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Abstract. The perceived health of forest ecosystems over large temporal and spatial scales can be strongly influenced
by the frames of reference chosen to evaluate both forest condition and the functional integrity of sustaining forest

processes. North American forests arc diverse in range, species composition, past disturbance history, and current
management practices. Therefore the implications of changes in environmental stress Som atmospheric pollution and/or
global climate change on health ofthese forests will vary widely across the landscape. Forest health surveys that focus

on the average forest conditon may do a credible job of representing the near -term trends in economic value while

failing to detect fundamental changes in the processes by which these values are sustained over the longer term.
Indications of increased levels of environmental stress on forest growth and nutrient cycles are currently apparent in
several forest types in North America Measurements of forest ecophysiological responses to air pollutants in

case studies with four forest types (southern pine, western pine, high elevation red spruce, and northeastern hardwoods)

indicate that ambient levels of ozone and/or acidic deposition can alter basic processes of water, carbon, and nutrient

allocation by forest trees. These changes then provide a mechanistic bastg for pollutant stgess to enhance a wider range
ofnatural stresses that also affect and are affected by these resources. Future climatic changes may ameliorate (+ COy)

or exacerbate (+ temperature, + W-B) these effects. Cument projections of forest responses to global efimate change

do not consider important physiological changes induced by air pollutants that may amplify climatic stresses, These
include reduced rooting mass, depth, and function, increased respiration, and reduced water use eﬁ'lciency_ Monitoring

and understanding the relative roles of natural and anthropogenic stress in influencing future forest health will require
programs that are structured to evaluate Tespomses at appropriate frequencies across gradients in both forest resources

and the stresses that influence them Such programs must also be accompanied by supplemental pr- -oriented and

pattern -oriented investigations that more thoroughly test cause and effect relationships among stresses and responses
of both forests and the biogeochemical cycles that sustain them.
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1. Introduction

The forests of North America are immense in both their geographical range and ecological
diversity. The 326 M ha of forested land in the USA (Powell et al, 1992) and 417 M ha in
Canada (NRCAN, 1998) are also a highly valuable economic resource for which
maintenance of long term productivity is a very high priority. Both actual and perceived
potential responses of North American forests to atmospheric pollution during recent
decades have figured strongly in policy decisions on air quality regulation that have had
significant economic and ecological implications for the region. In the next century, if
current increases in atmospheric CQ, continue and projected changes in both temperature
and atmospheric deposition of nitrogen (N) occur, changes in forest productivity and
function will be of interest not only in terms of shifts in patterns of production, but also
from the perspective of the role of forests as sinks or sources for greenhouse gases (Norby,
1998). IPCC (1998) predictions for the effects of Global Climate Change on forest health
include both increased growth and range of some forests, but also an increased frequency
of declining health in others in response to increased biotic and abiotic stresses associated
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with climatic warming. Evaluating forest health and forest biogeochemical functions in this
more complex future environment will increasingly challenge forest scientists to measure
and understand the basic processes underlying forest growth and longer term ecological
health.

Perspectives on forest health and current risks posed by chemical and physical climate
change differ widely within the forest community (Jenkins, 1997). These differences often
stem from varying perspectives of forest values and times scales over which change is
evaluated. Kolb ef al. (1994) differentiated between the utilitarian view of forest health,
which stresses timber production as the primary endpoint and the ecosystem perspective,
which views forest health in terms of measures of longer term forest function. The latter
include properties such as resilience, diversity, and the flow of carbon, water, and nutrient
resources required for tree resistence to natural stresses and maintenance of biogeochemical
cycles. Assessment of forest health, in fact, has many dimensions (Innes,1993), and at the
time of our writing, there exists no universally-accepted definition of a healthy forest.
O’Laughlin er al. (1994) have defined forest health as “. . .a condition of forest ecosystems
that sustains their complexity while providing for human needs”. This definition stresses
the utilitarian endpoint, which is defined in anthropocentric terms. We focus here on a
more fundamental definition « A capacity to supply and allocate water, nutrients, and
energy in ways that increase or maintain productivity while maintaining resistance to biotic
and abioticstresses. We, therefore, define less healthy forests as ones in which trees lose
productive capacity and/or become more sensitive to environmental stresses. We should
note here that unhealthy trees and stands occur naturally as a part of successional processes
by which a balance between forest production, site resources, and climate are attained. In
this capacity, for example, grazing insects can serve an important role in establishing a
balance in nutrient flow to foliage from nutrient deficient soils (Matson and Addy, 1975).
The patterns by which such changes occur however are typically spatially and temporally
heterogeneous as are the localized biotic and gbiotic factors that influence them.

Ecosystem response to environmental stresses, including air pollutants, is a complex,
hierarchical process occurring over time scales ranging from minutes (leaf) to decades
(stand). However, air pollution stresses are somewhat distinct from many other forms of
environmental stress because of their regional patterns and temporal consistency with
changes in air quality. Stress responses begin with sensitive individuals proceeding from
branch, to tree, and then stand and ecosystem levels (Hinckley et al, 1992) Underlying
these response are process-level changes in uptake and allocation of carbon, water, and
nutrient resources. We focus here on linkages between process level changes and ecosystem
responses because this approach offers the best chance to understand the individual and
interactive effects that will ultimately determine the utilitarian values of forest systems.

This paper summarizes recent advancesin understanding of process level effects of
regional air pollution on four forest types for which recent syntheses are available. These
include the southeastern pine forest, eastern spruce/fir ecosystem, northeastern hardwoods,
and western pine forests in Southern California (Figure 1). Our objective is to evaluate how
increased understanding of forest process effects can be integrated into regional monitoring
and analysis of forest health in relation to both air pollution and its interactions with other
biotic and abiotic stresses that affect forests. We have emphasized primarily ozone and
acidic deposition (N and S), the pollutants with the greatest potential regional impact on
forests in the U.S. and Canada. Measured and potential impacts have been evaluated from
the following perspectives:
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Figure 1. Multidisciplinary research from case studies in gouthwestern pine, southeastem pine, eastern spruce-fir, and
northeastern  hardwood forest types was examined to evaluate process level responses to ambient levels of

air pollutants in four regional forest types.
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(I). Monitoring air quality and forest health in North America.

(2). Evidence of changes in allocation patterns of carbon, water, and nutrients related
to ozone or acidic deposition within the four “case-study” forests.

(3). Implications of process-level changes on whole-tree function and biogeochemical
processes in current and future climate regimes.

(4). Recommendations for incorporating process-based ecosystem perspectives into
regional monitoring of forest health.

2. Regional Air Quality in North America

Recent syntheses in both the United States (NAPAP, 1998) and Canada (EC, 1997)
demonstrate clear qualitative relationshipsbetween spatial patterns ofacidic gas emissions
and measured air concentrations and wet deposition patterns that were already evident by
the 1990 assessments (RMCC,1990). Here, we concentrate on acidic deposition and Q; as
they affect our forests regionally, while recognizing that their co-occurrence and
interactions with other abiotic (e.g., climate extremes, UV-B, toxics) and biotic stressors
ultimately determines the direction and magnitude of forest health responses.

2.1. ACpIC DEPOSITION

Emissions of SO, in eastern North America have declined from over 20 M t in 1980 to
under 17 M t in 1993 (EC, 1997). As a consequence, US air concentrations of SQ, have
decreased 37% between 1985 and 1995, particularly in the northeast (NAPAP, 1998).
Particulate SO, concentration reductions have been widespread, except at several mid- to
high-elevation, forested areas (NAPAP, 1998). US emissions of anthropogenic NO,
decreased 6.5% from 23.3 M t in 1980 to 21.8 M t in 1995 (NAPAP, 1998). Trends in N
species contributing to acidic deposition (HNO,, NO,) were more variable than for SO,.
While decreasing HNQ; was reported in the northeastern US (NAPAP, 1998), Canadian
data showed and increasing frequency of higher concentration HNQ, events (EC, 1997).

Trends in distribution patterns for wet deposition of SO., and NO, are shown in Figures
2 and 3. It should be noted that additional inputs of dry deposition may add 8-37% more
S and 15-65% more N to these numbers depending on the region (EC, 1997). Contrasts in
wet SO, and NO, deposition patterns reveal strong reductions for S in the area enclosed by
the 10-30 kg ha-’ yr" isopleths. Also evident was the disappearance of the 30 kg hayr" area
in Canada, and its considerable reduction in the US (Figures 2a,b) (EC, 1997). In contrast,
NO, wet deposition did not change dramatically. Areas receiving 5-25 kg NO; halyr?
expanded marginally (Figures 3 a,b) (EC, 1997). When integrated, areas in Canada within
the 20 kg ha"yr" wet SO, isopleth decreased 44% from 629,000 ha in 1980-83 to 340,000
ha in 1990-93 (EC, 1997).

Hall et al. (1997) recommended a critical threshold of 12 kg SO, ha-’> yr ! for wet
deposition to poorly buffered Canadian soils. In the context of forest/lake hydrological
process linkages, current wet SO., deposition exceeds critical loads at all eastern Canadian
lake clusters by 7--12 kg ha™ yr'! and is expected to exceed them by about 6 to 10 kg ha yr!
after all emission controls required by the Canada/US Air Quality Agreement are fully
implemented (Jeffries, 1997).
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Figure 2.  Four-year mean wet deposition patterns of $O,” (kg ha“yr") in eastern North America for (a) 1980-1983
and(b) 1990-1993. Reproduced from EC (1997).

Areas in Canada within the 15 kg wet NO, ha"yr" isople(h increased 13% from 373,000
ha in 1980-83 to 420,000 ha in 1990-93. Areas receiving at least 0.4 kg H+ ha'yr!
decreased along the east coast and in southern Ontario, while the area receiving at least 0.2
kg ha'lyr! expanded to the northeast (Newfoundland) and east (Nova Scotia) (Figures 4a,b)
(EC, 1997). NO, and NH, concentrations showed high variability, and deposition of NH,,
generally increased throughout the US (NAPAP, 1998). Acidification potential remains
high over large forest areas due to increasing NO, and decreasing Ca, Mg, K, Na
deposition (Likens et al, 1996).

Episodes have a large impact upon temporal changes in annual deposition amounts
(Brook, 1995) and may increase annual mean SO, and H+ deposition by < 20% (Beattie and
Whelpdale, 1989). In this context, precipitation amount and type are critical in pollutant
deposition to forests, particularly those growing at mid to high elevation. Most mountain
forests receive more (>50%) precipitation than those at lower elevation; coastal forests are
immersed in fog for up to 30% of the growing season. Mountain cloud/fog and coastal fog
have been found to have extremely low mean annual weighted pH’s, consistently 10-50X
more acidic than precipitation (Kimball et al., 1988), with single events recorded as low as
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Figure 3. Four-year mean wet deposition patterns of NO,' (kg ha"yr") in eastern North America for (a) 1980-1983
and (b) 1990-1993. Reproduced from EC (1997).

pH 2.8. In the Southern Appalachian Mountains, cloud exposure at high elevation sites has
been found to occur on 70% of the days and 30% of the time (Saxena and Lin, 1990). In
addition 25% of all cloud events over a 4-year period had a pH < 3.1 with a minimum pH
of 2.2 (DeFelice, 1997).

Recent air quality modeling indicates that eastern regional deposition of SO., and NO,
is much larger than amounts measured in precipitation (CAPMON, NADP) would indicate
(EC, 1997). This raises the real possibility that inputs of acidic deposition to some forests
may be substantially higher than estimated.

2.2. OZONE

Composite national daily maximum 1 hour 0, concentrations in the US decreased 15%
between 1987 and 1996. The highest national composite 1 hour maximum was in 1988.
Ozone levels have declined 10% since 1987 at 191 rural monitoring sites (EPA, 1998). In
Canada, time series analysis identified a significant declining trend in daily maximum Q,
concentrations ranging from -0.05% to -0.08% yr*. Average days per year (1986-1993)

exceeding the 82 ppb 1 hour National Ambient Air Quality Objective (NAAQQO) ranged
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Figue 4.  Four-year mean wet deposition patterns of H* (kg ha''yr®) in eastern North America for (2) 1980-1983 and
(b) 1990-1993. Reproduced from EC (1997).

from 18 in southern Ontario, 3 in the Southern Atlantic Region (SAR) and 2 in the Lower
Fraser Valley, British Columbia,(OIivotto, 1997). Mapping of percent change in SUM60
between 1985-1987 and 1994-1996 shows a significant decrease of 10-15%in much of the
southeast US with decreases of 5-10% or 0-5% in the Lake States and southern
Ontario/Quebec. Portions of the New England states and the SAR, however, had increases
in SUM60 O; of between 0-10%. Smaller areas in the midwestem US showed increases of
10-15% SUM60 O, (Figure 5).

Ozone (photochemical smog) and dry-deposited N remain the most abundant air
pollutants in U.S. Pacific Southwest forests (Fujioka et al., 1998). In 1995, 99.3% of O,
exceedances occurred during June to October. The number of adverse episodes in the Los
Angeles-Long Beach and Riverside-San Bernardino end of the Southern California Air
Basin (SoCAB) declined during 1986-1995. However, the differential between the western
(urban) and eastern (urban/forested) ends increased (EPA, 1997). The most abundant
reactive compound in the San Bernardino Mountains is still O,, and ambient concentrations
there are the highest in North America. Between November 2, 1991 and September 30,
1993, hourly concentrations exceeded the then-existing 120 ppb NAAQS on 235 days (22%
of sampling days).
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3. Monitoring North American Forest Health

In the 1980's, the rationale and protocols for the North American monitoring programs
changed due to studies that indicated that widespread changes in forest condition were
occurring in North America and Europe (Rehfuess, 1981, Ulrich, 1984, Schutt and
Cowling, 1985; McLaughlin, 1985; Fraser et al. 1985, Prinz,1987). In Table Iwe have
highlighted central features of both US, Canadian and European forest monitoring
networks, and some details of their structure and focus are discussed below.

3.1. THE UNITED STATES

The Detection Monitoring component of the US Forest Health Monitoring Program (FHM)
(USDA, 1992) was implemented in 1996 on about 40% of approximately 4000 forested
plots in the lower 48 states. A spatially and temporally systematic sample has been based
on a national hexagonal grid (27 km between grid centres). The plot size and sampling
frequency format (Table I) results in all circular 1 ha plots being sampled every 4 years with
annual estimates of change being derived from smaller subplots (Smith and Mangold,
1996). This design yields: 1. a base-line condition the first year; 2. a direct measure of 1-
year change for sub-plot samples after two years; and, 3. a direct measure of 4-year change
after five years. Indicators (Table I) being measured in Detection Monitoring include lichen
communities, ozone bioindicator plants, tree growth, crown condition, damage, mortality,
regeneration, vegetation structure and plant diversity (Smith and Mangold, 1996).

3.2. CanNaDnA

The Acid Rain National Early Warning System (ARNEWS) was initiated in 1984 @ ‘Eon
and Power, 1989). ARNEWS consists of 150 rectangular, 10m X 40m plots with 2m x 2m
subplots stratified by forest region. The system currently contains about 11,700 trees (dbh
> 10cm) comprised of 3,500 hardwoods and 8,200 softwoods (Hall, 1995). Soil samples,
foliar samples for nutrient analysis, and radial growth measurements are collected every
five years adjacent to the plot (soil) or from numbered off-plot trees (foliage, increment
cores). Variables are sampled on all plots at varying frequencies (Table I). Foliar symptoms,
hardwood seed crop, pest conditions (type of foliar insect/disease, woody tissue
insect/disease and severity) and tree condition (mortality, live crown height, crown damage,
needle retention) are assessed seasonally and/or annually. Regeneration, saplings and
ground vegetation (mosses, herbs, shrubs) are assessed biennially @‘Eon et al., 1994).

3.3. JoINT  UNITED STATES AND CANADIN  MONITORING

Out of growing concern over sugar maple decline in the early 1980's, the USDA Forest
Service and the Canadian Forest Service joined in 1988 with state and provincial agencies
to establish the North American Maple Project (NAMP). NAMP consists of a network of
233 sites extending across the natural range of sugar maple (4cer saccharum Marsh)
(Millers et al., 1991). NAMP sites are five-plot clusters of 20m x 20m plots on which all
trees of 10 cm dbh or more are identified. Stands ranged from 50 to 150 years of age in
1988 and had variable levels of damage or crown dieback. Sites were paired where possible,
one being tapped and the other untapped (no tapping or management during previous 35
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TABLE 1
Comparison of the United States Forest Health Monitoring (FHM]), the Canadian Acid Rain National
Early Warning System (ARNEWS), the North American Maple Project (NAMP) and the European
(UN-ECE ICP) forest health monitoring programs.

Monitoring  Program

FHM ARNEWS NAMP UN-ECE
No. plots 4000 150 166 20,345
Plot strat.! grid forest na grid
27km? region 16km?.
Plot visits
all year1/5 I 1 I
subset 1/3 year2
1/3 year 4
1/3 year 5
Associated  studies intensive  site FIGC none Level I
Tree
diameter E 5 E X
height E 5 X X
dominance E 5 X X
form X 5 X X
crown height X 5 X X
crown closure X 5 X X
mortality 14 | I X
Crown
condition -4 | I 1
symptoms 14 I X 1
insects/diseases 14 | I X
foliage 14 1 I X
defoliation 14 | 1 1
woody 14 | I X
seed production X 1 X X
Ground
regeneration 14 2 X X
vegetation  type 14 2 X X

Pests 1-4 S X X
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TABLE I
Continued
Monitoring ~ Program
FHM ARNEWS NAMP UN-ECE
Nutrition
foliar X 5 X X
organic  soil X 5 X X
mineral ~ soil X 5 X X
Metereology/Air Quality
temperature X X X X
precipitation X X X X
4 B P X X

FIGC : CFS Forest Indicators of Global Change

Sampling frequency: 5=5 yrs; 4=dyrs, 2=2yrs, 1=yearly, S=seasonally (several times per year) E=on
establishment; X=not done

M: modelled; B: bioindicator plants; P: passive monitoring

1. Stratification of plots in network.

years). Variables assessed annually include defoliation, tree vigor, new damage to boles and
crown condition (dieback, transparency).

The three forest health monitoring systems were designed to different protocols in order
to address unique agency mandates. Each has specific strengths and weaknesses in
responding to the monitoring of forest health response to changing air quality. In our view,
none, by themselves, will enable forest managers or policy makers to relate effects to causes
with the required degree of scientific certainty.

3.4. INSECT AND DISEASE PROBLEMS IN NORTH AMERICA

An important backdrop for consideration of pollution-induced stresses of North American
forests is the extent of problems from insects and disease. A summary of the types of
diseases, their approximate extent (where available) and the principal regions in which they
have been detected, is given for the USA and Canada in Table II. Disease problems to
forests are a major consideration in both Canada, where annual forest depletion due to
disease during 1982-87 totaled 51 M cubic meters (NRCAN, 1996) and in the U.S.A.,
where the areal extent of insect problems on forests is 20.4 M hectares (USDA, 1997). With
this background we consider the types of physiological effects induced by regional air
pollution from two perspectives: (1) the relative magnitude and distribution of effects
attributable to air pollution; and (2) the potential for stresses from air pollution to interact
with biotic and abiotic stresses.
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TABLE II
Estimates of forested areas affected by pests and pathogens in the U.S. and Canada in 1996.
Data are in millions (M) of hectares (where available) by region,

united stated
Quantified

Dwarf mistletoe (11.7 M-W), fusiform rust (5.5 M-SE)
Southern pine beetle (3.0 M-SE), spruce budworm (0.3 M-E+W)
Mountain pine beetle (0.1 M-NW), gypsy moth (0.1 M-NE)

Unauantitied

Beech bark disease (NE), butternut canker (NE)
Hemlock woody adelgid (NE), dogwood (E)
Anthracenose (NE, SE), European pine shoot beetle (NE, NC)

Total area affected » 20.4 M ha

Canada*
Guantitied

Aspen 2-leaf tier (3.9 M-W), eastern spruce budworm (1.2 M-E)
Forest tent catepi]lar (1.2 M-Canada), other insects combined (7.1 M-Canada, W)

Other insects including area of beetle killed trees (4.6 M-Canada)

‘Source: USDA (1997)
*Source: NRCAN (I 997)

4. Regional Air Pollution: North American Case Studies

Evidence of regional threats to forest health from air pollution in the U.S.A led in the mid-
1980s to the National Forest Response Program (Hertel and McKinney-McNeal, 1991), an

integrated research program aimed at evaluating evidence and mechanisms of forest
responses to acidic deposition and Q. Initial integrated summaries were produced around
1990 in the both the US (NAPAP, 1990) and Canada (Hall and Addison, 1991). The 1990

NAPAP synthesis included both studies of forest health (Barnard et al., 1990) and
evaluation of process level changes associated with regional air pollution (Shriner ef al.,

1990). While very different in context (utilitarian vs ecosystem focus), the conclusions were
similar in message = no clear cut evidence of a widespread forest decline, except for high

elevation red spruce. Both analyses noted, respectively, uncertainty and evidence for
pollution-induced changes in nutrient cycles and biotic and abioti¢ stress interactions that
support longer term forest health. Canadian analyses in the NAPAP era, (Pearson and

Percy, 1990) indicated that sugar maple decline was more severe and extensive than
historically noted, and that acid deposition was a co-factor in a complex of contributing
stressors. White birch decline along the east coast was circumstantially linked to acid fog.

Critical loads were unavailable, but 46% of the Canadian land surface mapped was
considered highly sensitive to acidification.

These first assessments have now been augmented by more recent syntheses of
integrated studies (Eagar and Adams, 1992; Johnson and Lindberg, 1992; Fox and Mickler,
1995; Mickler and Fox, 1997) that were still in progress in 1990. Coupled with more recent
results from Canadian studies (Hall, 1995; Hall ef al., 1997) and synthesis of the long-
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standing ecosystem research on oxidant stress effects in the California ponderosa pine
forests (Miller and McBride, 1998), additional valuable insights into the nature and extent
of regional air pollution stress have been provided that we draw on here.

4.1. SOUTHEASTERN PINE FORESTS

The health of southern pine forests has been a subject of great interest and substantial
controversy since significant growth declines were detected in the mid 1980's (Sheffield et
al., 1985 and Sheffield and Cost, 1987). The evidence of unexplained growth reductions

came from analysis of FIA inventory data from unmanaged pine stands by the US Forest

Service. With an area of approximately 25 M ha and annual stemwood sales of $4.5 billion,

the health of southern pines has been a major economic concern within the region. This
concern translated into a large multiagency research effort aimed at quantifying causes of
the apparent growth losses of the three predominant pine species in the region. The

Southern Commercial Forest Research Cooperative (SCRFC), which was organized to
address this task, conducted a series of regionally distributed controlled exposure studies
with seedlings and saplings of loblolly pine (Pinus taeda L.), shortleafpine (P.echinata
Mill) and slash pine (P. elliota) to evaluate the potential of O, and acidic deposition to
affect southern pine growth. The summary of forest characteristics, biotic and abiotic
stresses, and potential impacts of acidic deposition and ozone for southern pine forests
combined information gathered in epidemiological and mechanistic studies over
approximately 8 years of research (Pox and Micker, 1995).

A summary of the results of controlled exposure studies with seedlings and saplings of
southern pines in open-topped chambers in the SCFRC indicated that significant growth
reductions occurred with increased ozone esposure, but no consistent adverse effects of
acidic deposition were detected (Teskey, 1995). Most studies reported small reductions in
growth at ambient ozone, estimated at 2-5% per year, but thes¢ reductions were not
typically detectable statistically within the experimental constraints of the experimental
systems employed (Teskey, 1995). Contributing to this variability were genetics (multiple
families with very different sensitivity levels), treatments imposed (interactions of ozone
and acid deposition) and substantial year to year variability in ambient-based treatments
imposed.

Additional analyses of the combined results of a wide range of controlled ozone studies
with loblolly pine emphasized the role of high genetic variability in sensitivity in growth
responses to ozone, particularly at near-ambient levels (Taylor, 1994). Using this much
larger data set, Taylor (1994) estimated an ozone response threshold of 33 ppm hrs and a
6% growth loss per 100 ppm hrs of ozone exposure for sensitive families. The threshold for
the population mean was similarly estimated at 97 ppm hrs with a 3% growth loss per
100 ppm hrs of cumulative exposure. At typical annual ambient ozone exposure levels of
50-200 ppm hrs (Taylor, 1994), estimated annual growth losses during a single season were
1-10% for sensitive families and 0-3% for the mean population.

Several studies have now indicated that the effects of ozone exposure are cumulative
and approximately linear. The concept, which apparently extends to effects occurring over
multiple seasons, is supported by studies of both loss ofphotosynthetic capacity (Richardson
et al., 1992) and foliage production and retention (Stow et. al, 1992, Kress et al, 1992).
Reduced canopy photosynthesis was noted at a cumulative exposure threshold of 100-150
ppm hrs and reduced foliar retention occurred at 150-230 ppm hrs. An important principal
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established in these analyses was the carryover of inhibition of photosynthetic potential of
ozone impaired foliage into subsequent growing seasons (Sasek et al., 199 1).

Studies of responses of more mature loblolly pine trees have included modeling-based
estimates developed around changes in gross primary production of branches (Dougherty
et al., 1992); regional application of a physiologically-based model with regional ozone
exposure data (Hogsett et ~1.1993); and empirically derived measures of tree growth
responses in the field (Zahner et al., 1989, and McLaughlin and Downing, 1996). Results
of these analyses for pines and selected studies with hardwoods are symmarized in Table III
and indicate an expected response range of 0-35% annual growth reduction for mature
pines, depending on species X year and ozone level. Work by McLaughlin and Downing
(1997) and Zahner ef al. (1989) support the possibility that sensitivity of mature trees to
drought may be enhanced by ozone at levels occurring in the field. Using an empirically
derived model from weekly growth responses of mature loblolly pine trees to ozone in the
field, McLaughlin and Downing (1996) indicated that ozone significantly increased the
effects of soil moisture stress on stem growth. This concept is supported by studies with pine
seedlings and saplings at ambient or near-ambient ozone levels which document increased
transpiration (Lee et al., 1990) or increased water stress (Flagler ef al., 1997). In addition
several European studies with saplings and mature conifers (Skarby et al., 1987, Wallin and
Skarby, 1992; Maier-Maercker and Koch, 1992; Maier-Maercker, 1997), have reported
increased transpiration and/or reduced stomatal control of water loss for conifers at ambient
ozone levels. Collectively these studies suggest that stomatal closure measured at high
ozone levels with seedlings in some controlled exposure studies, may not adequately
represent the expected response to ambient exposures in the field, particularly where large
trees are involved.

SCFRC studies indicated a low short-term risk to growth from ambient exposure to
acidic deposition, and in fact growth was typically stimulated by near-ambient levels
(Teskey, 1995). However, acidic deposition exerts it’s effects primarily through nutrient
mobilization and depletion, and the development of such effects in controlled studies will
depend on initial soil nutrient content and soil volume, factors which affect the capacity for
nutrient depletion. Of greater relevance from the perspective of evaluating risk to southern
pines, is the regional distribution of pine stands on poorly-buffered soils depleted of base
cations by previous agricultural practices. Approximately 60% of southeastern pine soils
are considered to be susceptible to accelerated cation leaching (Richter and Markewitz,
1995). Binkley et al., (1989) have estimated that 10-15% of commercial southern pine
forests may be currently limited by low base cation supply. Long term studies of nutrient
cycles at a reference watershed in South Carolina indicate that approximately 80% of the
exchangeable calcium (Ca) has been lost from the soil over the past three decades, with
50% of this loss due to uptake by vegetation and 50% due to leaching (Richter et al., 1994).
Base saturation declined from > 55% in 1962 to 20% in 1972, and to 10% in 1990. This
decline was most apparent in shallow soil profiles (< 20 cm) where fine roots are
concentrated (Richter and Markewitz, 1995). In considering the potential negative effects
of Ca depletion from these soils, it should be noted that many of these same soils are N
deficient and are receiving 4.5-14 kg N/haly, approximately 15-45% of annual stand
requirements, from atmospheric sources (Richter and Markewitz, 1995). Accumulation of
N in the upper soil horizons has the potential to stimulate growth at the risk of longer term
cation depletion, as we will discuss later.
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Some estimates of effects of ozone on ggowth of forest trec spgcies at ambient ozone levels

based on studies with seedlings and mature trees.

SEEDLING  STUDIES

3mi5 Growth Reduction Conditions Reference

Multiple 0-10% shootgrowth

southern pines 2-5% summary estimate « SCFRC

field-chamber studies

Loblolly pine Synthesis » whole tree biomass
0-3% Mean response and sensitive
1.10% family response to 50-200 ppm*h

Hardwoods 13% Response surface derived values

Conifers 3% at 20 ppm*h

MATURE TREE STUDIES

Loblolly pine 2.9% Whole tree carbon model using
branch chamber data (GA)

Loblolly pine 0-13% Average annual weekly responses
to Oy and interactions of 0, and
moisture stress, 5 years (TN)

0-5% Annual 0, effect » no water stress
0-30% Annual Qj effect « moderate water stress
Loblolly pine 5-12% Regional forest model simulation

based on small tree exposures

Shortleaf Pine 1% y'l Empirically derived growth loss
38% cumulative not explained by
climate and competition. Natural stands
20-45 yr (GA, SC, NC)

Shortleaf Pine Climatic shift Dendroclimatic analysis « Increase

in non-climatic influences
beginning in 1963. (GA)’

White Pie 0, > climate Dendroclimatic analysis show 0,
influences growth more than
climate (ME)

Hardwoods 2-17% Regional simulation with
canopy-stand model across
moisture gradients

Chappelka and
Samuelson, 1998
Teskey, 1995

Taylor, 1994

Reich, 1988

Dougherty et gl., 1992

McLaughlin and
Downing 1996

McLaughlin and
Downing 1996

McLaughlin and
Downing 1996
Hogsett et al., 1993
Zahner et al., 1989

Grissino-Mayer and
Butler. 1993

Bartholomay et al.,
1997

Ollinger et al., 1997

‘Authors ~ attributed  shill to non-climatic ~physiological ~factors. We have detectedaclose relationship between the annual
pattern of residual variance (not explained by climate) and annual variations in regional ozone exposure levels.
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4.2. SOUTHWESTERN PINE FORESTS

In the San Bernardino Forest, ponderosa pine (Pinus ponderosa Dougl. Ex Laws), one the
most important forest species in California (Olson, 1992), is exposed to the highest ozone
concentration in North America by topographical, meteorological and climatic influences
which combine to advect the Los Angeles urban pollution plume inland along the western
mountain slopes (Miller, 1992). The resultant chronic exposure and ecosystem level
changes in the San Bernardino Forest Ecosystem to over 50 years of high levels of O, and
oxidant air pollution has produced perhaps the best example of hierarchical forest response
to air pollutants (Miller ef al., 1982; Miller et al., 1989; Miller, 1992; Miller ¢¢ al., 1996).
Ozone injury to the mixed conifer forest has been occurring since at least the mid-1950’s
in the mountains of Southern California (Miller and Millecan, 1971) and since the 1970's
in the Sierra Nevada (Pronos ef al., 1978). Miller et al. (1963) were first to identify the
classic O3 symptomology and chlorotic foliar mottle associated with the injury. Species most
affected by photochemical oxidants (mainly Q) have been ponderosa and Jeffrey (Pinus
Jjeffreyi Grev. and Balf.) pines.

Injury to pine foliage resulted in a decline in the health of sensitive trees; accumulation
of weakened trees then resulted in a heavy bark beetle kill. This necessitated extensive
sanitation logging to remove declining pine trees. Unable to compete for nutrients, water
and light, remaining sensitive individuals declined allowing for enhanced growth of more
tolerant species (Miller ef al., 1982). Chronic effects of Qy and N compounds continue
today. The area has been used as a natural laboratory to study the air pollution effects on
ecosystem functioning, including human values, and the 30 year San Bernardino Case
Study is now summarized in Miller and McBride (1998).

During early survey years of 1968-1972 Oy concentrations were extremely high (>80
ppb Os for 1300 h for a five-month year). Ponderosa and Jeffrey pine mortality ranged from
8-10% (2-2.5% per year). Ozone concentrations at high elevation sites remained above 50
ppb at night. An increase in extent of severe foliar injury indicated the beginning of the
selective death of ponderosa pine (Miller, 1973). Weakened trees were attacked by bark
beetles and elimination of ponderosa pine from the mixed conifer forest was predicted
(Cobb and Stark, 1970). This survey led to the establishment of a large, multidisciplinary
research team to investigate essential ecological processes underlying mixed conifer forest
response to O; A hierarchical response, parallel to that observed with eastern white pine
(Pinus strobus L.) (McLaughlin et al. 1982), was documented. Average (24 h)
concentrations of 50-60 ppb 0,: induced foliar injury leading to premature abscission;
needle fall resulted in reduced photosynthetic capacity; decreased nutrient availability to
stressed trees; reduced production of carbohydrates; and diminishing tree vigor resulting
in decreased height and radial growth (Miller et al., 1982). At the ecosystem level, changes
in decomposition patterns and altered nutrient cycling altered successional patterns in some
species. This cycle of interactions triggered by O, on sensitive individuals significantly
altered ecosystem processes and intra-community relationships. Unlike a catastrophic event
such as fire, tree death and associated energy changes within the ecosystem occur gradually.
Understanding of such changes in tree vigor, species composition, energy flow, nutrient
cycling, and interactions between trophic levels is critical if cause-effect relationships are
to be adequately evaluated..

One test of cause-effect linkage is mixed conifer forest response to gradually
diminishing Oy stress. Miller et al. (1989) reported an improvement (1974-1988) in foliar
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injury index at all but the most exposed plots in the San Bernardino Mountains in response
to declining O, in 1976-1991(Davidson, 1993). Changes in visual injury were paralleled
by improving tree growth patterns. Growth plots in a high-O, exposure area along the

southern rim of the San Bernardino Mountains showed an approximate 40% growth
slowdown during the period of highest ozone (1945-72) with a recovery of basal area
growth to pre-1945 levels during the most recent period of improved air quality (Arbaugh

et al.,, 1998). The concurrence of long-term reduction in precipitation and high Q, were

concluded to be responsible for the growth pattern, and not Oy alone. However, a significant

lag in integration of improved canopy condition into improved basal area (BA) growth was
identified. BA increases in O,- sensitive ponderosa pine during the same period (Miller ef

al. 1991) remained less than the BA increase for O, tolerant species. Only continued
ecosystem monitoring will define the new baseline.

Evidence has existed for some time (Hoffer et al. 1981) that polluted air masses
accumulating over central California are transported into the Sierra Nevada Mountains
(Stohlgren and Parsons, 1987). Surveys recently completed in national parks in the region
documented a progression of foliar symptoms on ponderosa pine related to aspect and
elevation (Peterson et al. 1991). Standardization of an index to assess crown injury on
ponderosa and Jeffrey pines, the Ozone Injury Index (OII), occurred in 1989. The Sierra
Cooperative Ozone Impact Study (SCOIAS) and the Forest Ozone Response Study
(FOREST) were among the first reports linking crown assessment, including both foliar
injury and needle retention, with cumulative ambient Oy indices. This represents a
potentially reliable, cost effective approach for monitoring and forecasting Oy injury in
remote areas (Arbaugh et al. 1998).

Critical co-factors affecting tree response in SCOIAS/FOREST were site climate,
history, tree size and age, N deposition and genetics. The unique role of N deposition in the
mixed conifer forests of California has been well established (Bytnerowicz and Fenn, 19%).
Unlike other case studies, most deposition occurs in summer in dry N form as acidic vapor,
gaseous and particulate species. Deposition may be as high as 25-45kg N ha'! yr! and has
resulted in localized N saturation in some mixed conifer stands (Bytnerowicz and Fenn
1996).

In summary, the effects of chronic exposure of these forests to acidic deposition and Oy
were detected on forest health through intensive process research built upon a historical
record of individual tree response (Miller et al. 1996; Bytnerowicz ef al. 1998). The
multidisciplinary study succeeded in providing a comparative database on mixed conifer
forest exposed to moderate and high levels of gas and particle deposition. Acidic pollutants,
despite extreme sensitivity of leaf surface wax to acidic hydrolysis by HNO; (Bytnerowicz
et al 1998), were not implicated in a short-term response. The interaction of O; with
periodic droughts (Miller et al. 1996), in the long-term, and summer N pulses (Bytnerowicz
et al. 1998), in the very short-term, were judged to be the greatest threats to the health of
southwestern pine forests

4.3. EASTERN SPRUCE-FIR FORESTS

High levels of mortality of red spruce (Picea rubens Sarg.) in the Northern Appalachians
(Weeks and Smoronok, 1988) and Fraser fir (4bies fraseri (Pursh) Pair.) in the Southern
Appalachians (Dull et al., 1988) during the 1970’s and 1980s were accompanied by
reductions in radial growth of red spruce at many high elevation sites across the region
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(Johnson and Siccama, 1983; McLaughlin'et al., 1987). The timing and distribution of
observed changes in growth suggested a possible linkage to acidic deposition and an
integrated series of field and laboratory studies was conducted over the interval 1987-1991
by the Northern Spruce Fir Research Cooperative (NSFRC, Eagar and Adams, 1992). A
synthesis of this work concluded that both field and laboratory data support * --that regional
scale air pollution has played a significant role in the decline of red spruce in the Eastern
United States” (Johnson et al, 1992). This was based on regional and local analysis of the
epidemiology and distribution of increased tree mortality and canopy deterioration (Peart
et al., 1992); the timing and distribution of radial growth decline of mature trees (Cook and
Zedaker, 1992); and mechanistic studies in the field and laboratory which linked changes
in carbon allocation (McLaughlin and Kohut, 1992) and winter injury (DeHayes, 1992) to
levels of acidic deposition monitored within the region (Mohnen, 1992). These studies
represent an excellent model of effective integration of regional monitoring of forest
condition with mechanistic studies designed tobetterunderstand observed responses. In this
case, multiple lines of investigation yielded new mechanistic insights linking acidic
deposition as a predisposing agent to increased stress of red spruce forests by abiotic stress.
These included both winter injury and nutrient depletion from foliage and soils. A summary
of the principal trends in responses observed in field studies from the Northern
Appalachians is depicted in Figure 6.

Increased winter injury to current year foliage was an important symptom of damage
detected on red spruce in the Northeastern mountains in the late 1950s and early 1960’s
(Friedland et al., 1984). As this damage was repeated frequently over the following years,
clear linkages were found to reduced radial growth of both montane and coastal red spruce
forests (Jagels, 1986 and Percy et al, 1993) and increased mortality of montane trees
(Johnson et al., 1992). By the mid 1980’s increased mortality levels had reduced red spruce
as a component of the high elevation canopy by > 50% in the Adirondack and Green
Mountains and by 25% further North in New Hampshire and Maine. A
dendroclimatological analysis of the growth decline for trees from affected areas revealed
that the occurrence of increased winter injury was a consequence of increased sensitivity
of trees to winter temperatures, not unusually cold winters (Cook and Johnson, 1989). A
series of misting experiments with acidic deposition under controlled laboratory conditions
(see Dehayes, 1992) coupled with exclusion studies with branches (Vann ef al., 1992) and
chambered saplings (Dehayes et al., 1991) at high elevation field sites indicated that
ambient levels of acidic mist could reduce the cold hardiness of red spruce by 3-10°C. This
is an amount sufficient to substantially increase winter injury to this species at high
elevation northeastern sites (Johnson et al, 1992).

The growth decline of high elevation red spruce in the Southern Appalachians began
typically around 1965, 5 years later than in the North, was confined to elevations above
1700 m, and was not accompanied by the very high red spruce mortality levels of the
Northern Appalachians (McLaughlin et al., 1987). However, canopy condition of red spruce
declined significantly at both high and low elevation sites during 1985-89 (Peat-t et al,
1992) and average red spruce mortality was consistently higher (ranging from 3-4% per
year) at high elevation sites than intermediate and lower elevations (Nicholas, 1992).
Standing dead red spruce comprised 8-17% of the stands at high elevation sites where
attrition of dead stems was found to be remarkably high - 33% per year (Nicholas, 1992).
While a notable loss in basal area of red spruce has not yet been reported at the southern
Appalachian sites (Smith and Nicholas, 1998) mortality has occurred across all size classes
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Northern Appalachilan Composite Chronology
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