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Historical and technical background is provided about ozone air pollution effects on
ponderosa (Pinus ponderosa Dougl. ex Laws) and Jeffrey (P. jeffreyi Grev. and Balf.) pines in
forests of the western United States. The principal aim is to document the development of
field survey methods to be applied to assessment of chronic ozone injury by government
agencies responsible for management of forest and air resources, primarily in the Sierra
Nevada and mountains of southern California. Detailed procedures are supplied for the
selection of sample plots, collection of plot and tree data, computation of an injury index
for each tree and execution of quality assurance procedures. The methods have been field
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standard method is needed to evaluate the effects of chronic ozone air pol-

lution on the health of ponderosa and Jeffrey pines in California and other
western States. These species are ideal bioindicators of ozone damage because
they are ozone sensitive, widely distributed, and an important element of the
forest ecosystem. The first two papers of this report describe the current
knowledge of extent and severity of ozone injury to conifer forests in the West
and present the reasons why government agencies need a continuing
assessment of this problem for the implementation of sound ecosystem
management. The next three papers describe the biological mechanism of ozone
injury, review the development and application of early methods for assessing
injury to pines, and present the statistical criteria for plot design and sampling
procedures. These papers provide the basis for the design of a recommended
standard procedure. The last three papers present detailed instructions for
establishing sample plots, collecting data, processing data, and applying quality
assurance procedures. The appendix provides very precise detail for tasks
relating to data gathering, data processing and expressing injury in the form of
an injury index. The method has been field tested by collecting data from 1,700
trees at 33 plots in California from 1991 to 1994. Although this report provides a
fully workable method for measurement and description of chronic ozone
injury to pines, the authors encourage further development of methods for data
collection and interpretation.

In Brief
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Preface

The high rate of fossil fuel consumption needed to sustain the economies of
western States, coupled with ever—increasing population densities, result in air
pollution. The climate and topography in California are particularly conducive
to the accumulation of ozone in urbanized air basins and the subsequent long—
range transport to forested mountains downwind. Ozone damages many plant
species including ponderosa and Jeffrey pines. The natural range of these
species in the Sierra Nevada and southern California mountains is extensive.
Chronic ozone exposure damages the foliage, reduces growth and makes trees
more vulnerable to natural pests like the pine bark beetle. Protection of this
forest resource requires knowledge about the extent of ozone damage and its
change in severity over time.

The purposes of this report are to (1) examine the current effects of ozone air
pollution on mixed conifer forests in the western United States; (2) review the
mechanisms by which ozone injures leaf tissue and diminishes tree health; (3)
describe and evaluate the historical methods used by different groups to
evaluate ozone injury to pines and to assign a numerical index of injury for the
purpose of tracking injury trends; (4) prescribe the statistical principles that
must be applied for sampling; (5) propose an improved method for
measurement and evaluation of ozone response variables to develop an injury
index for ponderosa and Jeffrey pines; (6) provide detailed instructions for
establishing monitoring plots, measuring ozone injury and other essential plot
and tree variables; and (7) outline the procedures for handling the data set
derived from annual measurements, including the computation of the current
injury index.

Representatives of Federal land management agencies, and the California Air
Resources Board began the process of implementing these objectives at a
meeting held in 1989 at the USDA Forest Service’s Pacific Southwest Research
Station, Riverside, California. Preliminary drafts of this report have been
prepared and circulated within a small interagency committee of workers with
responsibilities to assess the prevalence and severity of ozone injury to conifer
forests using ponderosa and Jeffrey pines as bioindicators. Agreement on basic
methods was available by 1991 so that monitoring plots were established and
tree injury data collected at approximately 33 locations in the Sierra Nevada
and San Bernardino Mountains. This activity was named the Forest Ozone
REsponse Study (FOREST). Each year from 1991 to 1994 summer training
sessions were held to certify data gatherers and winter debriefing sessions were
implemented to evaluate methods and examine data summaries from the
preceding summer. These iterations have lead to standardization and
refinement of the procedures included in the data collection and analysis
portions of this document.

The guiding principle of this effort has been to establish a methodology
leading to the computation of a single injury index on the basis of a diverse data
base of plot, tree, branch, and needle data that will facilitate exploration of other
methods for describing and assessing chronic ozone injury. Some measured
attributes must serve as common denominators allowing interpretation between
different numerical expressions of chronic tree injury. The index proposed by
the authors represents the current state-of-the-science; future modifications
and improvements may result from further analysis of the data.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996. iii
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Extent of Ozone Injury to Trees in the
Western United States

he widespread nature of ozone air pollution in California and the suspected

potential for ozone damage to forests near cities in other Western States led
to field surveys and establishment of monitoring plots beginning in the mid-
1960’s. The surveys and plot results were divided into three categories
depending on the evidence of injury that was documented, including (1) surveys
that failed to reveal any evidence of injury even though ozone air pollution was
suspected; (2) visible foliar injury that was detected although no structural or
functional changes were evident in the forest ecosystem; and (3) the presence of
both foliar injury and structural and functional changes. Recent monitoring has
shown that ozone air pollution has not caused damage to pines in Colorado or
western Washington. Slight damage was found in southern Arizona, slight to
moderate damage was extensive in the Sierra Nevada, and moderate to severe
damage was evident in the San Bernardino Mountains of southern California.

Paul R. Miller'

Front Range of Colorado

Ozone air quality for the Colorado Front Range country as summarized by
Bohm (1992) showed daily peak concentrations sometimes exceeding 100 ppb.
Highest concentrations generally occurred at valley and foothill locations of the
central part of the Front Range. Rocky Mountain ponderosa pine (Pinus
ponderosa var. scopulorum) dominated the lower foothills beginning at about
2,000 m. This species was the subject of extensive surveys for visible ozone
symptoms and sampling of cores for tree ring analysis in two related studies
(Graybill 1992). For the unmanaged old—-growth stands distributed along the
full north to south extent of the Front Range, no evidence of visible injury was
found and tree-ring chronologies showed a consistent relationship with
precipitation without any evidence of a departure that could be implicated with
ozone exposure in recent decades. This result was also obtained by sampling
second-growth stands in the same region (Peterson and Arbaugh 1992).
Exposure of seedling P. ponderosa var. scopulorum to ozone in fumigation
experiments did not indicate sensitivity to ozone at concentrations up to four
times higher than the highest ambient concentrations observed at Front Range
monitoring stations (Miller and others 1983).

Western Washington

Parts of the Douglas—fir (Pseudotsuga menziesii) region of western Washington,
particularly Olympic National Park, have been characterized by the lowest
ozone concentrations (< 60 ppb) in the West (Bohm 1992). However, Edmunds
and Basabe (1989) observed transported peaks of ozone southwest of Seattle—
Tacoma that reached 100 ppb. In the latter case no foliar symptoms of ozone
injury were observed on Douglas—fir. The results of an extensive tree-ring
study of old-growth Douglas-fir in western Washington revealed that the
dominant pattern was one of growth increase (Brubaker and others 1992).
Although examples of growth decrease were found, spatial patterns in these
results did not suggest an impact by ozone or other air pollutants in the Puget
Sound region.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996.
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Extent of Ozone Injury to Trees in the Western United States Miller

Visible Injury
Without Structural
or Functional
Changes

Southern Arizona

A cruise survey was done of ponderosa pine stands (both P. ponderosa var.
scopulorum and P. ponderosa var. arizonica) in the Rincon Mountains of Saguaro
National Monument (Duriscoe 1990). A total of 660 trees were observed (20
trees per sampling point at 33 points). The two varieties of ponderosa pine were
intermixed, and the survey results were not described separately for each
variety. Foliage was inspected on a sample of branches cut from the lower
crown of each tree. Fifteen percent of the trees (99 out of 660) were diagnosed as
having ozone-induced chlorotic mottle on the foliage. Twenty-six of the 33
sample points contained at least one tree with ozone injury symptoms. A
significant difference was found in number of whorls retained, with ozone
sensitive genotypes retaining fewer whorls. The individual point showing the
most injury was on Heartbreak Ridge, between Mica Mountain and Happy
Valley Lookout. The average ozone injury for the whole sample was considered
slight. Because Tucson is located 30 miles west—northwest, it is the most
probable source of ozone—polluted air.

Graybill and Rose (1989) examined the tree ring chronologies of 11
ponderosa pines from Saguaro National Monument that had evidence of needle
injury. Only three of these trees showed evidence of a post 1950 decline in ring
growth; thus, many other variables must be considered as participating causes
of changes in the observed chronologies. Further studies by Graybill (1992) of
tree ring chronologies from the Santa Catalina and Rincon Mountains showed
four of five chronologies from ponderosa pine sites that had extreme growth
suppression after 1950. No evidence of a correlation between ozone injury to foliage
and change in ring growth for these sites was found, and the possible factors
contributing to post-1950 growth changes are being investigated further.

Joshua Tree National Monument

Temple (1989) conducted surveys of native vegetation for ozone injury in 1984
and 1985 at Joshua Tree National Monument—which is located about 100 km
east of the Los Angeles basin in southern California with maximum daily
concentrations of ozone recorded after 8 p.m. because of the extra time needed
for transport from the basin through San Gorgonio Pass. During 1984 and 1985
the peak value frequently exceeded 100 ppb. Permanent plots were established
to include woody riparian species, namely Acacia greggii, Chilopsis linearis, Rhus
trilobata, and Salix gooddingii. No symptoms were observed on any species
under field conditions, however, R. trilobata was sensitive when fumigated with
ozone (100 ppb, 4 hours/day, for 4 days). Subsequent field surveys revealed
ozone injury symptoms on squaw bush by ambient levels of ozone when soil
moisture was not a limiting factor (Stolte, personal communication).

Western Slope of the Sierra Nevada

Detection of ozone injury symptoms to ponderosa and Jeffrey pines in the
Sierra Nevada, California (Miller and Millecan 1971) and subsequent surveys
by Forest Service pest management specialists using 52 trend plots (Allison
1982, 1984a, 1984b, Pronos and Vogler 1981) provided the earliest data
describing the extent of ozone injury and the early trends of the severity of
injury. For example, Pronos and Vogler (1981) reported that between 1977 and
1980 the general trend was an increase in the amount of ozone symptoms
present on pine foliage.

Peterson and others (1991) sampled crown condition and derived basal area
growth trends from cores collected from ponderosa pines at sites in seven
Federal administrative units (National Forests and National Parks) located
from north to south in the Sierra Nevada including Tahoe National Forest,

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996.
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Eldorado National Forest, Stanislaus National Forest, Yosemite National Park,
Sierra National Forest, Sequoia-Kings Canyon National Park, and Sequoia
National Forest. In July-August 1987, four symptomatic and four asymptomatic
sites were visited in each unit and only sites with ponderosa pines greater than
50 years old were selected for sampling. The symptomatic plots generally
indicated increasing levels of chronic ozone injury (reduced numbers of annual
needle whorls retained and chlorotic mottle symptoms on younger age classes
of needles) from north to south. In general, the results of this study documented
the regional nature of the ozone pollution problem originating primarily from
the San Joaquin Valley Air Basin (SJVAB), as well as the San Francisco Bay Air
Basin further to the west. The study found no evidence of recent large-scale
growth changes in ponderosa pine in the Sierra Nevada mountains; however
the frequency of trees with recent declines of growth did increase in the
southernmost units. Because these units had the highest levels of ozone (and
more chlorotic mottle symptoms on needles of younger age classes) strongly
suggests that ozone is one of the contributing factors to decline in basal area
increase. Other factors limiting tree growth in this region include periodic
drought, brush competition and high levels of tree stocking.

A region-wide survey (Peterson and others 1991) of ponderosa pine
provided a useful backdrop for reporting a number of other studies or surveys
in the Sierra Nevada that were more narrowly focused. Another tree ring
analysis and crown injury study was focused on Jeffrey pines in Sequoia-Kings
Canyon National Park (Peterson and others 1989). This study suggested that
decreases of radial growth of large, dominant Jeffrey pines growing on xeric
sites (thin soils, low moisture holding capacity) and exposed to direct upslope
transport of ozone, resulted in as much as 11 percent less in recent years
compared to adjacent trees without symptoms.

Both permanent plots and cruise surveys have been employed in Sequoia,
Kings Canyon (SEKI) and Yosemite (YOSE) National Parks to determine the
spatial distribution and temporal changes of injury to ponderosa and Jeffrey
pine within the Parks (Duriscoe and Stolte 1989). Comparisons of the same trees
at 28 plots between 1980-82 and 1984-85 in SEKI showed increases of ozone
injury to many trees and increases of the total number of trees with ozone
injury. Ozone injury was found to decrease with increasing elevation of plots.
The highest levels of tree injury in the Marble Fork drainage of the Kaweah
River at approximately 1,800 m elevation were associated with hourly averages
of ozone frequently peaking at 80 to 100 ppb, but seldom exceeding 120 ppb.

A cruise survey in 1986 evaluated 3,120 ponderosa or Jeffrey pines in SEKI
and YOSE for ozone injury (Duriscoe and Stolte 1989). More than one-third of
these trees were found to have some level of chlorotic mottle. At SEKI
symptomatic trees comprised 39 percent of the sample (574 out of 1,470) and at
YOSE they comprised 29 percent (479 out of 1,650). Ponderosa pines were
generally more severely injured than Jeffrey pines. The Forest Pest Management
(FPM) score (low score equals high injury) was 3.09 for ponderosa and 3.62 for
Jeffrey (Pronos and others 1978). These cruise surveys identified the spatial
distribution of injury in SEKI and YOSE, and indicated trees in drainages
nearest the San Joaquin Valley were most injured.

In SEKI field plot observations of seedling health and mortality in natural
giant sequoia groves from 1983 to 1986 showed that emergent seedlings in
moist microhabitats had ozone-induced foliar symptoms. Seedling numbers
were reduced drastically from drought and other abiotic factors during this
period. A variable such as ozone that could injure seedling foliage sufficiently
to reduce root growth immediately after germination could increase
vulnerability to late summer drought. After fumigation giant sequoia
(Sequoiadendron giganteum Bucch.) seedlings developed chlorotic mottle

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996.
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following in situ exposure to both ambient ozone concentrations and 1.5%
ambient ozone in open top chambers during the 8 to 10 weeks after germination
(Miller and others 1994). Significant differences in light compensation point, net
assimilation at light saturation, and dark respiration were found between
seedlings in charcoal filtered air treatments and 1.5x ambient ozone treatments
(Grulke and others 1989). These results could mean that ozone has the potential
to be a new selection pressure during the regeneration phase of giant sequoia,
possibly reducing genetic diversity.

The Lake Tahoe Basin is located at the northern end of the Sierra Nevada
sampling transect (near the Eldorado National Forest) (Peterson and others
1991). Because the Basin is distinct, its air quality is the product of mostly local
pollution sources in contrast to most other Sierra Nevada sites where pollution
results from long-range transport. In 1987 a survey of 24 randomly selected
plots in the basin included a total of 360 trees of which 105 (29.2 percent) had
some level of foliar injury (Pedersen 1989). Seventeen of these plots had Forest
Pest Management (FPM) injury scores (Pronos and others 1978) that fell in the
slight injury category. Of 190 trees in 16 cruise plots that extended observations
to the east outside the basin, 21.6 percent had injury—less than in the basin.

Visible Ozone Injury
with Structural and
Functional Changes

San Bernardino Mountains

The source area for pollutants transported to the conifer forests of the San
Bernardino Mountains is the South Coast Air Basin of southern California.
Confirmation that ozone was the cause of foliar symptoms on ponderosa pine
was reported by Miller and others (1963). Between 1976 and 1991 the weather
adjusted ozone data for the May through October “smog season” showed that
the number of Basin days exceeding the Federal Standard (> 120 ppb, 1 hr
average) declined at an average annual rate of 2.27 days per year (Davidson
1993). The number of days with Stage I episodes (> 200 ppb, 1 hr average)
declined at an average annual rate of 4.70 days per year during the same time
period. For the Federal Standard the total days per year with exceedances was
as high as 159 in 1978 with the lowest at 105 days in 1990. Regarding Stage I
episodes the high was 108 in 1979 and the low was 33 days in 1990. The 1974 to
1988 trends of the May through October hourly average and the average of
monthly maximum ozone concentrations for Lake Gregory, a forested area in
the western section of the San Bernardino Mountains, also showed a decline
(Miller and McBride 1989). Similarly the injury index has shown an
improvement in chronic injury to crowns of ponderosa and Jeffrey pines
between 1974 and 1988, in 13 of 15 plots located on the gradient of decreasing
ozone exposure in the San Bernardino Mountains (Miller and McBride 1989).
The two exceptions were plots located at the highest exposure end of the
gradient.

Miller and others (1991) reported that for the 1974 to 1988 period the basal
area increase of ponderosa pines was generally less than competing species at
12 of the 13 plots evaluated. The total basal area for each species, as percent of
the total basal area for all species (fig. 1), shows that ponderosa and Jeffrey pines
lost basal area in relation to competing species that were more tolerant to ozone,
namely, white fir, incense cedar, sugar pine and black oak at plots with slight to
severe crown injury to ponderosa or Jeffrey pine. The accumulation of more
stems of ozone tolerant species in the understory presents a fuel ladder situation
that jeopardizes the remaining overstory trees in the event of a catastrophic fire.
The ozone tolerant species are inherently more susceptible to fire damage
because of thinner bark and branches close to the ground.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996.
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Figure |1—Total basal area for each
species as percent of the total basal
area for all species at 12 sites in the
San Bernardino Mountains in Southern
California (Miller and others 1991);

pp= ponderosa pine

ic= incense cedar

sp=sugar pine

bo=black oak

dw=dogwood

qc=Chrysolepis oak

cp=Coulter pine

jp=Jeffrey pine

lo=live oak.

wf=white fir

On the basis of these investigations of ozone injury in California, Colorado,
Arizona, and Washington, the mixed conifer forest type in the Sierra Nevada
and southern California mountains has become the major focus of interest and
concern now and in the immediate future because of extensive ozone injury to
ponderosa and Jeffrey pines. If ozone levels should increase with the expansion
of urban areas in other regions of the West, a monitoring protocol should be
established with baseline plots observed at long—term intervals of 5 or 10 years
to track forest health.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996.
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Government Agencies’ Need for Data
on Ozone Injury to Western Pines

Brent Takemoto and Trent Procter!

ince the 1970’s, researchers from the USDA Forest Service and USDI National

Park Service have conducted field surveys to measure the presence or
absence, amount, and changes of ozone—caused injury to ponderosa and Jeffrey
pines (Pronos and others 1978, Pronos and Vogler 1981, Stolte and others 1992).
However, differences in measurement protocols among studies and the lack of
site—specific ozone concentration data have limited the extent that data can be
used to project long—term or regional-scale trends. Although the effects of
ozone on ponderosa and Jeffrey pines are still an important ecological concern
in California, efforts to determine temporal or spatial trends in needle injury
and efforts to relate injury to ambient concentrations of ozone would be
enhanced if researchers used the same method to quantify amounts of ozone—
caused needle injury.

In March 1989 a workshop was held at the Forest Service’s Pacific Southwest
Research Station, Riverside, California, to discuss Federal land management and
State environmental protection agency needs regarding the effects of ozone on
western pine tree species. The purpose of the workshop was to develop and
document a recommended methodology for measuring ozone injury on pine
trees in the western United States. This method would be used to collect quality—
assured pine needle injury data. It would meet the needs of the participating
organizations to monitor the condition of air quality—related values in class I
areas (Forest Service, National Park Service), forest health (Forest Service) or the
welfare effects of ozone in California (Air Resources Board). The participants
agreed to prepare a document that described the methodology in detail,
contained overviews of the effects of ozone on native vegetation, and reported
methods or practices used to measure the amount of ozone—caused injury to
ponderosa and Jeffrey pines.

Federal land managers (e.g., USDA Forest Service, USDI National Park
Service) are responsible for assessing and preventing injury to forest trees and
other air quality-related values in wilderness areas, National Parks, and
National Monuments (cf. Clean Air Act of 1970, Clean Air Act Amendments of
1977 and 1990). The Clean Air Act Amendments of 1977 ensure that air quality
in some regions of the United States, which is cleaner than required by National
Ambient Air Quality Standards, would be protected from deterioration in
future years. Natural resource areas, such as national wilderness areas and
National Parks, were prioritized for protection. Class I areas, characterized by
specific areal and formal designation criteria, were afforded the greatest degree
of air quality protection (Bunyak 1993).

Air pollutant data showing the effects of ozone on ponderosa and Jeffrey
pines are of interest to Federal land managers in California, particularly in the
Sierra Nevada and San Bernardino Mountains. Because the harmful effects of
ozone on western yellow pines are well- documented (Miller 1989), ozone is still
considered by Federal land managers to be a regional- scale ecological stress to
air quality-related values in wilderness areas in California (Peterson and others
1993). Pine needle injury-response data are an example of the kind of information
Federal land managers may use to evaluate the impacts of current and future
exposures to ozone on air quality-related values in their administrative domain.

In the State of California, the Air Resources Board of the California
Environmental Protection Agency (Cal EPA) is responsible for planning and
implementing air quality-related activities (cf. Title 17, California

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996.
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Government Agencies’ Need for Data on Ozone Injury to Western Pines Takemoto and Procter

Administrative Code, Section 70101). This Board sponsors research on the
causes and effects of air pollutants (Air Resources Board 1993), operates a
network of air monitoring stations (e.g., Air Resources Board 1991), and sets
policies for controlling pollutant emissions from mobile sources (Air Resources
Board 1990). In addition, the Air Resources Board has sponsored research to
characterize ozone concentrations in forests on the western slope of the Sierra
Nevada (Carroll 1991, 1992) and supported studies to document the adverse
ecological effects of air pollutants on ponderosa pine seedlings (Bytnerowicz
and Temple 1993). Information on the effects of ozone on ponderosa and Jeffrey
pines is considered by Air Resources Board staff when reevaluating the welfare
effects component of existing State ambient air quality standards (Stromberg
and others 1987).

Rationale for Federal
and State Agency
Involvement

Federal land managers have the responsibility to protect the air quality-related
values in wilderness areas in their jurisdiction from the adverse effects of air
pollutants (cf. Organic Act of 1916, Clean Air Act of 1970). Air quality-related
values are air pollution-sensitive values (e.g., biological diversity, water quality,
vegetation, wildlife) that characterize or define the basis for preserving lands as
wilderness areas (Fox and others 1989). The Wilderness Act of 1964 (cf. Public
Law 88-557) defines a wilderness as “an area untrammeled by man” and “an
area of undeveloped Federal land retaining its primeval character and
influence.” Air quality—related values in wilderness areas include visibility, flora,
fauna, cultural and historical resources, odor, soil, water and virtually all
resources that are dependent upon and affected by air quality (Bunyak 1993).

The Clean Air Act Amendments of 1977 authorized Federal land managers
to protect air quality-related values in designated wilderness areas from the
adverse effects of air pollutants. Sections 160-169A of the Act Amendments
established a program for the prevention of significant deterioration (PSD) of
air quality. The principal objective of the PSD program is to prevent the
degradation of air quality in areas that are in compliance with National Ambient
Air Quality Standards, while maintaining a margin for pollutants generated by
future emission sources (Peterson and others 1993). To implement the PSD
program, Federal land managers review applications for new and modified
sources of air pollutants that may impact their administrative domain (e.g.,
proposed sources within 100 km of a wilderness area).

The review of a PSD application requires Federal land managers to perform
a rigorous analysis to: (1) determine which control technology may need to be
used to minimize pollutant emissions, (2) estimate the amount of pollution
contributed by a proposed project to existing ambient pollution levels, and (3)
assess impacts to air quality-related values. On the basis of the findings of their
analysis, Federal land managers advise the U.S. Environmental Protection Agency
(EPA) or the state permitting authority if emissions from a proposed project may
adversely impact a wilderness area (Bunyak 1993).

U.S. Department of Agriculture, Forest Service

In the U.S. Department of Agriculture, the Forest Service has delegated the
responsibility to review PSD applications to its nine regional offices. For
example, PSD applications in California are reviewed by staff in the Pacific
Southwest Region, headquartered in San Francisco, California. The Pacific
Southwest Region is also responsible for reviewing applications submitted in
Hawaii, Guam and other islands with Trust Territory status. In addition to the
PSD program, the Pacific Southwest Region of the Forest Service also conducts
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research on the long—term effects of air pollutants on vegetation in the western
United States (Miller 1989). Ozone injury surveys have been conducted since the
1960’s in the San Bernardino Mountains (Miller and Millecan, 1971) and since the
1970’s in the Sierra Nevada (Pronos and others 1978).

U.S. Department of the Interior, National Park Service,

Air Quality Division

In the U. S. Department of the Interior, the National Park Service, Air Quality
Division reviews PSD applications for the National Park Service. Because clean
air is fundamental to visitor enjoyment, environmental quality, scenic vistas
and the preservation of natural and cultural resources in National Parks and
wilderness areas, the National Park Service has incorporated air resource
management into park operations and planning. In support of its resource
management goals, the National Park Service has also sponsored ambient
ozone monitoring and research in some National Parks where ozone-caused
injury to ponderosa and Jeffrey pines has been observed (Patterson and Rundel
1990). Currently, the National Park Service continues its efforts to identify
symptoms of air pollution injury, examine the mechanistic basis of air pollution
injury, and understand its significance to individual species and plant
communities.

State Environmental Protection Agencies—
California Air Resources Board

National Ambient Air Quality Standards are established by the U.S.
Environmental Protection Agency to protect human health and welfare from
the harmful effects of air pollutants on a national-scale. However, because of
the severity of the air pollution problem in California, more stringent state
ambient air quality standards have been adopted for selected criteria air
pollutants, including ozone. The Air Resources Board (ARB) of California re—
examines the technical basis for existing air quality standards (Stromberg and
others 1987), sponsors research projects to investigate the causes and effects of a
variety of air pollutants (Air Resources Board 1993), operates extensive criteria
and toxic air pollution monitoring programs (Air Resources Board, 1991),
develops rules/regulations to control pollutant emissions from motor vehicles
(Air Resources Board 1990), and works with regional and local air quality
management districts to attain and maintain state ambient air quality standards.

Takemoto and Procter

The effects of ambient concentrations of air pollutants on the health of forest
trees is of concern to Federal land management and State environmental
protection agencies. In California, ponderosa and Jeffrey pines are an important
air quality-related value, as they are known to be sensitive to elevated
concentrations of ozone. Data from field surveys to assess ozone-caused needle
injury on ponderosa and Jeffrey pines, combined with quality—assured ozone
concentration data from government agency—funded research and air
monitoring programs, collectively provide valuable information for decision—
makers concerned with forest ecosystem management and/or regulating
sources of air pollutants in California. Quality—assured ozone concentration
and pine needle injury response data are needed by Federal land managers to
review PSD applications for new and modified sources that may impact
wilderness areas, and by environmental protection agencies to evaluate the
welfare effects of ozone in examining the basis for new or existing ambient air
quality standards.
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Symptomology of Ozone Injury to Pine Foliage

Symptoms of ozone injury on western pines, ranging from effects on needles
to effects on portions of ecosystems, can be differentiated from symptoms
induced by other natural biotic and abiotic stressors occurring in the same area.
Once identified in laboratory and field studies, quantification and monitoring
of these symptoms can be used to provide reliable information on the effects of
air pollution on forest trees and ecosystems. Monitoring symptoms of ozone
injury can be used to determine status, changes, and trends in effects ranging
from needle injury to tree growth. This chapter provides information on the
types and patterns of ozone effects on pines, with emphasis on tree level effects
in the western United States.

Kenneth Stolte'

Ozone pollution leaves no elemental residue that can be detected by analytical
techniques, as do fluorides (Carlson and Dewey 1971) and sulfur dioxide (Smith
1990). Therefore, the visible response of the needles and tree crown to ozone is
the only detectable evidence of ozone as the causal agent for injury. These
“ozone response variables,” made at the needle, whorl, branch, tree, or stand
level, and aggregated in analysis, can be an effective way to quantify ozone
effects on pines (Stolte and others 1992). Ozone response variables include
microscopic and macroscopic injury to the foliage (primary effect), and injury to
branches and roots (secondary effects) that can be quantified within defined
levels of accuracy and precision.

When exposed to elevated ambient ozone in excess of background levels
common to the site (cumulative exposures greater than 60 ppb; Lefohn and
others 1990, 1992), ponderosa and Jeffrey pine may show symptoms of decline
that begin with invisible damage to mesophyll cells and subsequent visible
discoloration of the foliage. Gaseous pollutants pass through the stomata of
conifer foliage and cause direct damage to the photosynthetically active
mesophyll cells, often producing a diagnostic visible injury pattern (Evans and
Miller 1972b). Next, degeneration of essential biological processes in the needles
occur that may eventually lead to a manifestation of other crown response
variables, such as accelerated needle abscission, reduced crown vigor, increased
susceptibility to other pathogens, and tree death (Miller and Elderman 1977).

Controlled exposures and field observations of ozone effects on western
conifer species have confirmed that a distinct visible symptom known as
chlorotic mottle typically occurs on needle surfaces (Miller and others 1963,
Richards and others 1968). Chlorotic mottle begins as the walls of mesophyll
cells below the epidermis degrade, causing the loss of cellular contents and the
subsequent degradation of chlorophyll within the cell (Evans and Miller 1972a,
Evans and Miller 1972b, Rice and others 1983). Microscopically this condition
appears as amorphous staining of cellular contents, plasmolysis of cell contents,
and cell death. The degradation of chlorophyll beneath the epidermis appears
on the needle surface as amorphous chlorotic blotches with diffuse borders that
occur in irregular patterns, giving a yellow “mottled” appearance; hence the
terminology “chlorotic mottle” (fig. 1). This foliar injury symptom is visibly
distinct from foliar symptoms induced by other air pollutants.

Chlorotic mottle frequently appears in the one-third of the needle surface
nearest the tip on 1-year-old or older needles, and progresses basipetally until
the entire needle is affected (Miller and others 1963, Richards and others 1968).
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Symptomology of Ozone Injury to Pine Foliage Stolte

Figure |—Healthy ponderosa pine
needles are shown on the right one—
third of the photo compared to
chlorotic mottle caused by ozone
injury that gradually increases in
intensity on the left.

This pattern is observed mainly in southern California. In the Sierra Nevada the
mottle tends to occur randomly along the entire needle length (Pronos and others
1978). The current-year’s needles will show small amounts of chlorotic mottle
only when summer ozone exposure levels are higher than usual and / or adequate
soil moisture contributes to higher stomatal conductance and more ozone flux to
needles, or both. This condition is usually the exception and not the rule for the
response of current year needles to ozone exposures in the Sierra Nevada. Tip
necrosis or necrotic bands can result from acute ozone exposures in fumigation
experiments, but chronic field exposures typically induce only chlorotic mottling.
Needle whorl loss can occur after chlorotic mottle injury, without the occurrence
of tip necrosis, on the foliage of ponderosa pine is (fig. 2 a—e).

Foliar Symptoms
Caused by Insects
and Fungi

12

Foliar injuries resulting from biotic agents may appear on needle surfaces,
confounding diagnosis of ozone injury. Chlorotic and necrotic spots or blotches
caused by sucking insects, such as aphids and pine needle scale, may sometimes
closely resemble ozone chlorotic mottle. The most common confounding pests
are fungi (Scharpf 1993), and chewing (needle weevil) or sucking (scale or
aphids) insects (Miller and Elderman 1977, Pronos and others 1978). Chlorotic
mottle can be differentiated from injuries brought about by these diseases and
insects by in-hand observation of the color and pattern of the symptoms on the
needles. Careful observation may reveal the presence of fungus fruiting bodies
(fig. 3). Close inspection of chlorotic islands of tissue (aided by a hand lens)
often reveals a distinct necrotic point at the center of the discolored area, where
the insect penetrated the epidermis with its piercing mouth parts (fig. 4).
Remnants of the insects may also be present on the needles, for example aphid
honeydew or the waxy or shell-like coatings that protects female scale insects
throughout their adult life. Scales can cover 50 percent or more of the surface
area of pine needles, with associated chlorotic and necrotic blotches on the
opposite sides of the needles (fig. 5).

Elytroderma needle cast fungus (Elytroderma deformans) causes a reddish-
brown foliar discoloration, extending from the tip to base of the needle and
leading to premature abscission of two-year-old ponderosa pine needles (fig. 6).
E. deformans infected needles can occasionally be identified by the presence of
dark, elongated fruiting bodies on the needles, and entire crowns of trees may
show the presence of witches brooms (fig. 7) (tightly packed profusions of short
branches) (Sharpf 1993). Similarly, Lophodermella cerina (pine needle cast) causes
reddish-brown discoloration of ponderosa pine needles with a distinct band
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Figure 2—Progression of ozone injury on ponderosa pine branches sampled from different trees on the same site in 1994. The
same progression could also occur on a single tree over time. A) A nearly healthy branch with five annual whorls of needles
(numbered whorls |-5 from youngest to oldest) with small amounts of chlorotic mottle near needle tips on whorls 4 and 5. B) A
branch with four annual whorls with chlorotic mottle on whorls 3 and 4; abscission of needles in whorl 4 has begun. C) Another
branch with three annual whorls retained, and with considerable mottle on whorl 3 and a small amount on whorl 2. D) [upper] A
branch with only two annual whorls has slight development of mottle on needles of whorl 2. D) [lower] Severe chronic ozone injury
results in mottle on whorl | needles. E) [upper and lower] In the most severe cases of injury at the highest ozone exposure, only the
current year’s needles remain; also, they are shorter and have over 30 percent mottle on them.

Figure 3—Elytroderma needle disease may be identified by the elongated dark fruiting bodies of the causal fungus.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996.
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Figure 4—Yellow bands (upper photo) or yellow spots (lower photo) may reveal a distinct necrotic point in the center believed to
be the mark left by the piercing mouthparts of sucking insects.
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Figure 5—Yellow or brown bands or islands of needle tissue may be caused by the long—term residence of scale insects. In this
photo the black scale insect still remains on the needle.

Figure 6—Elytroderma needle disease is identified on ponderosa and Jeffrey pines by the reddish brown color of remaining
needles and the small “broom-like” structures formed by infected branches.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-155. 1996.
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Figure 7—Three healthy (H) ponderosa pine needles (lower) are compared to those with a mixture of chlorotic mottle (CM)

caused by ozone, best illustrated by the second needle from the top in which irregular chlorotic islands are visible. Weather fleck

(WEF) is displayed by the fourth and fifth needles from the top; note that weather fleck lesions are tan, not yellow, and borders are
more irregular in shape. Weather fleck is found exclusively on the upper surfaces of needles (facing the sky). Chlorotic mottle can
occur on all surfaces and is best evaluated on the lower surface where fleck is not present.

near the middle and premature needle abscission that results in thin crowns
(Scharpf 1993).

Needle Symptoms
Caused by
Abiotic Factors

16

Foliar injuries from abiotic factors, other than ozone, may be present on pine
needles as well. Winter fleck of pine needles is apparently caused by snow and
cold temperatures and is a symptom that superficially resembles chlorotic
mottle. The lesions, when large, can be irregular in size and shaped like chlorotic
mottle, but are tan or brown and vastly more abundant on the adaxial surface of
the needle, suggesting the role of sunlight in their formation (Miller and Evans
1974). Also, smaller weather fleck lesions tend to be more round in shape, with
distinct margins to the lesions. Histological examination has shown that weather
fleck results from a uniform plasmolysis of all mesophyll cells lying under the
surface lesion and can cause collapse of the epidermis, but ozone injury affects
only mesophyll cells under the epidermis randomly, usually without structural
loss to the epidermis. Symptoms of chlorotic mottle and weather fleck can be
differentiated even when they are found together in significant amounts on the
same needles (fig. 7).

Needle injury from road salt accumulation, drought, desiccation, winter
injury, and lightning can be visually distinguished from ozone injury by the
color, shape, pattern of development on the needles, and effects on the tree
crown. Salt accumulation and drought stress on conifers cause a discoloration
of all the needles on the branch, with the tips usually turning brown. Salt
accumulation affects the entire crown, but with drought stress the crown starts
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dying at the top first (Scharpf 1993). Ozone injures the older whorls of needles
first on a branch, and typically affects the crown through mortality of branches
starting at the bottom and progressing to the top (Miller and others 1963).

Stolte

In many conifer species, foliage longevity can be measured by counting nodes
on branches back from the branch tip to the oldest whorl, with each node
separating a annual whorl of needles or needle fascicles corresponding to one
year of growth. A direct relationship between the incidence of chlorotic mottle
and accelerated abscission of needles has been shown for ponderosa pines in
southern California and for ponderosa and Jeffrey pines in the Sierra Nevada of
California (Duriscoe and Stolte 1989, Miller and Van Doren 1982). Reduction in
needle longevity (fig. 2d,e) is recognized as an indicator of air pollution stress
for these species when other factors leading to accelerated abscission of needles
are taken into account. In unpolluted areas of the west coast, ponderosa pines
may be expected to retain foliage for 3 to 5 years, with an average of four annual
whorls retained at any given time (Sudworth 1908).

Foliage longevity is related to other factors, most particularly the elevation
at which a tree grows (Ewers and Schmidt 1981), which is an indication of the
length of the growing season at a particular site. Trees at higher elevations
consistently retain their foliage longer (as high as 47 years for bristlecone pine,
Pinus aristata). Interpretation of data on foliage longevity must consider other
confounding factors, for example, persistent infections of needle cast fungi can
lead to tree crowns that are extensively defoliated.

The bole and other crown variables that are associated with growth and
overall tree vigor can respond to elevated ozone exposures. Branch mortality in
the lowest portion of the crown has been observed in southern California
(Parmeter and Miller 1968), leading to a decrease in vertical crown length, as
measured by percent live crown (Stark and others 1968). Before lower branch
mortality occurs, a decline in vigor in the lower crown may be observed as a
reduction in needle length (Parmeter and others 1962), and the production of
fewer numbers of needle fascicles (Duriscoe and Stolte 1989, Ewell and others
1989). A reduction in the vertical and radial growth of stems has been
documented for ozone-stressed trees in southern California and southern Sierras
(McBride and others 1975, Peterson and others 1991, 1995), Cone and seed
production can also be reduced by ozone stress in ponderosa pines (Miller and
Elderman 1977). Oleoresin exudation pressure, yield, and rate of flow were all
substantially reduced in oxidant-injured ponderosa pines in southern
California, while the crystallization rate was observed to increase (Cobb and
others 1968). The moisture content of phloem and sapwood were found to be
reduced, as well as a reduction in phloem thickness. These phenomena have
been associated with susceptibility to cambium damage from the heat of fire
and successful attack by bark beetles (Cobb and others 1968, Graban and
Duriscoe 1992).

Crown Changes
Associated with
Chronic Ozone

Injury

Temple and others (1992) compared well-watered and drought stressed
ponderosa pine seedlings exposed to ambient and 1.5% ambient ozone at a site
on the western slope of the Sierra Nevada near Sequoia National Park. Drought
stressed seedlings developed very low levels of visible injury compared to
well-watered seedlings. Defoliation did not develop with drought stressed
seedlings but did result with well-watered seedlings.
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Peterson and others (1995) studied the long—term radial growth of bigcone
Douglas-fir (Pseuotsuga macrocarpa) throughout its natural range in the San
Bernardino Mountains of southern California. Sample points were located along
a gradient with simultaneously decreasing ozone concentration and moisture
availability. Short-term growth reductions induced by drought were an
important component of longer term growth reductions at sites with high
ozone exposure. Thus an ozone—climate stress complex may be responsible for
recent reductions in the growth of bigcone Douglas fir in this region.

The widespread occurrence of weather fleck symptoms on upper surfaces
of needles of Western pines is not well understood, but other conifers may
provide clues. One of the mechanisms that may explain winter injury to Norway
spruce foliage is prior exposure to ozone. Ozone exposure of seedlings in
summer (6 hr/day for 60 to 70 days at concentrations up to 150 ppb) did not
result in ozone symptoms. After freezing the older needles of saplings exposed
to 100-120 ppb had more necrosis than needles kept in carbon-filtered air
(Brown and others 1987 and Barnes and Davidson 1987). Ozone injury
apparently increased water loss of excised needles from one of five clones
tested (Barnes and Davidson 1987). Cumming and others (1988) have shown
that twice ambient ozone exposure (Ithaca, NY) decreases the winter hardiness
of the newest needles of red spruce seedlings. Laurence and others (1989) also
observed a relationship between visible winter injury and ozone exposure on
red spruce seedlings.

Severe pollutant injuries to tree crowns may eventually lead to weakening
of symptomatic (pollutant sensitive) individuals. Ponderosa and Jeffrey pine
trees that retain less than two whorls of needles and have high levels of
chlorotic mottling on the remaining needles have been shown to have increased
susceptibility to natural biotic and abiotic stresses. Stark and others (1968)
reported that ozone stressed ponderosa and Jeffrey pines in the San Bernardino
Mountains of southern California suffer from increased susceptibility to pine
beetles (Dendroctonus brevicomis) as a result of increased needle defoliation,
decreased photosynthetic capacity, suppressed radial growth, and reduced
retention of nutrients in the foliage.

Stand-Level Changes
Associated with
Chronic Ozone
Injury

18

The extent and cause of tree mortality, and subsequent effects upon the structure
and composition of forests, has been shown to be related to elevated ozone
exposures in the San Bernardino Mountains of southern California. All trees
within a fixed-area plot were tallied and monitored for decades, and changes in
successional patterns were found (Miller and others 1991). In the western
portion of these mountains, the interaction of air pollution stress and a human-
modified fire regime have brought about the alteration of ponderosa pine
forests in favor of ozone-tolerant incense cedar and white fir.
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History of Ozone Injury Monitoring Methods and
the Development of a Recommended Protocol

Daniel Duriscoe, Kenneth Stolte, and John Pronos'

he minimum requirement for long—term monitoring of air pollution effects

on forest stands is to develop methods for observers to locate, evaluate, and
re—evaluate individual trees at intervals of one or more years. Studies of this
nature have used permanent quadrats or “plots” in which individual plants are
tagged or mapped. Multiple levels of information can be gathered from this
approach depending on how the plots are structured, how many plots are
established in a given area, the size and shape of plots, and how the plots are
located. The appropriate level of complexity depends on the research or
management objectives and resources available.

A simple objective in air pollution effects studies is to track changes in the
crown condition of selected individual trees of one or more pollutant—sensitive
species. More comprehensive assessments are possible, such as the inventory
and monitoring of the population distribution and structure of the sensitive
species and all associated plant species within the plot. Such information is
valuable in describing plant community succession, which may be affected by
air pollution stress.

This paper reviews previous work that describes long—term trends in crown
condition of ozone-sensitive ponderosa and Jeffrey pines—such as the oxidant
injury score (OIS) developed for use in the San Bernardino National Forest
(SBNF) (Miller 1973); the USDA Forest Service, Forest Pest Management method
(FPM) (Pronos and others 1978); the USDI National Park Service, Air Quality
Division method (AQD) (Stolte and Bennett 1985), and the Eridanus injury index
(EII), proposed by Duriscoe (1988)—and recommends a procedure for defining
sub—populations and locating plots in future ozone injury evaluation efforts.

Oxidant Injury Score

The major components of the Pacific Southwest Research Station oxidant injury
score (OIS) or SBNF index (Miller 1973) include determination of the severity of
chlorotic mottle, number of whorls retained, normal needle length, and branch
mortality:

Numerical code
Count: 1,2,3, etc.

Portion of crown and attribute
Upper half:Number of needle whorls

Condition of each whorl:

Green, healthy 4

Chlorotic mottle 2

Brown, dead 0
Needle length (estimate):

Average length 1

Shorter than average 0
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Portion of crown and attribute Numerical code

Lower half:Repeat measurements described above,
and estimate lower branch mortality

Branch mortality:
Average branch mortality
Excessive mortality 0
(Allowing for competition
with neighboring trees)

—_

The scores for each characteristic are added to obtain an ozone injury score
for each tree. For example, consider a tree with 3 annual needle whorls in both
upper and lower crown. The two youngest whorls were both rated as 4 and the
older whorls each as 2, and the needle length and branch mortality were
average (for the site and canopy position of the tree in the stand). This tree
would have the summed score of 29 (whorl retention 3+3; upper and lower
needle condition 4+4+2+4+4+2; upper and lower needle length 1+1; and branch
mortality +1). Descriptive values associated with different score ranges were
assigned as follows:

0-9 Very severe

10-14 = Severe

15-21 = Moderate

22-28 = Slight

29-35 = Very slight

36+ = No visible symptoms

This method has been employed for monitoring ozone impacts on pines in
the SBNF for 30 years (Miller 1963, Miller and others 1989). Needle retention
and condition data were obtained by hands-on inspection of foliage in the
lower crown (when it was within reach), and binocular evaluation of the lower
and upper crown of tall trees. A minimum of 50 trees with DBH > 12 in were
evaluated within the 50 ft wide plots of sufficient length to contain the 50
overstory trees. In addition, all other trees with DBH > 4 in were tallied and
evaluated for ozone injury.

This method has some important deficiencies, however, because needle
condition is distinguished only as healthy, some level of chlorotic mottle, or as
necrotic (dead); the intensity or severity of chlorotic mottle is not evaluated on
each whorl. In addition, needle whorl retention, needle condition, and needle
length on tall trees are determined by averaging several fields of view in the
binoculars. This sampling method is not as amenable to determinations of
precision and accuracy as are the same measurements made with the Air
Quality Division (AQD) method because it does not permit statistical
description of injury differences on the basis of chlorotic mottle, needle whorl
retention, and needle length. Other problems with this method include branch
mortality evaluations related to the best looking trees in the plot, which is
estimated—not measured; and chlorotic mottle that is difficult to detect and
distinguish from other foliar discolorations through binoculars when the sky is
cloudy or overcast, or under windy conditions. Thus, the primary deficiency of
this method is that it relies on relatively subjective evaluations.

Forest Pest Management Method

A second field method was developed by the USDA Forest Service’s Forest Pest
Management (FPM) Staff (Pronos and others 1978) to evaluate and monitor the
long—term effects of ozone exposure on ponderosa and Jeffrey pines in the
Sierra Nevada. The FPM method provides a means for making repeated
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estimates of ozone injury on the same trees at the end of each summer season.
The FPM method obtains data from hands—on inspection of a sample of branches
on small trees or pruned from the lower crowns of large trees. Ozone injury is
quantified by noting the youngest whorl of needles showing chlorotic mottle
symptoms from ozone:

Individual Youngest Needles  Average Severity of
Tree Score with Symptoms Plot Score Injury
0 Current year 0-09 Very severe
1 Second year 1.0-1.9 Severe
2 Third year 20-29 Moderate
3 Fourth Year 3.0-3.9 Slight
4 Fifth or older 4.0 No injury

The FPM method has been used on both Forest Service and National Park
Service lands. A considerable amount of data has been reported based on the
FPM method (Allison 1982, Allison 1984a, 1984b, Duriscoe and Stolt