source=scholarworks.gsu.edu%2Fgeosciences_theses%2F21&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/354?utm_source=scholarworks.gsu.edu%2Fgeosciences_theses%2F21&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/156?utm_source=scholarworks.gsu.edu%2Fgeosciences_theses%2F21&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@gsu.edu


 

 

OZONE DAMAGE POTENTIAL TO LOBLOLLY PINE ECOSYSTEMS 
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by 
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ABSTRACT 

 Atlanta is one of the largest metropolitan areas in the southeastern United States and is the 

only area in the region currently listed in “serious” 1-hour ozone nonattainment.  Despite its 

exceedance history, impacts on Atlanta’s urban forests have not been the focus of any major 

studies.  The purpose of this study was to examine air pollution damage to vegetation using a 

foliar-injury survey on Stone Mountain.  The objectives of this project included 1) establishing 

that pollution transport from Atlanta to Stone Mountain occurs, 2) determining the magnitude of 

ozone concentrations near Stone Mountain and 3) assessing sensitive plant species on Stone 

Mountain for foliar injury.  Results from this study confirm that Stone Mountain is located 

downwind from Atlanta.  Ozone concentrations were sufficiently high to damage vegetation and 

these consistently peaked in July.  Foliar injury was present on understory species on Stone 

Mountain, but was not observed on loblolly pine species. 

 

INDEX WORDS:  air pollution, Atlanta, foliar injury, loblolly pine ecosystem, ozone, Stone 

Mountain, transport, urban, vegetation
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Chapter 1. Introduction 
 
 
 Tropospheric ozone has been recognized as the most widespread phytotoxic air pollutant in 

eastern North America (U.S. Environmental Protection Agency 1996).  The prevalence of high 

ozone concentrations was once thought to be a problem only in urban areas, due to industrial and 

vehicle emissions of nitrogen oxides (NOX), a precursor compound in ozone formation (Aneja et 

al. 2000; U.S. National Research Council 1992).  Studies on the role of atmospheric transport of 

ozone and its precursors have indicated that rural and forested areas located downwind from 

metropolitan regions are also susceptible to above-average concentrations of ozone (Mueller et 

al. 1996; Gregg et al. 2003). 

 This study explores possible air pollution damage to vegetation in metropolitan Atlanta.  

Specifically, the impacts of ozone exposure to vegetation on Stone Mountain will be examined in 

late summer of 2004, where loblolly pine (Pinus taeda) and associated understory species such 

as black cherry (Prunus serotina), sumac (Rhus spp.) and blackberry (Rubus spp.) dominate.  

Within the United States, previous studies have focused on the impacts of ozone on vegetation 

throughout the western states (e.g., Miller et al. 1995 and Arbaugh et al. 1998), as well as the 

Appalachian Mountains in the east (e.g., McLaughlin and Downing 1995 and Chappelka et al. 

1999b).  This project aims to supplement previous research by examining the impact of ozone on 

vegetation downwind of an urban area in the southeastern United States.  Particularly, how do 

ambient ozone concentrations in Atlanta affect native plant species on Stone Mountain?  If 

ozone-induced foliar injury is present, to what extent have these species been damaged?  These 

questions will be addressed in detail following a review of current literature on these issues. 
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Formation of Tropospheric Ozone 
 
 Ozone is formed by a complex chain of chemical reactions.  Ultraviolet radiation (0.37-

0.42 µm) breaks up natural nitrogen dioxide (NO2) into nitric oxide (NO) and monatomic oxygen 

(O) which then combines with natural oxygen (O2) to produce ozone (O3) (Krupa et al. 2000).  

Ozone can then react with the NO, which is also emitted naturally from soils, fires and lightning 

and anthropogenically through fossil fuel combustion to produce NO2 and O2, completing the 

photolytic cycle (Atkinson 2000). 

 Besides NOX, the emission of volatile organic compounds (VOCs) is needed to produce 

ozone.  Non-methane organic compounds (NMOC) such as isoprene, monoterpenes, 

sesquiterpenes and oxygenated VOCs are naturally emitted from vegetation (Geron et al. 1995; 

Atkinson 2000; Pompe and Veber 2001) and are commonly referred to as ‘biogenic VOCs’ or 

BVOCs.  In urban areas the majority of NMOC and NOX emissions are from anthropogenic 

sources, while in rural areas NMOC and NOX of biogenic origins prevail (Atkinson 2000).  For 

example, isoprene dominates over anthropogenic NMOC production in the southeastern US 

where the presence of oak species (Quercus spp.) is numerous (Geron et al. 1995). 

 A complication in ozone photochemistry is that of NOX- and VOC-limitation.  In natural 

environments NOX are much less abundant than VOCs rendering that environment “limited” to 

the amount of NOX available to produce ozone (Chameides 1992).  These conditions also 

generally increase the rate of ozone destruction as VOCs can react with ozone and break down 

the ozone compounds (Chameides 1992).  In contrast, urban environments typically have high 

NOX levels from vehicle and industrial emissions but low VOC levels causing these 

environments to be limited to the amount of VOCs available to produce ozone (Chameides 

1992).  However, in areas with extremely high NOX concentrations the rate of ozone production 
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can actually decline due to ozone break-down associated with NOX interactions causing ozone 

production to be limited solely by NOX (Chameides 1992). 

 Climatic variables such as solar radiation and temperature can cause certain areas to 

produce higher levels of ozone (McLaughlin and Downing 1995; Krupa et al. 2000).  Solar 

radiation is responsible for initiating the photolytic cycle and its intensity is largely a function of 

season and latitude.  Temperature has been shown to induce ozone formation as well and a linear 

relationship between temperature and ozone concentration has been established (Kelly and Gunst 

1990), particularly when temperatures are greater than 30º Centigrade (U.S. EPA 1996).  

Environments in which temperatures exceed 30º C generally produce the potential maximum 

ozone concentration under favorable conditions; that is, in the absence of climatic variables that 

can decrease ozone production, such as degree of cloudiness, precipitation and high wind speeds 

(U.S. EPA 1996).  Stagnant air, generally resulting from stalled high-pressure cells, is the ideal 

environment for the production of ozone (U.S. EPA 1996).  The most favorable conditions for 

ozone formation resulting from these climatic variables occur in the coterminous United States 

during summertime (June, July and August).  In the southeastern United States (Köppen Climate 

Class Cfa), ozone production occurs mainly from March to October (U.S. EPA 1996).  Thus, 

ozone production is usually maximized during the growing season of vegetation when the 

intensity of the sun and temperature are highest and cloudiness and winds are lowest (Sillman 

1999; Krupa et al. 2000). 

 

Ozone Transport 
 
 Horizontal transport of ozone can occur within the troposphere due to synoptic and 

mesoscale climatic patterns.  As a result, peak concentrations of ozone generally occur 
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downwind from emission sources (Seinfeld 1989; Sillman 1999).  On a synoptic scale ozone can 

accumulate within high-pressure cells and be transported long distances, up to hundreds of 

kilometers, to rural and forested sites (Seinfeld 1989; Comrie 1990, 1994; Boehm et al. 1994; 

Diem 2004).  At the mesoscale ozone transport is influenced by local wind systems traveling 

over varying topography (McKendry and Lundgren 2000).  Consequently, ozone concentrations 

at the top of a mountain can be higher than at the base of the mountain due to upslope winds 

(Boehm et al. 1994; Diem and Comrie 2001). 

 Typically ozone transport from urban emission sites result in higher ozone concentrations 

at downwind rural locations than from in situ production of ozone in those rural areas (Meuller et 

al. 1996).  Rural sources of NOX can combine with BVOCs such as isoprene (emitted form trees) 

and eventually become ozone (Geron et al. 1994; Meuller et al. 1996).  However, the 

combination of biogenic and anthropogenic sources of NOX and VOCs in urban areas usually 

result in higher ozone production and thus, higher ozone levels (Meuller et al. 1996).  

Consequently, horizontal transportation of ozone from urban areas is an important component of 

ozone exposure potential at rural and forested sites downwind. 

 Ozone can also be transported vertically from the stratosphere to the troposphere through 

the folding of the tropopause associated with mid-latitude cyclonic systems (Elbern et al. 1997; 

Roelofs et al. 2003; Diem 2004) and diurnal boundary layer differences associated with local 

summertime convection (Zaveri et al. 1995; Zhang and Rao 1999; Aneja et al. 2000).  In the 

southeastern United States there is potential for stratospheric intrusion at any time during the 

year since tropospheric folding events in the region can occur at any time (Viezee et al. 1983; 

U.S. EPA 1996).  However, these stratospheric intrusions generally contribute to ground-level 

ozone concentrations less than 1% of the time (Viezee et al. 1983; U.S. EPA 1996).  Local 
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convection constitutes the majority of vertical ozone transportation in the Southeast as ozone and 

NOX trapped in the nocturnal boundary layer can enhance ground-level ozone concentrations the 

following morning as the inversion begins to break up (Zaveri et al. 1995).  Air masses above the 

nocturnal boundary layer can also transport trapped ozone to mountain-top and high-elevation 

locations (Zaveri et al. 1995; Zhang and Rao 1999; Aneja et al. 2000). 

 

Potential Effects of Ozone Exposure 
 
 The U.S. Environmental Protection Agency (U.S. EPA) considers ozone a major air 

pollutant as it involves the welfare of both humans and vegetation (1999).  Low levels of ozone 

have been shown to disturb human health causing skin and eye irritation, shortness of breath, 

chest pain and decreased lung function to sensitive individuals; high levels of ozone can cause 

symptoms in anyone of the general population (U.S. EPA 1999).  It is for this reason that most 

ozone studies in the U.S. are conducted.  However, ozone is equally detrimental to the health of 

vegetation and research has proven this much more solidly.  Trees that have been adversely 

affected by ozone commonly exhibit reduced photosynthesis rates (Wiselogel et al. 1991; 

Richardson et al. 1992), reduced height and/or diameter growth (Pye 1988; Taylor 1994), 

biomass loss (Shafer and Heagle 1989; Hogsett et al. 1997) and/or foliar injury (Horton et al. 

1990; Kuehler and Flagler 1999).  If damage is great enough an entire forest ecosystem can be 

significantly altered. 

 The mixed pine-hardwood forests of the San Bernardino Mountains in southern California 

have been exposed to chronic doses of ozone for over 50 years (Asher 1956), with average 24-

hour concentrations up to 120 parts per billion (ppb; U.S. EPA 1996).  Pollutant transport from 

nearby Los Angeles is the likely mechanism responsible for the death of most ozone-sensitive 
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pine species on these Mountains (Miller et al. 1963; Miller et al. 1995; Arbaugh et al. 1998).  

Decline in sensitive, dominant forest species results in forest stand alteration and eventually 

complete ecosystem transformation (U.S. EPA 1996).  Forests not only harbor most of the 

world’s biodiversity, they also protect water resources, manage climate, provide oxygen and help 

support local, regional and global economies. 

 

Effects on Plant Physiology 
 
 Ozone can damage plant leaf tissue when a sufficient amount of ozone molecules are able 

to pass through a series of permeable layers in the leaf to reach the mesophyll, a spongy tissue 

critical to photosynthesis (Chameides 1989; Hewitt et al. 1990; U.S. EPA 1996; Kuehler and 

Flagler 1999).  If met by antioxidants such as ascorbic acid at any point a long this pathway, 

ozone molecules may be scavenged prior to reacting with vulnerable plant cell tissues (Kuehler 

and Flagler 1999).  An ozone molecule first diffuses into a plant leaf through one of its many 

stomata (leaf pores), which regulate gas exchange by allowing for sufficient carbon dioxide 

(CO2) uptake while limiting water loss through evapotranspiration (Hewitt et al. 1990).  The 

stomata open to a cavity where the ozone molecule can then dissolve in an aqueous layer lining 

this inner air space of the leaf then proceed to penetrate the cell well (U.S. EPA 1996).  Once 

inside the plant’s cellular membrane it can react with polyunsaturated fatty acids and begin its 

destructive oxidation processes (Chameides 1989).  Through the oxidation of plant tissue, ozone 

can interfere with any of the various processes of photosynthesis (e.g. Friend and Tomlinson 

1992; Krupa et al. 2000; Vollenweider et al. 2003). 

 Photosynthesis is the process by which plants use CO2 and energy from sunlight to make 

food.  Ozone disrupts photosynthetic processes in sensitive and tolerant plants and can have any 



7 

number of consequences on the plant, many of which have yet to be documented (Chappelka and 

Samuelson 1998; Krupa et al. 2000).  In addition to the effects on growth, biomass and foliar 

injury, reduced photosynthetic rates can also result in water stress, nutrient deficiency and 

variations in carbon allocation (Friend and Tomlinson 1992; Vollenweider et al. 2003).  Tree 

age, differential sensitivity among species and site-specific environmental and climatic variables 

should also be considered as these factors often modify individual study results (Wiselogel et al. 

1991; Manning and Krupa 1992; Chappelka and Samuelson 1998; Chappelka et al. 1999b.; 

Krupa et al. 2000). 

 The most common visible sign of ozone-induced damage to plants is foliar injury.  This is 

generally an indication that antioxidants have attempted to shield vulnerable leaf tissues from the 

oxidation processes of ozone (Krupa et al. 2000; Friend et al. 1992).  Proven indicators of ozone-

induced foliar injury include bleaching, bronzing, flecking, stippling, mottling, chlorosis, 

necrosis, tip burn and premature senescence (Krupa et al. 2000; Vollenweider et al. 2003).  

These visual symptoms of ozone injury are seen in acute (Friend and Tomlinson 1992) to chronic 

(Arbaugh et al. 1998) exposure situations and can affect sensitive (Chappelka et al. 1999b.) as 

well as tolerant species (Neufeld et al. 2000).  As such, foliar injury is a good indicator of 

disruption of photosynthetic processes.  However, ozone-induced damage to plant species can 

occur with or without foliar injury (Horton et al. 1990; Taylor 1994; Barbo et al. 2002). 

 Ozone has been shown to alter both tree growth and biomass production by interfering with 

stomatal conductance, respiration and photosynthesis, as well as reducing CO2 uptake, 

assimilation and fixation (Chappelka and Samuelson 1998; Krupa et al. 2000).  Plant growth, 

biomass production and other physiological processes are generally interrelated due to their 

dependence on optimum photosynthesis; yet damage to one component may not necessarily 
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disturb another (Chappelka and Samuelson 1998; Somers et al. 1998; Massman et al. 1999; 

Krupa et al. 2000).  For example, ozone may disrupt a plant’s photosynthetic processes by 

decreasing stomatal conductance and reducing CO2 uptake.  The plant may exhibit signs of foliar 

injury, but not symptoms of reduced growth (Horton et al. 1990; Taylor 1994), or vice versa 

(Edwards et al. 1995).  However, when this same plant is grown in a much less predictable 

competitive environment, height and diameter growth and biomass production may decrease 

while exhibiting no signs of visible injury (Barbo et al. 2002; Laurence and Andersen 2003).  It 

is therefore, important to note that while ozone-induced damage may take a variety of forms, 

interactions within and between plant species are highly complex and their countless responses 

to ozone exposure are not fully understood. 

 

Impacts to Forest Ecosystems 
 
 Estimating ozone risk to forests based on the responses of tree species contained therein is 

a difficult task.  There have been many attempts to do so using techniques such as statistical 

(McLaughlin and Downing 1995; Kuehler and Flagler 1999; Massman et al. 1999) and 

simulation modeling (Hogsett et al. 1997; Barbo et al. 2002), interpolation of surfaces (Lefohn et 

al. 1997; Phillips et al. 1997) and extrapolation from tree to stand conditions (Taylor 1994; Kolb 

and Matyssek 2001).  However difficult to estimate, species-specific responses to ozone can 

influence forest ecosystem stability by modifying overall forest productivity (Hogsett et al. 1997; 

Coulston et al. 2003).  Coulston et al. (2003) describe that by directly impacting tree growth, 

ozone can transform “forest succession, forest composition… and forest dependent wildlife, 

insects and pathogens.”  If species are dominant in areas where they are predicted to be at risk, 

their ecological and economical importance to these areas could be threatened (Arbaugh et al. 
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1998; Coulston et al. 2003).  For example, Coulston et al. (2003) explain that loblolly pine and 

sweetgum (Liquidambar styraciflua) are fundamental species that co-exist throughout the 

Southeast.  Loblolly pine is an important commercial product as well as an indicator species in 

pine and pine-hardwoods stands in the area, which provide habitat for many game and nongame 

species.  Sweetgum contributes to the local foodweb by providing its seeds as a food source to 

birds, squirrels and chipmunks.  Damage to these species by ozone could therefore, affect the 

biodiversity of southern pine and pine-hardwood habitats as well as world-wide timber 

industries. 

 Ecological impacts to forest ecosystems can indirectly influence the economic benefits of 

that system.  Ozone changes to single tree physiology have been noted; height and diameter 

growth can be reduced, biomass can be lost and photosynthetic processes altered resulting in 

foliar injury, water stress and nutrient deficiency (Vollenweider et al. 2003).  Changes to key 

sensitive species within a community can slowly but eventually alter genetic traits (Coulston et 

al. 2003).  As this species or even certain genotypes of this species is weakened, more tolerant 

competitive species may succeed within the forest community possibly eradicating the weaker 

sensitive species and altering the composition of the community (Vollenweider et al. 2003).  

Should this happen within an economically important forest ecosystem such as loblolly pine, the 

timber industry would be greatly affected and much capital would stand to be lost (Vollenweider 

et al. 2003).  Similarly, if key forests and their unique habitats decline, revenue generated from 

recreational activities such as hunting, fishing, hiking and camping would be reduced (Coulston 

et al. 2003). 
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Ozone in the Southeastern United States 
 
 For the purposes of this study, the southeastern United States will be defined according to 

the U.S. EPA Region 4.  By this definition, the Southeast includes the states of Alabama, Florida, 

Georgia, Kentucky, Mississippi, North Carolina, South Carolina and Tennessee (U.S. EPA 

2004c.).  This definition was chosen so geographic areas mentioned in this study would 

correspond to the federal ozone standards and data cited herein. 

 The southeastern United States is a region that has recently had elevated levels of ozone 

(U.S. EPA 1996).  For example, Atlanta has exceeded federal air quality standards for at least the 

past ten years, as have other large cities in the region including Birmingham, Nashville and 

Charlotte (U.S. EPA 2004a.).  This could possibly be attributed to its temperate climate, its 

abundance of vegetation (potential BVOC emissions), its history of industry (potential NOX and 

VOC emissions), a profusion of automobile traffic and long commutes and long-range transport 

from surrounding industrialized cities from Louisiana to the Carolinas (Neufeld et al. 2000).  The 

highest ozone concentrations in the Southeast occur from March to October in metropolitan areas 

such as those listed above and at high elevations in the Appalachian Mountains (U.S. EPA 1996).  

However, these data could be misleading, as ozone monitoring in rural areas of the Southeast is 

uncommon. 

 The Southeast represents a good location for ozone-related investigations because 

conditions are favorable to ozone production.  The lush vegetation of the mixed pine-hardwood 

forests together with the abundance of cultivated lawns, results in the likelihood of a vast 

quantity of BVOC emissions.  BVOC concentrations vary by region due to the type of vegetation 

present and are an important component to consider in ozone-related studies, as they are natural 

precursors to ozone production (Geron et al. 1995; Atkinson 2000; Pompe and Veber 2001).  
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Additionally, the magnitude of industrial plants and the amount of vehicles present in sizeable 

cities in the Southeast such as Atlanta, Birmingham and New Orleans can lead to potentially high 

levels of NOX and VOC emissions (Geron et al. 1995).  Precise combinations of these variables 

can lead to potentially high ozone levels (Krupa et al. 2000). 

 

Forests of the Southeastern United States 
 
 Forests of the southeastern United States are among the most diverse in North America and 

primarily consist of hardwood and mixed pine-hardwood systems (Powell et al. 1992; USDA 

Forest Service 2004a.).  Dominant forest types include:  oak-hickory and maple-beech-birch in 

the Appalachian mountain region; oak-pine and loblolly-shortleaf pine in the Piedmont region; 

and longleaf-slash pine and oak-gum-cypress in the coastal plains region (Powell et al. 1992; 

USDA Forest Service 2004a.).  Approximately half (48%) of the wetlands of the coterminous 

U.S. are located in the South; 74% of these wetlands are classified as “forested” (U.S. Fish and 

Wildlife Service 2004).  Additionally, southeastern forests contain the highest concentration of 

freshwater aquatic diversity in the world (U.S. Fish and Wildlife Service 2004).  Conversely, the 

southeastern U.S. contains approximately half of the world’s industrial tree plantations where 

commercial logging rates are high (Powell et al. 1992; USDA Forest Service 2004a.).  As this 

study will examine the impacts of ozone to forest species in the Piedmont province of Georgia, 

specifically metropolitan Atlanta, only the forests types appropriate to this area will be discussed 

in further detail. 

 Oak-Pine communities are located in relatively dry, exposed areas including the Piedmont, 

Ridge and Valley and Blue Ridge physiographic provinces of Georgia (Kuchler 1964).  

Dominant species within these forests include various oak species, such as northern red (Quercus 
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rubra), white (Quercus alba), black (Quercus velutina), scarlet (Quercus coccinea) and chestnut 

(Quercus prinus); pine species, including eastern white (Pinus strobus), pitch (Pinus rigida), 

Virginia (Pinus virginiana), table mountain (Pinus pungens) and shortleaf (Pinus echinata); as 

well as other native species such as hickory (Carya), white ash (Fraxinus americana), hemlock 

(Tsuga canadensis), sugar maple (Acer saccharum), red maple (Acer rubrum), tulip poplar 

(Liriodendron tulipifera), American basswood (Tilia americana), black gum (Nyssa sylvatica), 

black cherry and black birch (Betula lenta) (Redington 1978). 

 Loblolly-shortleaf pine forests are the second most widespread forest type in the eastern 

U.S. accounting for approximately 64% of coniferous forest in the East (Chappelka and 

Samuelson 1998).  These forests are primarily comprised of loblolly and shortleaf (Pinus 

echinata) pines and cover most of the Piedmont region of the Southeast (Kuchler 1964).  Other 

pine species within this system may include Virginia (Pinus virginiana), Pond (Pinus serotina) 

and Pitch (Pinus rigida).  Hardwood species might include sweetgum, magnolia (Magnolia 

grandiflora), tulip poplar (Liriodendron tulipifera) and various oaks (Kuchler 1964). 

 

Potential Impacts of Ozone Exposure to Southeastern Forests 
 
 Ozone effects on vegetation have been well documented in studies in the southeastern U.S. 

since the 1950s when it was first identified as injurious to plants such as tobacco (Nicotiana 

tabacum), a chief agricultural product at that time (Middleton et al. 1950).  Research on several 

types of tree species indigenous to the Southeast has revealed varying degrees of sensitivity to 

ozone (Wiselogel et al. 1991; Lefohn et al. 1992; Qui et al. 1992; Richardson et al. 1992; Taylor 

1994; Neufeld et al. 1995; Somers et al. 1998; Chappelka et al. 1999a. & b.; Neufeld et al. 2000).  

Black cherry (Hogsett et al. 1997; Somers et al. 1998; Chappelka et al. 1999a.) and tulip poplar 
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(Hogsett et al. 1997; Somers et al. 1998; Chappelka et al. 1999b.) consistently display a high 

sensitivity to ozone exposure.  Common understory species that display a high sensitivity to 

ozone include blackberry and sumac species (Barbo et al. 1998).  Moderately sensitive species in 

the region include loblolly pine (Wiselogel et al. 1991; Qui et al. 1992; Richardson et al. 1992; 

Taylor 1994; Hogsett et al. 1997; Lefohn et al. 1997), eastern white pine (Bennett et al. 1994; 

Hogsett et al. 1997) and sugar maple (Hogsett et al. 1997).  Insensitive species are Virginia pine 

(Hogsett et al. 1997; Neufeld et al. 2000) and Red Maple (Hogsett et al. 1997).  Sensitivity has 

been determined through controlled chamber studies by measuring height and/or diameter 

growth, percent biomass and the presence of foliar injury. 

 Based on species distribution maps (USDA Forest Service 2004a.), most forests in the 

Southeast have the potential to be adversely affected by ozone based on sensitivity rankings 

determined through previous research studies.  Several species within each of the forest types 

listed above have been examined for ozone injury.  A majority of this research has been 

conducted in Great Smoky Mountains National Park, which lies near the southern end of the 

Appalachian Mountains along the North Carolina and Tennessee borders.  The results of these 

studies indicate that black cherry and tulip poplar appear to be among the most highly sensitive 

to ozone (Neufeld et al. 1995; Hogsett et al. 1997; Somers et al. 1998; Chappelka et al. 1999a. & 

b.).  Other researchers have estimated risk to southeastern forests using statistical and simulation 

modeling techniques and have determined that forests of the Piedmont and coastal plains regions 

of the Southeast are also potentially at risk (Hogsett et al. 1997; Barbo et al. 2002; Coulston et al. 

2003). 

 Although the findings from previous studies are significant, many of the studied species are 

found mainly in rural and upland areas and therefore, do not adequately represent the overall 
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range of ozone damage to vegetation for the entire southeastern region.  Of the wide-ranging 

forest communities, the loblolly-shortleaf pine forest system has been the focus of most studies 

in the Southeast (Wiselogel et al. 1991; Qui et al. 1992; Richardson et al. 1992; Hogsett et al. 

1997; Lefohn et al. 1997).  This is probably due to the moderate sensitivity of loblolly pine to 

ozone (Taylor 1994) and its great economic importance as a major timber product in the 

Southeast (Chappelka and Samuelson 1998; Coulston et al. 2003). 

 

Previous Studies of Ozone Effects on Loblolly Pine (Pinus taeda) 
 
 Loblolly pine is the dominant tree species of the granite outcrop ecosystem that is Stone 

Mountain and its response to ozone has been studied in depth (e.g., Pye 1988; Taylor 1994; 

Lefohn et al. 1997; Coulston et al. 2003).  Results from previous investigations of loblolly pine 

response to ozone exposure have indicated that this species is moderately sensitive to ozone 

(Wiselogel et al. 1991; Qui et al. 1992; Richardson et al. 1992; Hogsett et al. 1997; Lefohn et al. 

1997; Coulston et al. 2003).  Noted signs include inhibited growth (Pye 1988; Taylor 1994), 

biomass loss (Shafer and Heagle 1989; Hogsett et al. 1997), reduced photosynthesis rates 

(Wiselogel et al. 1991; Richardson et al. 1992) and foliar injury (Horton et al. 1990; Kuehler and 

Flagler 1999).  A majority of studies have been chamber fumigation experiments on loblolly 

seedlings using varying degrees of ozone concentrations in competitive (Barbo et al. 2002; 

Laurence and Andersen 2003) and non-competitive environments (Shafer and Heagle 1989; 

Horton et al. 1990; Richardson et al. 1992; Flagler and Chappelka 1995; Reinert et al. 1996).  

Other studies have tested ozone exposure-response functions on loblolly seedlings and saplings 

in greenhouse experiments (Horton et al. 1990; Wiselogel et al. 1991; Shafer and Heagle 1989) 
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and field analyses of mature loblolly growth in its natural state (McLaughlin and Downing 

1995). 

 A review of the literature indicates that most of the research on loblolly pine pertains to the 

types of injury caused by exposure to ozone.  The researchers of these studies examined any of 

four major physiological processes typically influenced by ozone exposure:  1) photosynthesis; 

2) foliar health; 3) growth (height and radial); and 4) biomass production.  The following four 

sections will summarize the leading publications in each of these areas.  In many cases, the study 

examines more than one parameter of loblolly injury and therefore, will be mentioned in the 

section that most closely relates to the authors’ main objectives. 

 

Photosynthesis 
 
 Ozone has been shown to reduce photosynthetic rates in several plant species (Lefohn et al. 

1997; Coulston et al. 2003).  Biochemical composition can be altered resulting in reduced 

growth, biomass loss and premature needle senescence (Chappelka and Samuelson 1998).  The 

physiology of loblolly needles is highly complex and much is still unknown about species-

specific photosynthetic responses resulting from ozone exposure. 

 Ozone and acidic precipitation have been shown to affect photosynthesis in loblolly pine 

species.  Richardson et al. (1992) examined these effects in three families of loblolly pine in 

North Carolina over the course of one year (March to December).  There were no statistically 

significant outcomes of acid rain treatment on photosynthesis in any of the three families.  The 

response of photosynthesis to ozone was different in each of the three families.  Photosynthesis 

rates were reduced by as much as 80+% in the 3X ozone treatment chambers by October.  By the 

end of the growing season, needles of the saplings in the 3X and 2.25X treatment chambers had 
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begun to prematurely senesce.  The most important finding from the Richardson study indicated 

that after only one growing season, photosynthesis rates were reduced by an average of 10% in 

the sub-ambient chambers and 25% in the 1.5X ambient chambers.  These exposure 

concentrations are typical of those found during the growing season in the Southeast.  Therefore, 

there is potential for reduced photosynthetic rates and thus growth in loblolly pines growing in 

this region under ambient conditions. 

 Ozone affects on photosynthesis have also been shown to alter the biochemical 

composition of loblolly pines.  Friend et al. (1992) studied the biochemical composition of one 

family of loblolly pine exposed to varying levels of ozone, acid rain and magnesium in 

Tennessee over three growing seasons.  Needle and stem tissue was extracted and the amount of 

carbohydrate reserves present was analyzed.  The total dry weight of carbohydrate 

concentrations were 24-56% less in the ambient ozone treatment chambers compared to the sub-

ambient ozone treatment chambers.  This is possibly due to its influence on foliar starch.  A 

definite variation in maximum (April) and minimum (September) starch concentration in loblolly 

foliage was observed.  The authors state that this information could be used to enhance future 

stand-level experiments and modeling efforts at a relatively low cost. 

 The role of antioxidants in protecting plants from ozone exposure has also been examined.  

Kuehler and Flagler (1999) evaluated the effects of antioxidant treatments (sodium erythorbate, 

or Ozoban and ethylenediurea, or EDU) on photosynthetic function of loblolly pine seedlings 

exposed to ozone in Texas.  Foliar injury was observed early in the experiment, but subsided 

over time indicating the tree’s ability to recover from ozone damage.  This phenomenon was not 

attributed to protection from the antioxidants.  Additionally, neither of the two antioxidants 

enhanced photosynthesis rates in the seedlings in all cases, nor at all ozone concentration levels.  
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However, this could be attributed to experimental design flaws and further research is needed to 

better understand the ozone mitigation potential of these two antioxidants.   

 

Foliar Injury 
 
 Ozone-induced foliar injury is usually caused by an interference with one or more functions 

of photosynthetic processes (Friend et al. 1992; Krupa et al. 2000).  Visible symptoms on 

loblolly pine needles include chlorotic mottling, necrosis and tip burn; needles may also 

prematurely senesce (Krupa et al. 2000).  Though foliar injury generally indicates a disruption in 

photosynthesis (Richardson et al. 1992), it does not necessarily correlate with growth (Horton et 

al. 1990; Taylor 1994). 

 Interference with photosynthesis often induces foliar injury in loblolly pines.  Friend and 

Tomlinson (1992) explored the physiological function of twelve loblolly pine seedlings in 

Tennessee exposed to ozone through analyzing foliar carbon dynamics.  The authors found that 

ozone altered the amount of total carbon as well as the partitioning of carbon.  Total carbon loss 

resulted in short term retention of carbon followed by a rapid export of carbon into sugars and 

carbon loss to respiration.  Ozone also caused a decrease in partitioning of carbon into protein 

and starch and an increase in partitioning of carbon into organic acids, residue and lipids.  These 

results imply a shirt in carbon partitioning from those responsible for carbon storage to those 

used in injury repair.  This shift can eventually lead to reduced growth rates if sufficient carbon 

is not available and/or if ozone exposure levels in the immediate environment are high. 

 Ozone exposure can also interfere with other nutrients and their cycling processes within 

vegetation.  Edwards et al. (1995) evaluated the nutritional responses of 1296 loblolly pine 

seedlings and 90 red spruce saplings to ozone exposure and acidic precipitation over three 
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growing seasons.  No increased nutrient leaching or acidification occurred in the soil of the 

loblolly pine seedlings in response to the acid rain treatments.  In contrast, the soil of the red 

spruce saplings negatively to the acid rain treatments resulting in a lower pH and the leaching of 

calcium and magnesium.  With regard to ozone exposure, the foliage of the red spruce saplings 

was not greatly disturbed.  The loblolly pine seedlings exhibited greater mineral concentrations 

in foliage and a reduction in biomass.  However, the authors found no significant affects of 

ozone exposure on the nutrient content of loblolly foliage. 

 Foliar injury surveys can be used to assess areas at risk for ozone injury.  Coulston et al. 

(2003) conducted a regional assessment of ozone sensitive trees in the eastern U.S. using data 

from previous studies to identify areas of potential risk.  Through the use of kriging, each of the 

512 field plots was assigned a biosite index of severity based on foliar injury.  Based on these 

parameters, loblolly pine (mean biosite index = 20.4) was determined a sensitive species and at 

moderate to high risk for ozone injury within their range.  Additionally, the authors ranked 

loblolly pine as one of the four species determined to be at risk on a regional scale from exposure 

to current levels of ambient ozone.  They suggested that more in-depth studies are needed to 

assess the actual impacts of ozone on the growth of loblolly pine, especially in the Southeast. 

 

Growth 
 
 Ozone effects on height growth in loblolly pine have been examined over the past four 

decades.  Recent research, conducted since the late 1980s, is most relevant to this study.  The 

majority of results from these studies indicate that loblolly pines exposed to ozone exhibit 

reduced growth, namely height, diameter, stem circumference and root growth.  However, the 
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literature shows that as knowledge accumulates and scientific methods improve we begin to see 

varying, sometimes contradictory, results. 

 A majority of research on loblolly pine has resulted in similar conclusions.  Pye (1988) 

reviewed 43 tree species and hybrids from the data of 25 experiments to determine the 

consequences of ozone exposure on each.  His article conferred that loblolly pine exposure to 

ozone resulted in reduced height and diameter growth, biomass production and photosynthetic 

rates, but stated that assessment methods need to be improved in order to accurately quantify 

damage.  He is also one of the first researchers to pose the issue of differential sensitivity among 

genotypes.  Similarly, Shafer and Heagle (1989) conducted a 3-year study on loblolly pine in 

North Carolina and found increasing damage (reduced height growth and biomass production) 

with increasing ozone concentrations.  These researchers also found variations in response due to 

differential sensitivity among seedlings.  Additionally, they reported that reductions in growth 

were not correlated with visible injury, an important visible indicator of ozone damage at that 

time. 

 During the 1990s, ozone-related research substantially increased in the Southeast, largely 

as a result of the Forest Health Monitoring Program of the USDA Forest Service, begun in 1990.  

With research efforts focused in this area, studies of loblolly pine became more prevalent.  

Horton et al. (1990) examined seedlings of three loblolly pine families grown in two different 

soil substrates.  Results from this study showed that exposure to increasing concentrations of 

ozone resulted in reduced diameter growth (15-36% less) and biomass production (4-23% less), 

as well as foliar injury (up to 40% damage), but not height growth.  Their findings indicate that 

soil nutrient composition plays an important role in individual species response to ozone 

exposure.  However, their results contradicted earlier findings on different genotype response by 
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stating that the response to ozone exposure did not vary among the three families.  Wiselogel et 

al. (1991) exposed 35 families of loblolly pine to varying concentrations of ozone.  Growth was 

significantly reduced by exposure to ozone, especially root growth (20% less).  Height growth 

was reduced in most families, except one family that showed increased growth with increasing 

ozone concentration.  Diameter growth was reduced in all families.  Foliar injury was evident 

early in the experiment and resulted in approximately 50% injury to loblolly needles.  

Photosynthesis was significantly reduced by as much as 30%.  Neither net photosynthesis nor 

foliar injury varied among families, nor did they correlate with growth rates. 

 Current research in plant growth analyses involves the examination of exposure-response 

trends.  Taylor (1994) was instrumental in exploring the role of genotype in exposure-response 

trends in loblolly pines.  In his report, Taylor examines all of the results from previous studies 

conducted on loblolly pine (with an emphasis on the Southeast).  Differential response, genetic 

variation, physiological mechanisms and relationships between parameters of ozone response 

(i.e. visible injury and growth) in loblolly pine are explored in depth.  Taylor concluded that 

foliar injury is not correlated with growth and more importantly, that the threshold for effects on 

an average loblolly seedling’s growth is below the average exposure rates of ozone in some areas 

of the Southeast.  Taylor indicates that more efforts to examine biospheric rather than 

atmospheric processes are needed to further understand exposure-response relationships in 

loblolly pine to ozone. 

 Few studies have been conducted on mature loblolly pine trees in a field setting.  

McLaughlin and Downing (1995) studied loblolly pine responses to ozone in a non-chamber, 

natural environment.  The authors measured the stem circumference of 28 mature loblolly pines 

over five years (1988-1992).  Ozone effects varied between trees and years, with growth rates 
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varying by 75% across years.  The authors compiled the data into a regression model to quantify 

the contributions of various environmental variables to growth (i.e. ozone, soil moisture, 

temperature and rainfall).  Interactions between ozone and soil moisture accounted for the 

majority of variance in the model at 58%, implying a strong relationship between ozone-induced 

damage and soil moisture. 

 Because only a small number of studies have been conducted in natural settings, the role of 

competition has been largely overlooked.  Barbo et al. (2002) assessed the impacts of ozone on 

loblolly pine seedlings in a competitive environment in Alabama over two years.  The authors 

found that loblolly pines in a competitive environment respond to ozone in a much different way 

than previously reported.  In this compelling study, loblolly pine height growth in sub-ambient 

conditions was less than that of higher concentration levels.  Similarly, seedlings grown in sub-

ambient conditions exhibited the least diameter growth and the lowest biomass production.  This 

contradiction in results is attributed to competition for resources with other species, but the need 

for a longer-term study to validate these results is noted. 

 

Biomass Production 
 
 Biomass production is also a function of tree growth.  Within this field of research, the 

term total biomass typically refers to the dry weight (in grams) of all living parts of a tree, below 

(root) and above (shoot) ground.  Although many of the authors noted above have examined the 

affects of ozone on biomass production as a part of tree growth, these authors presented here 

have focused their research on biomass production and may or may not necessarily include 

height and/or diameter growth in their analyses. 
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 Because loblolly pine is an important commercial timber crop, especially in the Southeast, 

there has been ample research on ozone affects on biomass production.  Flagler and Chappelka 

(1995) reviewed and summarized data collected through the Southern Commercial Forest 

Research Cooperative (SCFRC) and compared it to other studies on various southern pine 

species.  In the studies reviewed, ozone was found to cause adverse modifications on loblolly 

(and other) pine species, even at current ambient levels.  Observed signs throughout the studies 

included decreased height and diameter growth, decreased biomass, especially in foliage and 

decreased photosynthesis and other biochemical functions.  The authors noted that the most 

significant finding was that decreased rates of carbon gain in foliage combined with premature 

senescence of needles was responsible for much of the decreased growth observed in these 

studies.  Lost productivity resulting from ozone damage can greatly reduce tree longevity and 

thus, represents a substantial concern to the commercial timber industry in the Southeast. 

 Examinations of exposure-response trends were strengthened in the late 1990s by 

geographic information systems (GIS).  Hogsett et al. (1997) utilized a GIS in the examination of 

ozone risk to eastern forests.  These authors used growth or change in biomass to measure forest 

productivity.  The GIS was created to model exposure-response functions and to extrapolate data 

from tree to landscape.  Results indicate that loblolly pine is estimated to have a 3-6% biomass 

loss annually over 80% of its range.  Predicted relative biomass loss is greatest within the 

Piedmont region of the Southeast.  Based on area-weighted biomass loss of seedlings to 

estimated exposures across its range (for 1988), loblolly pine was grouped within the moderately 

sensitive category.  The authors do indicate their uncertainties in their model and of risk 

characterization in general. 
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 Research efforts to understand the role of antioxidants in protecting plants from ozone 

exposure continue to contribute new information to the field.  Manning et al. (2003) conducted a 

three-year study on the growth 834 loblolly pine seedlings in Texas exposed to ozone and treated 

with antioxidants (Ozoban and EDU).  Their results indicate that treatment with antioxidants did 

not prevent foliar injury and incidence and severity were not related to any specific treatment 

level.  Treatment with Ozoban and EDU did increase growth of the seedlings in the second and 

third growing seasons, although the results were not statistically significant when analysis of 

variance (ANOVA) was employed to scrutinize the data.  The authors note that much longer 

studies are needed to accurately assess the long-term consequences of treatment on tree growth 

under ambient ozone conditions. 

 

Potential Areas of Concern within Past Research 
 
 Ozone studies of loblolly pine are highly complex and have thus, resulted in several 

research deficiencies.  Since it is known that growth reduction does not often correlate to the 

presence of foliar injury (i.e. Horton et al. 1990; Taylor 1994; Chappelka and Samuelson 1998) 

and that chlorosis can also be caused by other environmental variables such as lack of light or 

mineral deficiencies (Allaby 1992), it is necessary to consider other environmental variables that 

influence loblolly pine growth and physiology and/or to examine other ozone-sensitive species 

coexisting in the same areas.  Further, knowledge gained from experiments on seedlings and 

saplings (i.e. chamber studies) cannot necessarily be applied to mature trees growing in natural, 

competitive environments.  Accordingly, it is difficult to estimate the impact of ozone exposure 

to mature forests under ambient conditions.  Therefore, it is best to conduct studies based on a 

small number of sample sites within a given area to determine site-specific species response to 
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local ambient ozone concentrations.  Lastly, urban areas contribute to high ozone concentrations 

in downwind rural and forested sites.  Although the southeastern United States is a region that 

has recently had elevated levels of ozone, studies on the effects of ozone exposure to vegetation 

in urban environments of the Southeast is lacking. 

 

Research Questions and Objectives 
 
 These major gaps in current literature guided the questions and objectives of this research 

endeavor.  The proposed thesis project aims to supplement current research on ozone-induced 

damage to vegetation by examining mature plant and tree species in their natural setting for 

foliar injury.  Specifically, 

• How do ambient ozone concentrations in metropolitan Atlanta affect native plant species 

on Stone Mountain, particularly those of loblolly pine ecosystems? 

• If ozone-induced foliar injury is present, to what extent have these species been 

damaged? 

 We predict that loblolly pine species on Stone Mountain will exhibit symptoms of ozone-

induced foliar injury and premature senescence, due to the close proximity to pollutant emission 

sources in Atlanta.  Additional ozone-sensitive species known to exist on Stone Mountain, such 

as blackberry, sumac and black cherry will also exhibit ozone-induced foliar injury, thus 

supporting the theory that ozone concentrations at Stone Mountain are sufficient to damage 

indigenous ozone-sensitive vegetation such as loblolly pine. 

 The objectives of this project will help determine if ozone levels in metropolitan Atlanta 

are sufficient to injure sensitive plant species by 1) establishing that transport from urban 

emission sources in Atlanta to Stone Mountain occurs; 2) determining the magnitude of ozone 
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concentrations near Stone Mountain; and 3) assessing the aforementioned plant species on Stone 

Mountain for ozone-induced foliar injury.  Since this type of field research has not been 

previously conducted on loblolly pine in the Atlanta area, it represents a major addition to our 

current literature. 

 

Significance of the Research 
 
 The vegetation of Stone Mountain represents a unique ecosystem.  Loblolly pine is the last 

stage of the successional forest in granite outcrop communities.  Due to harsh climatic and 

environmental conditions typical of outcrop associations, these species tend to have a much 

lower growth rate and often exhibit a dwarfed appearance compared to loblolly pines found in 

the Piedmont region (Houle and Delwaide 1991).  This same environment is probably 

responsible for its high sensitivity to stress and climatic fluctuations.  As such, the loblolly pine 

species of Stone Mountain are potentially more susceptible to ozone damage than those of the 

lowland species members.  For this reason, the vegetation of Stone Mountain should be assessed 

for ozone damage to ensure the optimal health of this ecosystem.  It is possible through 

adaptations to this stark environment that these loblolly pine species have become tolerant to air 

pollutants such as ozone.  It is also possible that any atmospheric chemistry change could disrupt 

its physiological function to the point of its eventual demise in this community.  Further research 

on the topic of ozone-induced damage to vegetation will significantly supplement the existing 

bank of knowledge scientists have accumulated on this subject. 

 It is important for research to be conducted in major metropolitan areas such as Atlanta to 

determine if the vegetation has been adversely altered by ozone.  In large urban areas, air quality 

is closely tied to transportation as vehicle emissions represent a large portion of pollution.  In 
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1998, Atlanta was deemed in violation of the Clean Air Act and the 13-county metropolitan area 

was designated as nonattainment.  As a result, the use of federal transportation funds were 

restricted by the federal government and national publicity about Atlanta’s air pollution and 

traffic problems increased.  In response, the Georgia General Assembly established the Georgia 

Regional Transportation Authority (GRTA) in 1999 to combat air pollution through addressing 

issues such as traffic congestion and poor planning developments throughout the Atlanta region. 

 With the amount of developed land increasing three times as fast as population, Atlanta is 

losing approximately 50 acres of trees per day (GRTA 2004).  Atlanta’s pollution problem is not 

getting any better:  the 13-county metropolitan area is still in nonattainment.  Therefore, it is 

greatly important to understand how ozone disturbs the health of Atlanta’s urban forest 

ecosystems.  Knowing where ozone impacts vegetation in the region can lend clues about 

pollutant emission sources and long-range transport.  Such information is vital to policymakers 

working to minimize Atlanta’s pollution problems to bring the city back into attainment with the 

Clean Air Act and to preserve the health of it citizens and urban forest ecosystems. 

 

Study Area 
 
 The Atlanta area can be used as a “natural” laboratory for examining the impacts of ozone 

on trees.  Atlanta is one of the largest metropolitan areas (Figure 1) in the Southeast and is the 

only metropolitan area in the region currently listed as a “serious” 1-hour ozone nonattainment 

area (U.S. EPA 2004b.).  Five to twenty-eight percent of days during the 2000-2003 ozone 

seasons exceeded federal air quality standards (GDNR, EPD 2003).  Despite its history of 

nonattainment, Atlanta’s urban forests have not been the focus of any major studies on ozone 

exposure impacts to vegetation.  Based on the Forest Inventory Analysis of the USDA Forest  
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a.   

 

b.   

 
Figure 16 a. Healthy black cherry plant and b. black cherry leaf showing moderate foliar injury 
on Stone Mountain.  Source:  Diane M. Styers, 2004. 
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Table 4.  Summary statistics for site and species injury incidence on Stone Mountain. 
Source:  Diane M. Styers, 2004. 

 

 

 

 

 

 

 

 

 

 

 

Dominant Species
# sites with 

damage
% of total 

sites 
total # of 
species 

% of total 
species 

Blackberry 1 50 12 71

Sumac 7 70 66 46

Blackberry/Sumac 2 100 13 b / 7 s 48

Black Cherry 2 67 4 27

Loblolly only 0 0 0 0

ALL 12 40 102 9

ALL except loblolly 12 71 102 47
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Chapter 4. Conclusions 
 
 
 This study explored ozone pollution damage to vegetation in metropolitan Atlanta.  The 

impacts of ozone exposure to loblolly pine, black cherry, sumac and blackberry on Stone 

Mountain were examined because they are located in a high exposure area downwind from urban 

pollution emission sources and the granite outcrop communities located there are part of a unique 

ecosystem in the Southeast.  Wind data were analyzed to determine that pollution transport from 

Atlanta is possible.  Ambient ozone-concentration data were examined to establish that ozone 

levels are sufficient to damage vegetation in the metropolitan area.  Plant-leaf data were assessed 

to verify ozone injury to area vegetation and to determine the degree of damage suffered during a 

lower-than-average ozone season in Atlanta.  Based on these results, it is likely that ozone 

damage to vegetation is widespread across the Atlanta area, especially at downwind locations. 

 Results from the wind and ozone data analyses clearly indicate that ozone levels in 

metropolitan Atlanta are sufficient to injure sensitive plant species in near-source areas and at 

downwind locations.  Area monitors in proximity to Stone Mountain have recorded ozone 

concentrations at significant levels during the 2000 through 2003 ozone seasons.  Ozone peaks 

occur consistently in July and lows in September.  Calculations of several standard ozone 

exposure indices have revealed area ozone values above that needed to damage vegetation.  

Although ozone exposure does not necessarily correspond to uptake amounts by plants, it is still 

possible to conclude that at these concentrations it is likely that vegetation in these areas of high 

ozone concentrations is being affected by this oxidant. 
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 Plant-leaf data analyses revealed some degree of injury to sensitive species on Stone 

Mountain.  A visual survey of vegetation on Stone Mountain included the examination of 

needles of loblolly pines as well as leaves of blackberry, sumac and black cherry species.  These 

additional species were examined to provide supporting evidence that the injury observed is 

likely due to ozone exposure rather than another variable, as loblolly pines do not always exhibit 

foliar injury as a response to ozone oxidation.  As noted in the literature, each of these four 

species is sensitive to ozone to some degree.  However, due to differential sensitivity in and 

between species, each plant may respond to ozone in different ways and at varying degrees of 

severity.  This could be a possibility in this case, as the loblolly pines examined on Stone 

Mountain as part of this study did not exhibit foliar injury while the three broadleaf understory 

species did.  Although chlorotic mottling was absent, some degree of senescence was observed 

on several of the loblolly pine species but other causes (i.e., drought, mineral leaching, wind 

damage, etc.) cannot be ruled out without further analyses.  Thus, the visible evidence from the 

understory species indicates that it is possible that loblolly pines on Stone Mountain could be 

suffering damage from ozone without exhibiting foliar injury. 

 It is a fortunate finding that loblolly pine species on Stone Mountain appeared to be free 

from foliar injury.  Although it is possible that these species could be suffering other, non-visible 

forms of oxidant injury, it is likely that the damage is not severe.  This could possibly be 

attributed to adaptation features these Stone Mountain species have acquired through time.  

These species live and grow in a coarse environment, experiencing greater climatic fluctuations, 

harsh sun exposure, less nutrient-rich soil and less water uptake ability.  Adaptations to such an 

environment could possibly render these species more tolerant of other environmental stressors, 
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such as exposure to harmful pollutants.  Such a tolerance would explain why foliar injury was 

absent in Stone Mountain loblolly pines, but present in the more sensitive understory species. 

 The fact that blackberry, sumac and black cherry species examined displayed varying 

degrees of ozone-induced foliar injury confirms that ozone concentrations in metropolitan 

Atlanta are sufficient to damage sensitive vegetation at Stone Mountain and other metropolitan 

locations.  As such, the health of Atlanta’s urban forests could be at risk.  These data show that 

ozone damage can occur in areas downwind from Atlanta.  Such information is important to 

Atlanta’s citizens and policymakers as damage is occurring outside the area covered by 

continuous ozone monitors.  Vegetation surveys such as the one conducted as part of this study, 

in combination with passive ozone samplers and other inexpensive data collection methods in 

metropolitan areas not currently monitored for ozone are imperative to understanding the 

accurate extent of ozone exposure in Atlanta.  It is likely that other metropolitan areas are 

experiencing similar or worse air quality conditions. 

 It has been shown that ozone is capable of damaging vegetation to a severe degree.  

However, not all species are created equal.  Loblolly pine on Stone Mountain has proved to be a 

more tempered species than its coexisting understory neighbors and its lowland cousins.  This 

could possibly be attributed to an adaptation that has occurred allowing these specific trees the 

ability to tolerate more stressful climatic and environmental conditions.  It could also be that 

injury has occurred to these plants, but that it is not visibly noticeable without magnification.  

Without further chemical and/or other plant physiological analyses to investigate any diminished 

plant functions typical of ozone oxidation, its resiliency is unknown.  This is a difficult but 

imperative endeavor, but one that could be approached from many different disciplines. 
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 The results from this field experiment has provided basis for several major conclusions.  

First, not all plant types respond similarly to ozone exposure, nor do members of the same 

species.  Further, plant physiological data and sensitivity rankings obtained from chamber 

experiments on seedlings do not always correlate to mature plant responses to ambient ozone 

concentrations in the field.  Long-range transport of ozone and its precursors from urban areas is 

likely the cause of injury at downwind rural and forested locations.  If damage is evident on 

Stone Mountain, it is likely that ozone is affecting the health of vegetation in many other 

locations around metropolitan Atlanta.  Quick, inexpensive surveys such as this could provide 

the data necessary to make cognizant land management and development decisions.  Such 

information is vital to policymakers working to minimize Atlanta’s pollution problems to 

preserve the health of it citizens and urban forest ecosystems. 

 This project aimed to supplement previous research by examining the impact of ozone on 

vegetation downwind of an urban area in the southeastern United States.  The results from this 

experiment contribute to the knowledge base of ozone effects on mature plant health in its 

natural environment.  These data could be built upon by more longitudinal studies to develop 

exposure-response relationships for average, below-average and above-average ozone seasons.  

Further, additional locations around metropolitan Atlanta could be assessed to examine the 

spatial extent of ozone-induced injury across the region.  In order to standardize these analyses, 

passive ozone monitors should be placed in close proximity to the injury survey areas for a more 

accurate assessment of “true” ambient ozone concentrations exposed to vegetation in these areas 

at the time of assessment.  This work could have been improved by such additions, but still 

provides relevant data about a “snapshot” in time for Stone Mountain. 
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 The protection of our natural environment is vital to the health of ourselves and many 

generations of humans to come.  Vegetation responses indicative of pollution injury should be a 

warning sign that the air we breathe is just not healthy.  Loblolly pines on Stone Mountain may 

be tolerant of ozone, but loblolly pines elsewhere and many other species may not.  And just 

because high ozone levels may not be produced in many rural and forested locations outside the 

city, does not mean that it cannot be transported long distances to get there.  Atlanta’s ozone is 

partially responsible for making the Great Smoky Mountains the most polluted National Park in 

America.  If Atlanta’s ozone can impact forests 250 kilometers away, the ones existing within its 

bounds will not likely fair any better. 
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