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Abstract—The United States and Canada have used concentration-based parameters
for air quality standards for ozone effects on forests in North America. The European
critical levels method for air quality standards uses an exposure-based parameter, a
cumulative ozone concentration index with a threshold cutoff value. The critical levels
method has not been used in North America, but efforts are now being initiated in
the United States and Canada to use the critical loads concept for nitrogen and sulfur
deposition to forest and aquatic ecosystems. It is expected that if this effort is success-
ful, the critical levels approach might also be used for ozone effects on forests in North
America. Although the European exposure-based or the newer flux-based critical levels
standard may seem to be an improvement over the concentration-based United States
and Canadian standards in relating plant response to ozone, the most appropriate ozone
critical level index for plant response includes a flux-based parameter that incorporates
plant defensive mechanisms. Forest plots and monitoring protocols are operational in
Europe to obtain data used in determining critical levels for ozone. Similar plots should
be established in the United States and Canada to begin collection of field data needed
for determining critical levels for ozone in North America. The plots should be estab-
lished in coordination with current Forest Health Monitoring (FHM) plots in the United
States and long-term forest health plot networks in Canada. Current North American
ozone monitoring networks should be expanded to obtain initial ozone data for these

forest health monitoring plots.

Ozone and Plant Response

Ozone is recognized as the air pollutant most harm-
ful to vegetation (de Vries and others 2003, Krupa and
others 2001, US EPA 1996). Yet it has been difficult to
identify metrics that relate ambient ozone exposure to
plant response. Active monitoring using EPA equivalency
protocols for continuous ozone monitoring summarizes
continuous data observations as hourly averages. Since
almost all of the routine ozone monitoring of ozone in the
US and Canada is recorded and/or summarized as hourly
averages, it seems logical that these values have been
used in the determination of a metric for the air quality
standards. Various metrics of the one-hour average ozone
concentrations have been used to summarize ozone to
relate to vegetation response. Research has determined
(Musselman and others 1994, Musselman and Massman
1999, US EPA 1996) that the ozone parameters most
closely related to vegetation response are those that:

* Are cumulative throughout the growing season,
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* Preferentially weight the higher concentrations, and

* Include time periods when stomata are open and ozone
is taken up into plant tissue, and when the plant tissue
is most sensitive to ozone.

The hourly ozone values can be used in calculation
of cumulative ambient exposure of ozone to vegetation
throughout a growing season. Also, the hourly ambient
ozone concentration database can be used to quantify
the high concentrations of ozone that impact vegetation.
This is often accomplished by using a threshold value and
considering concentrations equal to and above or only
above that value in the index. Determination of stomatal
response of vegetation requires stomatal conductance
data not associated with ambient ozone concentrations
but important for ozone flux into plant tissue. Stomatal
conductance data are known only for a few plant spe-
cies, and the data were mostly obtained from controlled
environment experiments rather than from plant growing
under natural conditions in the field. Thus, it is difficult
to estimate ozone flux for a large diversity of vegetation
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and changing environmental and ozone conditions across

the United States. An additional factor in the usefulness

of ozone flux and its relationship to plant response is
that defensive mechanisms within plant tissue must be
considered in formulating a flux-based standard.

It is important to clarify the definitions of concentra-
tion, exposure, flux, and dose when discussing ozone
and plant response, since these terms have been given
different meanings over the past few decades (Fowler
and Cape 1982, Griinhage and others 1999, Runeckles
1974). The definitions here have recently been adopted
by the US EPA (2004).

e Concentration of ozone is the number of moles of
ozone per unit volume of air.

e Exposure is the product of the concentration of ozone
and the length of time that vegetation is exposed to
that pollutant.

e Stomatal flux is the rate of uptake of ozone through
stomata.

e Dose is the instantaneous stomatal flux of ozone inte-
grated over time, or the total amount of pollutant taken
into plant tissue through stomata over time.

o Effective flux is the balance between flux and defense,
since detoxification mechanisms are present in leaf tis-
sue resulting in not all the ozone being taken up being
associated with vegetation injury or damage.

» Effective dose is the integral over time of the effec-
tive flux.

As one moves down this list of ozone parameter indi-
ces, the relationship of the parameter to plant response
increases. Therefore, it is desirable to utilize ozone
metrics for air quality standards to protect vegetation
that use parameters nearer the bottom than nearer the
top of the list.

Current U.S. Air Quality
Standard

The United States has implemented the Clean Air
Act (CAA) amendments of 1970 (Public Law 91-604)
and the Environmental Protection Agency is required to
promulgate primary and secondary National Ambient Air
Quality Standards (NAAQS). The primary NAAQS is to
“protect the public health, allowing an adequate margin
of safety;” and the secondary NAAQS is to “protect the
public welfare from any known or anticipated adverse
effects associate with the presence of such air pollutant
in the ambient air.” According to the CAA, “public wel-
fare” includes, but is not limited to “soils, water, crops,
vegetation, manmade materials, animals, wildlife, vis-
ibility and climate.”
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NAAQS are required to be reviewed every five years.
A summary document called the Air Quality Criteria
Document (AQCD) is prepared based on the latest sci-
entific knowledge and is extensively peer reviewed and
open to public review. From the background AQCD
document, the EPA Office of Air Quality Planning and
Standards prepares an analysis (OAQPS Staff Paper) that
is reviewed by an independent review board, the Clean
Air Scientific Advisory Committee (CASAC). CASAC
provides a “closure letter” to the EPA Administrator stat-
ing their recommendation for the ozone standard.

The first NAAQS for ozone was in 1971. Additional
AQCDs for ozone have been prepared in 1978, 1984,
1993, and 1996 with subsequent NAAQS determined
based on the scientific information in the AQCDs. Based
on the latest scientific information in the 1996 AQCD
for ozone “Air quality criteria for ozone and related
photochemical oxidants™ (http://cfpub2.epa.gov/ncea/
cfm/recordisplay.cfm?deid=2831 ), the EPA prepared
a OAQPS Staff Paper published in 1996 that recom-
mended an exposure-based secondary standard of the
SUMO6, 12 hr/day, 3-month index based on vegetation
response to ozone. This index incorporates a cumulative
exposure based ozone parameter using a threshold ozone
concentration, and it accounted for the time period dur-
ing the day when stomatal flux is expected to be at its
maximum. This recommended secondary standard was
different from the recommended concentration-based
primary standard.

The CASAC reviewed the 1996 AQCD and the 1996
OAQPS Staff Paper, but could not reach a consensus and
“come to closure” on the form of a secondary standard
for ozone. Therefore, the EPA Administrator’s decision
in 1996 was that the secondary standard for ozone should
be the same as the primary standard; reasoning that the
new more stringent primary standard for public health
would provide sufficient protection for public welfare
(vegetation). Thus, the current United States primary
and secondary ozone NAAQS (promulgated July 1997)
is 0.08 parts per million (ppm) for an 8-hr average. The
standard is exceeded when the fourth highest daily 8-hr
average for ozone over the last three years is greater than
0.08 ppm (0.084 effective when rounded). This United
States NAAQS for ozone is not an exposure-based stan-
dard, since it is not cumulative. Nor does it preferentially
weight the higher concentrations or consider stomatal
uptake. Thus, the relationship between the concentra-
tion based NAAQS and vegetation response is weak.
Nevertheless, improving air quality by reducing ozone
to become compliant with the current NAAQS will
likely reduce ozone impact on vegetation, since control
strategies will likely reduce the higher hourly ozone
concentrations.
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For areas in non-compliance with NAAQS, the
responsible local, tribal, or state air quality regulatory
agencies develop “State Implementation Plans” (SIPS)
which identify air pollution control strategies that will
be implemented to reduce concentrations of the pollutant
below NAAQS. The CAA also requires the “Prevention
of Significant Deterioration” (PSD) to “protect the public
health and welfare from any actual or potential adverse
effect from... air pollution. ..not withstanding attainment
and maintenance of NAAQS.” The PSD section of the
CAA provides protection of Air Quality Related Values
(AQRVys) for certain national parks, wildlife refuges,
and wilderness areas, through establishment of ceilings
on additional amounts (increments) over baseline levels
in these areas (called Class I). The New Source Review
(NSR) process is used to evaluate the potential affect of
pollutant sources on primary and secondary receptors.

Although the US has not adopted an exposure-based
NAAQS, some federal agencies in the US are utilizing
exposure-based parameters to evaluate ozone effects on
Class I areas in their NSR analysis of ozone effects on
forest vegetation, in response to the requirements of the
National Environmental Protection Act (NEPA). A web
based software tool (http://216.48.37.155/calculator/cal-
culator.htm ) has been developed to summarize ambient
hourly ozone data to determine the W126 and N100 (as
recommended by FLAG 2000), SUM06, maximum daily
8-hour averages values, percentile distributions, average
concentration for each hour of the day, and frequency
distributions for use in this evaluation. Using results from
experimental studies in open top chambers, the W126
and N100 values are used as inputs to estimate biomass
reductions of key forest species from ozone exposures.

A new External Review Draft AQCD for ozone will be
available in October 2004 (http://cfpub2.epa.gov/ncea/
cfm/recordisplay.cfm?deid=22411 ). The 2004 AQCD
again documents that vegetation is very sensitive to
ozone and that plant response shows a closer relation-
ship to cumulative indices that preferentially weight
the higher concentrations. The document also discusses
ozone flux, effective flux, and effective dose in detail,
and reviews a growing number of literature citations
that now recognize that ozone taken up into plant tis-
sue is more closely related to vegetation response than
is ambient ozone concentration, regardless of how the
ambient ozone concentrations are summarized (Karlsson
and others 2003, Massman and others 2000, Musselman
and Massman 1999). Nevertheless, the United Sates has
always used a concentration basic metric to determine
air quality standard for ozone, and the primary and sec-
ondary NAAQS for ozone have always been the same.
Whether the forthcoming summary EPA Staff Paper
and CASAC review recommends an exposure, dose, or
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effective dose-based secondary NAAQS for ozone that
is different from the current concentration-based primary
standard, and whether the EPA Administrator agrees,
remains to be determined. However, changing from a
concentration-based standard to an exposure, dose, or
effective dose-based standard seems unlikely.

Current Canada Air Quality
Standards

Canada-Wide Standards (CWSs) are established by
the federal government and provincial and territorial
Environment Ministers working together under the frame-
work of the “Canada-wide Accord on Environmental
Harmonization” (http://www.ccme.ca/ccme ). CWSs
are developed using sound scientific foundation and
a risk-based approach. The CWSs developed are pre-
sented to the Provincial Ministers. The “Canada-wide
Environmental Standards Sub-agreement” sets standards
for the provincial governments to jointly agree on priori-
ties to develop standards and to prepare complementary
work plans to achieve those standards. Current ozone
Canada-Wide Standards (CWSs) for human health and
the environment, established in 2000, is 65 ppb, fourth
highest daily maximum 8-hour average concentration,
three-year average. Compliance is required by 2010,
with areview scheduled for 2005. Note that the Canadian
standard is similar to that for the United States, demon-
strating that the two countries closely coordinate their
ozone air quality standards. It is expected that Canadian
regulators will also retain concentration-based CWSs
based on ambient hourly ozone concentration data. As
with the United States NAAQS, the CWSs for Canada
are concentration based. They are not cumulative nor do
they preferentially weight higher concentrations, and they
do not consider stomatal uptake into plant tissue.

Current Europe Air Quality Standards

The European Union uses critical levels or criti-
cal loads as a basis for evaluating pollutant effects on
vegetation and the subsequent setting of exceedance
levels. The basis for the critical levels/loads concept is
the United Nations Economic Commission for Europe
(UNECE) Convention on Long-range Transboundary Air
Pollution (CLRTAP) that provides international coopera-
tion for air pollution abatement in the European Union.
CLRTAP provides a framework for scientific cooperation
and policy formulation and identifies specific obligation
of the participating parties. Both the United States and
Canada are parties of CLRTAP, but their participation
has been inactive. CLRTAP established a Working Group
on Effects (WGE). The WGE established a number of
International Cooperative Programmes (ICPs), Working
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Group Task Forces for providing a scientific basis for
determination of critical levels/loads of pollutants for
Europe. Critical loads are mapped by the ICP Modeling
and Mapping Task Force based on scientific input from
the various specialty ICP Work Group Task Forces, such
as ICP-Forests and ICP-Vegetation. The information
provided by the ICP Work Groups provides a sound sci-
entific basis for the Co-operative Program for Monitoring
and Evaluation of the Long-Range Transmission of Air
Pollutants in Europe to formulate regulatory protocols
for Europe.

European protocols use critical loads and/or critical
levels to evaluate plant response to pollutants. The term
critical level is generally used for gaseous air pollutants
such as ozone which do not accumulate in plant tissue
or ecosystems, while the term critical loads is used for
pollutants such as nitrogen and sulfur which are depos-
ited in ecosystems and accumulate over time to result
in a cumulative loading on vegetation and ecosystems.
Although the effects of ozone are cumulative, the pollut-
ant itself is not cumulative in plant tissue or on non-plant
surfaces. The critical loads and critical levels standards
are exposure based, since they consider loading of a
pollutant concentration over a period of time such as a
growing season.

A critical load is defined as “the quantitative estimate
of an exposure to one or more pollutants below which
significant harmful effects on specified sensitive elements
of the environment do not occur according to present
knowledge” (UNECE 2004, chapter 5). Critical levels
have been defined as “the atmospheric concentrations of
pollutants in the atmosphere above which adverse effects
on receptors, such as human beings, plants, ecosystems,
or material may occur according to present knowledge
(Karenlampi and Skarby 1996, UNECE 1996). Critical
loads for pollutants have been defined similarly in the US
by Federal Land Managers as “the concentration of air
pollution above which a specific deleterious effect may
occur” (FLAG 2000). More recently, the critical levels
definition in Europe has been modified for vegetation
to “concentration, cumulative exposure, or cumulative
stomatal flux of atmospheric pollutants above which
direct adverse effects on sensitive vegetation may occur
according to present knowledge” (UNECE 2004, chapter
3). Note that “cumulative stomatal flux” could be called
“dose” as defined above.

It is recognized that ozone is the most important re-
gional air pollutant in Europe (de Vries and others 2003).
Although the United States, Canadian, and European
air quality standards all use hourly ambient ozone as
a basis for calculation the ozone metric, the European
critical loads concept is different from the ambient air
quality standard used in the United States and Canada.

USDA Forest Service Proceedings RMRS-P-42CD. 2006.

The Europeans have adopted the AOT40 parameter as
the index to determine critical levels for exposure of
vegetation to ozone. The AOT40 is the sum of differ-
ences between the hourly ozone concentrations in ppb
and 40 ppb in each hour when the ozone concentration
exceeds 40 ppb. Since the AOT40 parameter is exposure
based, utilizes a threshold, and is accumulated over the
season for determination of critical levels, an AOT40
critical level should be more closely related to vegetation
response than a concentration-only based standard like
that used in the United States and Canada.

The European International Cooperative Programme
(ICP) on Effects of Air Pollution on Natural Vegetation
and Crops currently uses three different cumulative ex-
posure methods to evaluate critical loads for ozone for
crops, forests, and natural vegetation (http://icpvegeta-
tion.ceh.ac.uk). All three methods use hourly ambient
ozone concentrations at the top of the canopy as the
basis for quantifying the ozone critical loads for the
evaluation. Plant response data for determining effects of
critical levels of ozone are collected at or near ICP plots,
or from controlled fumigation experiments. The three
cumulative exposure based methods used for ozone are
the Level I (AOT40) concentration based critical level,
the VPD-modified concentration based critical level, and
the Level II stomatal flux based critical level (UNECE
2004, chapter 3). The flux-based approach is used only
for wheat and potato crops, since flux data are lacking
for other crops and for forest trees and semi-natural
vegetation. The concentration-based approach is used
for all other agricultural crops, horticultural crops, semi-
natural vegetation, and forest trees. For forest trees, the
critical level for ozone is an AOT40 of 5 ppm-h, using
the hourly concentration means at the top of the canopy
(20m) from 1 April to 30 September. The VPD-modified
concentration-based critical level is used only for injury
for selected crops.

It is important to distinguish between injury and dam-
age to vegetation from ozone. The definitions listed here
have been adopted by the US EPA (2004).

e Injury is leaf necrosis, premature leaf senescence,
reduced photosynthesis, reduced carbohydrate produc-
tion and allocation, reduced growth, and/or reduced
plant vigor.

* Damage is all effects that reduce the intended value
or use of the plant. Included in this definition are
reductions in economic, ecologic, or aesthetic value
(US EPA 2004). Damage can be either yield loss or
crop loss:

* Yield loss is reduction in quality or quantity of the

harvestable portion of a agricultural or forest crop
from ozone.
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e Crop loss is the reduction in the monetary value of
the forest or agricultural crop due to ozone.

The European Level I assessment of ozone effects on
vegetation is an exposure based analysis of injury. It is not
appropriate to use the Level I assessment for yield loss,
but it only should be used as an indication of relative risk
of vegetation to ozone (Fuhrer and others 1997, Grunhage
and others 1999, Karenlampi and Skarby 1996, Karlsson
and others 2003). Level II assessment is designed to es-
timate effects of ozone on vegetation based primarily on
ozone uptake and yield response models (Karlsson and
others 2003). Stomatal flux data are used for this assess-
ment. This dose-based critical level is beginning to be
used in Europe to determine yield reductions for wheat
and potato crops. However, the AOT40 exposure based
critical level is now being used in Europe to determine
yield loss (but not crop loss) for agricultural and horti-
cultural crops, and for growth reductions in forest trees
and semi-natural vegetation (UNECE 2004).

Although the dose-based approach would be expected
to provide a better relationship between ozone and plant
response and provide information to determine yield loss,
limited data are currently available to implement this
method. The Europeans are beginning to utilize stomatal
flux and dose but not effective flux nor effective dose
to determine critical levels for wheat and potato crops.
Even where data are available for wheat and potato, the
usefulness of this approach will be limited by lack of
data on defensive mechanism that can greatly affect plant
response once ozone uptake has occurred. Defensive
mechanisms within plant tissue determine whether or
not ozone taken into leaves is detoxified before it can
injure plant tissue. Efforts have begun to quantify the
defensive mechanisms in ozone plant flux response
models (Barnes and other 2002, Massman and others
2000, Massman 2004, Plochl and others 2000), but these
defensive algorithms are not utilized in the current critical
level models, and European efforts have concentrated on
stomatal flux and dose when not using exposure-based
ozone parameters, but not on effective flux or effective
dose-based models.

Linking European ICP-Forests
Plots and Forest Health
Monitoring Plots in the United
States and Canada to Critical
Levels

Extensive networks of plots for forest health monitor-
ing exist in the US, Canada, and in Europe. An extensive
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network for monitoring ambient ozone also exists in
North America and Europe. Many of these monitors are
in urban or suburban areas away from forested ecosys-
tems, and may not be representative of ozone in remote
forest ecosystems. Nevertheless, urban areas are con-
tinuing to expand in rural forested areas and the number
of rural ozone monitoring stations has increased. Using
statistical techniques, urban and rural ozone monitors
can be used in combination to provide reasonable ozone
exposure estimates across the landscape (Fraczek and
others 2003, Lee and Hogsett 2001, Lefohn and others
1997).

It is important to obtain ozone data as near each forest
health monitoring plot as possible, or to develop reason-
able statistical estimates of ozone exposure at those sites.
This is especially important in complex terrain where
ozone can vary considerably over a short geographic area.
Ozone monitors should be place in open areas exposed
to prevailing winds to accurately determine ambient
ozone levels. Samplers placed within a canopy will not
be monitoring ozone to which the forest ecosystem is
exposed, since ozone will already be absorbed by plant
or non-plant surfaces before it reaches the sampler.

Protocols for air quality monitoring in North America
and Europe require continuous monitoring, but only
hourly averages of the continuous data are utilized for
calculating ozone statistics for air quality standards. The
hourly average ambient ozone concentrations are sum-
marized as an 8-hr average for the concentration-based air
quality standards in North American and as an AOT40 for
the exposure-based critical levels in Europe. The hourly
average concentrations are also utilized in the dose-based
critical loads model used in Europe.

Canada has supplemented their urban active monitor-
ing network with an extensive network of passive ozone
samplers located in remote areas (Cox and Malcolm
1999). Similarly, extensive passive ozone networks have
been established in California (Arbaugh and Bytnerowicz
2003) and in the Carpathian Mountains of Central Europe
(Bytnerowicz and others 2002, 2004). The Carpathian
network samplers were installed near forest health
monitoring plots to assess ozone effects on forest health.
The passive samplers are also being tested in Western
Europe, and these have been installed at or near intensive
monitoring plot locations (de Vries and others 2003). The
advantages of the passive networks are low cost and no
requirements for electric power allowing remote installa-
tion. The major disadvantages are 1) plants are sensitive
to peak ozone concentrations (Musselman and Massman
1999) that are not captured in the cumulative passive
ozone data, and 2) that since determination of exceed-
ances of air quality standards and critical levels utilize
hourly ozone data, passive data, which only calculates
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average concentration over a period of time, cannot be
used to determine these exceedances.

Attempts have been made to calculate or model hourly
average ozone data based on cumulative passive data (de
Vries and others 2003, Krupa and others 2001, Tuovinen,
2002). It is generally understood that these models must
be calibrated using active sampling data at each sampling
site (Krupa and others 2001, Tuovinen 2002). This is
because of the large amount of spatial (latitude, altitude,
terrain) and temporal (seasonal, diurnal, meteorological)
variability in ozone between sites. Relating active to
passive data is particularly problematic in complex ter-
rain. The models also do not account for the technical
errors inherent with operation and analysis of the passive
samplers (Tuovinen 2002). Nevertheless, some limited
success has been made to determine ozone exposure
dynamics based on passive sampling data when on-site
calibration with active samplers and meteorological data
has been deployed. The samplers can be placed in or near
forest health plots to determine ozone loading at these
sites. In areas where passive monitors suggest that ozone
loading is high, active ozone monitors should be installed
to relate forest condition and/or ozone symptomology to
the dynamics of ozone exposure.

The European CLRTAP and ICP-Forests has been rela-
tively successful in determining exposure-based critical
levels for ozone effects on forest ecosystem in Europe.
A basis for this success is the establishment of a network
of field plots for monitoring ecosystem functioning and
the effects of air pollution on the forest condition. The
approach has been to describe spatial and temporal vari-
ation in forest condition (Level I), and to understand the
relationship between forest ecosystem condition and air
pollutants (Level II) (Haussmann and Lorenz 2004). The
objective of these data is to provide information to ICP
Modelling and Mapping for formulate policy to respond
to air pollution stress.

The ICP-Forests network of monitoring plots has prov-
en to be a valuable resource for determination of critical
loads of nitrogen and sulphur in Europe. Consequently,
Federal Land Managers in the United States and Canada
are actively evaluating the critical loads approach for
nitrogen and sulphur in North America. Researchers
are beginning to develop critical loads for the northeast
United States and southeast Canada (http://www.eco-
systems-research.com/fmi/index.htm ) based on model
input data from various sources. It is expected that data
available from ICP-Forest type plots would enhance
this database. A series of demonstration plots is being
explored to provide data for critical loads mapping in
other regions of the United States. If these protocols are
established for N and S in North America, protocols for
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determining critical levels for ozone could be imple-
mented in North America. Although it appears that the
United States and Canada currently will not be adopting a
European Level Il approach for determining ozone criti-
cal levels, the establishment of the ICP Forest monitoring
plots would provide a valuable database to enable this
possibility in the future.

Initial European Level I assessment of ozone-induced
specific visible injury symptoms can be evaluated in or
near forest health monitoring (FHM) plots if these plots
provide open exposure to ambient ozone and if ozone
sensitive plant species are present. Efforts have been
made in the United States to establish specific plots near
FHM plots that are more suitable for ozone biomonitor-
ing, where visible oxidant stipple symptoms are recorded
on up to three open grown ozone sensitive plant species.
Data available from the nearby FHM plots, including
biological and physiological information for individual
sensitive species, and information on ecosystem struc-
ture and function, with accompanying ancillary ambient
hourly ozone or extrapolated ozone data, will allow criti-
cal levels assessment of ozone effects on forest health
in North America.

Air quality standards in the United States and Canada
are based on concentration, and those in Europe are based
on exposure with some new effort to base European
standards on stomatal flux. Any effort in the United
States and Canada to move beyond a concentration-based
standard and beyond the European exposure and dose-
based standard toward an effective dose-based standard
will allow a more meaningful air quality standard for
vegetation. Information provided from ICP plots and
forest health monitoring plots, along with controlled
fumigation experimental data, will facilitate this transi-
tion to an effective dose based standard.

Literature Cited

Arbaugh, M.J.; Bytnerowicz, A. 2003. Ambient ozone pat-
terns and effects over the Sierra Nevada: Synthesis and
implication for future research. Chapter 10, pp 249-261
in Bytnerowicz, A; Arbaugh, M.J.; Alonso, R. Ozone Air
Pollution in the Sierra Nevada: Distribution and Effects on
Forests. Elsevier. New York.

Barnes, J.; Zheng, U.; Lyons, T. 2002. Plant Resistance to
Ozone: The Role of Ascorbate. In: Air Pollution and
Plant Biotechnology - Prospects for Phytomonitoring
and Phytoremediation (Edited by Omasa, K.; Saji, H.;
Youssefian, S.; Kondo, N. Published by Springer-Verlag,
Tokyo. pp. 235-252.

Bytnerowicz, A.; Godzik, B.; Fraczek, W.; Grodzinska, K.;
Krywult, M.; Badea, O.; Barancok, P.; Blum, O.; Cerny,
M.; Godzik, S.; Mankovska, B.; Manning, W.; Moravcik,
P.; Musselman, R.; Oszlanyi, J.; Postelnicu, D.; Szdzuj J.;

31



Varsavova, M.; Zota, M. 2002. Distribution of ozone and
other air pollutants in forests of the Carpathian Mountains
in central Europe. Environmental Pollution 116:3-25.

Bytnerowicz , A.; Godzik , B.; Grodzifiska , K.; Fraczek ,
W.; Musselman, R.; Manning, W.; Badea, O.; Popescu F.;
Fleischer, P. 2004. Ambient ozone in forests of the Central
and Eastern European mountains. Environmental Pollution
130: 5-16.

Cox, R.M.; Malcolm, J.W. 1999. Passive ozone monitoring
for forest health assessment. Water, Air, and Soil Pollution
116: 339-344.

de Vries, W.; AReinds, G.J.; Posch, M.; Sanz, M.J.; Kraues,
G.H.M.; Calatayud, V.; Renaud, J.P.; Dupouey, J.L.; Sterba,
H.; Vel, E.M.; Dobbertin, M.; Gundersen, P; Voogd, J.C.H.
2003. Intensive monitoring of forest ecosystems in Europe.
Technical Report 2003.

Forest Intensive Monitoring Coordinating Institute. UNECE.
FLAG. 2000. Federal Land Managers’ Air Quality Related
Values Workgroup. Phase I Report. December 2000. http://

www?2.nature.nps.gov/air/permits/flag/flaginfo/Flag2000.
pdf

Fowler, D.; Cape, J.N. 1982. Air pollutants in agriculture and
horticulture. In: Unsworth, M.H. & Ormrod, D.P. (eds.):
Effects of gaseous air pollution in agriculture and horticul-
ture. London: Butterworth Scientific, pp 3-26.

Fraczek, W.; Bytnerowicz, A.; Arbaugh, M. J. 2003. Use
of geostatistics to estimate surface ozone patterns.
Developments in Environmental Science 2:215-247.

Fuhrer, J.; Skirby, L.; Ashmore, M. R. (1997) Critical levels
for ozone effects on vegetation in Europe. Environmental
Pollution 97: 91-106.

Griinhage, L.; Jiger, H.-J.; Haenel, H.-D.; Lopmeier, E.-J.;
Hanewald, K. (1999) The European critical levels for
ozone: improving their usage. Environmental Pollution
105: 163-173.

Hassmann, T.; Lorenz, M. 2004. Mandate of ICP Forests
and Programme Implementation. Manual on methods and
criteria for harmonizing sampling, assessment, monitoring,
and analysis of the effects of air pollution on forests. United
Nations Economic Commission for Europe. Convention
on long-Range Transboundary Air Pollution. (http:/www.
icp-forests.org/Manual.htm )

Karlsson, P.E., Selldén, G., Pleijel, H. 2003. Establishing
Ozone Critical Levels II. UNECE Workshop Report. IVL
report B 1523. IVL Swedish Environmental Research
Institute, Gothenburg, Sweden.

Karenlampi, L.; Skarby, L. 1996. Critical levels for ozone
in Europe: Testing and finalizing the concepts. UN-ECE
Workshop Report. University of Kuopio, Department of
Ecology and Environmental Science. Kuopio.

Krupa, S.; Nosal, M.; Peterson, D.L. 2001. Use of passive
ambient ozone (O3) samplers in vegetation effects response.
Environmental Pollution 112: 303-3009.

32

Krupa, S.; McGrath, M.T.; Andersen, C.P.; Booker, F.L.;
Burkey, K.O.; Chappelka, A.H.; Chevone, B.1.; Pell, E.J.;
Zininskas, B.A. 2001. Ambient ozone and plant health.
Plant Disease 85: 4-12.

Lee, H.E.; Hogsett, W.E. 2001. Interpolation of temperature
and non-urban ozone exposure at high spatial resolution
over the western United States. Climate Research 18:163-
179.

Lefohn, A.S.; Jackson, W.; Shadwick, D.S.; Knudsen, H.P.
1997. Effect of surface ozone exposures on vegetation
grown in the southern Appalachian mountains: Identification
of possible areas of concern. Atmospheric Environment
31(11): 1695-1708.

Massman, W.J. 2004. Toward an ozone standard to protect
vegetation base on effective dose: a review of deposition
resistances and a possible metric. Atmospheric Environment
38:2323-2337.

Musselman, R.C.; McCool, PM.; Lefohn, A.S. 1994. Ozone
descriptors for an air quality standard to protect vegeta-
tion. Journal Air and Waste Management Association 44:
1383-1390.

Musselman, R.C.; Massman, W.J. 1999. Ozone flux to vegeta-
tion and its relationship to plant response and ambient air
quality standards. Atmospheric Environment 33: 65-73.

Plochl, M.; Lyons, T.; Ollerenshaw, J.; Barnes, J. (2000)
Simulating ozone detoxification in the leaf apoplast through
the direct reaction with ascorbate. Planta 210: 454-467.

Runeckles, V.C.1974. Dosage of air pollutants and damage to
vegetation. Environmental Conservation 1: 305-308.

Tuovinen, Juha-Pekka. 2002. Assessing vegetation exposure
to ozone: is it possible to estimate AOT40 by passive
sampling? Environmental Pollution 119: 203-214.

UNECE 1996. UBA (1996): Manual on methodologies and
criteria for mapping critical levels/loads and geographical
areas where they are exceeded. http://www.oekodata.
com/icpmapping/index.html

UNECE 2004. Manual on methodologies and criteria for
modeling and mapping critical loads & levels and air
pollution effects, risks and trends. http://www.oekodata.
com/icpmapping/index.html

US EPA 1996. Air quality criteria for ozone and other
photochemical oxidants. U.S. Environmental Protection
Agency, Office of Research and Development, National
Center for Environmental Assessment, Washington, DC.
EPA/600/P-93004bF. July 1996. http://cfpub2.epa.gov/
ncea/cfm/recordisplay.cfm?deid=2831

US EPA. 2004. Air quality criteria for ozone and related pho-
tochemical oxidants. 2004. U.S. Environmental Protection
Agency, Office of Research and Development, National
Center for Environmental Assessment, Washington, DC.
In Press, October 2004. http://cfpub2.epa.gov/ncea/cfm/

recordisplay.cfm?deid=22411

USDA Forest Service Proceedings RMRS-P-42CD. 2006.





