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ncentrations. all meteorological parameters and blackens and dies. Conifers exhibit symptoms that dif­
Great Smoky
For O

By David Hacker and James Renfro 

Plants suffering from the ill effects of a variety of air 
llutants are causing widespread concern within the 
tional Park Service. Effects can vary greatly, some 
nts exhibiting no symptoms, some showing reduced 
or. and some suffering widespread tissue necrosis and 
ath. Injury is not limited to individual plants, but may 
o be displayed on a community or ecosystem level. 
Since 1986, putative ozone injury symptoms have 
en observed on over 70 native species of plants in 
eat Smoky Mountains NP (GRSM). GRSM contains 
re than 1500 native plant species and is one of the 

gest temperate forest reserves in North America. 
one (03), with its widespread distribution, probably 
s the greatest negative impact on vegetation of all air 
llutants (Reich 1987, Krupa and Manning 1988, de 
eiguer et al. 1990). Ground level or tropospheric 
one is a secondary pollutant formed by the reaction 
sunlight on the primary pollutants of nitrogen oxides 
d hydrocarbons. Ozone levels in GRSM rarely 
ceed the National Ambient Air Quality Standard 
AAQS), but moderate chronic levels do exist. 
Ozone is an extremely phytotoxic air pollutant. 
one enters the plant through the stomata, which are 

e small pores on the underside of the leaf. Once the 
one is inside the substomatal cavity of the leaf inte­
r, the possibility for foliar injury is present. At low 
ncentrations, typically the first sign of ozone damage 
a water-soaked appearance of the leaves. This 
curs because of loss of water into the intercellular 
aces. due to the loss of membrane integrity. If the 
one stress is removed, the cell membranes may 
pair themselves and the symptoms disappear. If 
posure continues or increases, flecking or stippling 
ay appear followed by chlorosis and then necrosis 
ingley and Taylor 1982). 
Ozone. being a very unstable substance, reacts in 
ter and/or with organic compounds to form a num­
r of highly toxic oxides, including 0 2 - superoxide: 

 - hydroxyl: and H20 2 - hydrogen peroxide. All 
ese compounds can react with cellular membranes 
using damage. 
Damage arises primarily from reactions with lipids or 
ts that are constituents of membranes. For example. 
peroxide can cause the double bond in the fatty acid 
lf of a lip1d to convert to a single bond. The properties 

 the lipid then are changed, and if enough lipids are 
tered. the membrane properties are modified. 
Ozone itself reacts strongly with saturated fatty 
ids and other organic compounds. hence disruptmg 
embranes (Heath 1980). Severe ozone exposure 
ay even result in the cleavage of the fatty acid half of 
lipid. giving rise to toxic 3C compounds. Ultimately 
ese damaging effects lead to reduced photo­
nthesis (Reich and Amundson 1985, Reich 1983). 
odified carbon allocation (Mclaughlin and McCona­
y 1983), or even death of the individual. 
Scientists' estimates of percentage annual growth 
anges due to air pollution for the h1gh elevation 
ruce-fir forests in the Appalachians varied from -2 to 
0 percent. with a median estimate of -10 percent (de 
teiguer et al. 1990). These estimates reflect only 
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owth reduction and not air pollution induced death. 
A study initiated by the NPS A1r Quality Division and 
RSM in 1986 was undertaken to characterize the 
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 Mountain Plants Studied 
zone Sensitivity 
ure 1. The Ozone fumigation site at Uplands Research Lab.

verse effects of ozone on plants native to GRSM. 
is study is documenting the physical as well as the 
namic responses individual species exhibit to 
posure to ozone. In 1989, the EPA funded a three­
ar program to study the physiological responses of 
one on selected plant species native to GRSM. This 
oject also is being conducted at the GRSM's 
lands Field Research Lab fumigation site. Together. 

e NPS and EPA will be able to address the chronic 
oblems of ozone pollution on GRSM plants. 

Methods 
Plants native to GRSM are examined 1n the field to 
termine if they exhibit any typical or classic symp­

ms of ozone sensitivity. If a species appears to be 
one sensitive. a specimen is brought back to the lab 
r verification of ozone damage. Once putative ozone 
mage has been determined. that species is listed for 
ture ozone fum1gation at Uplands Field Research 
b. To date. 74 spec1es of plants in GRSM have 
hibited putative ozone injury. 
With the conclusion of the 1990 field season. 31 spe­
s of plants native to GRSM have been subjected to a 

adient of ozone concentrations. In the experiment. 
ants are cultivated from seed collected in the park. 
edlings are grown in individual pots and are placed in 
e of 15 open-topped growth chambers or three open 

ots. This allows for three replications of six treatments. 
Treatments include 0.5 x ambient, 1.0 x ambient. 1.5 
ambient. 2.0 x ambient. carbon-filtered, and open­
bient plots. All treatments except the carbon-filtered 

e proportional to ambient ozone concentrations 1n 

der to give a better reflect1on of what vegetation in 
RSM is exposed to. Ambient concentrations are con­
uously monitored and treatments are updated every 
o m1nutes. In addition to monitonng ambient ozone 
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ecorded on a data logger and computer. 

Techmcians water the plants manually to ensure that 
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ividuals receive enough water for soil saturation 
xury consumption. Th1s is done because drought 
een demonstrated to be a mitigating factor to 
 injury (Reich 1987). 
nts are v1sually 1nspected for incidence. extent. 
ymptoms of ozone damage periodically through­
he growing season. All species are photo­

ented for all types of inrury 1n all treatments. Full 
iptions of ozone damage are oocumented and 
ed Growth measurements such as he1ght and 
ter are routinely documented at the beg1nning. the 
nd at regular intervals dunng the growing season. 

ral phenological measurements are taken on herb­
 species including flower count. flower incidence. 
eed weight. Most of the species are harvested at 
er's end. and leaf count. leaf area. and biomass 
t1on of roots ana shoots are recorded. 
tological sampling also IS performed throughout 

ourse of the field season. Sampling of leaf t1ssue 
 fumigation chanbers IS compared to leaf sam­
ollected in the field to verify that ozone is causing 
 at the cellular level. 

Results and Discussion 
enty-f1ve of the 31 spec1es fumigated in the ozone 
sure study displayed some degree of v1sible sen­
y to ozone. Typical symptoms in hardwoods and 
ceous plants varied. but generally small chlorotic 
es would appear with the onset of ozone injury. 
mage progressed. necrotic tissue would replace 

hlorotic patches. giving a red or brown hue to the 
The leaf appeared to look "rusty." Commonly. 
e ozone inJury occurs on the surface of the leaf. 
lly in the interveinal areas and on older foliage. 
he disease progresses further, the dead leaf 
 expands. green tissue disappears, and the leaf 
from angiosperms. Instead of well defined stipple 
nifested on the top side of the leaves, conifers dis­
y a chlorotic mottled appearance. Th1s is due to the 



Table 1. GRSM ozone fumigation program plant testing and sensitivity list, 1987-1990 

1987 - Species Tested Common Name Visible Sensitivity 
1. Acer saccharum sugar maple R 
2. Angelica triquinata angelica R 
3. Betula lutea yellow birch ss 
4. Cacalia rugelia Rugel's ragwort MS 
5. Euatorium rugosum white snakeroot ss 
6. Glyceria nubigena manna grass MS 
7. Ureodendron tulipifera yellow-poplar ES 
8. Quercus alba white oak R 

1988- Species Tested Common Name Visible Sensitivity 
9. Acer rubrum red maple ES 

10. Cercis canadensis eastern redbud MS 
11. Comus florida flowering dogwood MS 
12. Pinus pungens table-mountain pine ES 

1989 - Species Tested Common Name Visible Sensitivity 
13. Asclepias exaltata tall milkweed ES 
14. Uquidambar styracif/ua sweetgum MS 

Pinus pungens (12)' table-mountain pine ES 
15. Platanus occidentalis American sycamore ES 
16. Prunus serotina black cherry ES 
17. Rhus copallina winged sumac ES 
18. Robinia pseudoacacia black locust ss 
19. Rudbeckia hirta black-eyed susan ES 
20. Rudbeckia laciniata cutleaf coneflower ES 
21. Tsuga canadensis eastern hemlock R 
22. Verbesina occindentalis crown-beard ES 

1990- Species Tested Common Name Visible Sensitivity 
Tsuga canadensis (21) eastern hemlock R 
Pinus pungens (12) table-mountain pine ES 
Asclepias exaltata (13) tall milkweed ES 
Uquidambar styraciflua (14) sweetgum ES 
Uriodendron tulipifera (7) yellow-poplar ES 
Rudbeckia laciniata (20) cutleaf coneflower ES 

23. Aster acuminatus whorled-wood aster MS 
24. Aesculus octandra yellow buckeye MS 
25. Pinus virginiana Virginia pine ss 
26. Krigia montana mountain dandelion ss 
27. Sassafras albidum sassafras ES 
28. Rubus canadensis thornless blackberry MS 
29. Rubus idaeus red raspberry R 
30. Magnolia tripetela umbrella magnolia ss 
31 . Pinus rigida pitch pine R 

'Plant species in parentheses were fumigated in previous year(s). 

Sensitivity Codes: 
ES - Extremely Sensitive. Foliage exhibited injury (stippling or chlorotic mottle on all treatments equal 

to or greater than ambient). Ambient treatment injury on >50 percent of the plants. Incidence of 
injury in the 2.0 times ambient treatment was >90 percent. Symptomatology in chambers was 
similar to injury documented in the field. 

MS - Moderately Sensitive. Exhibited injury to <50 percent of the plants in the ambient treatment and 
injury was documented on >50 percent of the plants in the 2.0 times ambient treatment. The 
symptomatology in chambers was similar to injury documented in the field. 
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SS - Slightly Sensitive. No injury was documented in the a
mented in the 2.0 times ambient treatment, but <50 
on several individuals (<5 percent sampled). 

R - Resistant. Species did not show visible effects from o
the treatments. Visible injury not observed in the field

differentiated tissue conifers have in their needles; 
nce all the cells are equally sensitive to the effects of 
one. 
Other symptoms of ozone damage on conifers are 

GRS
very 
sitivit
 burn, which tends to be the first sign, overall chlo­
sis of the foliage, and necrotic lesions on the nee­
es. 
Sensitivity of plants to ozone exposure is ranked 
m very sensitive to resistant. In the GRSM study, it 

as discovered that many species indigenous to 

resis
spec

W
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Upla
mbient treatment. Only visible injury docu-
percent. Injury documented in the field only 

zone to the foliage of the plant in any of 
. 

M were sensitive to ozone, with 16 species being 
sensitive, 5 species displaying moderate sen­
y, 4 species showing slight sensitivity, and 6 being 
tant. Sensitivity based on visible symptoms by 
ies is shown in Table 1. 

ith heightened public awareness of the problem of 
lining air chemistry, the need for continued 
arch into the effects of air pollution on forest 
ine has never been greater. Ongoing research at 
nds Field Research Lab is quantifying the adverse 
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effects of poor air quality and providing baseline data 
so that resource managers can make educated deci­
sions. 

Hacker and Renfro conduct air pollution research at 
the Uplands Field Research Lab, Great Smoky Moun­
tains NP. 

Literature Cited 
de Steiguer. JE. J.M. Pye, and C.S. Love. 1990. Air pollution damage 

to U.S. forests. J For. 88:17-22. 
Heath, R.L. 1980. Initial events in in1ury to plants by air pollutants. 

Annu. Rev. Plant Physiol. 31:395. 
Krupa, S. V., and W.J. Manning. 1988. Atmospheric ozone: formation 

and effects on vegetation. Enviro. Poilu. 50:101-137. 
McLaughlin, S.B., and R.K. McConathy. 1983. Effects of S02 and 03 

on allocation of 14c·labeled photosynthate in Phaeseolus vulgaris. 
Plant Physiol. 73:620-625. 

Reich, PB. 1987. Quantifying plant response to ozone: a unifying 
theory. Tree Physiol. 3:63-91. 

Reich, PB. 1983. Effects of low concentrations ol 03 on net pholo­
synthesis, dark respiration, and chlorophyll content in aging poplar 
leaves. Plant Physiol. 73:291-296. 

Reich. P.a., and R.G. Amundson. 1985. Ambient levels of 03 reduce 
net photosynthesis in tree and crop species. Science 230:566-{570. 

Tingley, D. T., and GE Taylor. 1982. Variation in plant response to 
ozone: a conceptual model of physiological events; in Effects of 
gaseous pollutants in agricuffure and horticulture. M.H. Unsworth 
and D.P Ormrod, eds. 113-138. 


