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Abstract
The world’s forests provide a host of wood products, and non-wood resources,

and they are critically important in conserving plant, animal, insect and micro-
bial diversity, maintaining soil and water resources, and providing opportunities
for employment and recreation. Only recently have we started to value forests
for their ability to sequester carbon from the atmosphere. The rapidly changing
atmospheric environment with its mix of increasing anthropogenic emissions
means that the future world’s forests will be faced with unprecedented levels
of carbon dioxide and other greenhouse gases, and rising temperatures due to
the trapping of radiative heating by the greenhouse gases. In addition, large ex-
panses of these ecosystems will be concurrently exposed to elevated levels of
tropospheric ozone, particulates, nitrogen oxides, and acidic rainfall or other air
pollutants. Finally, increasing demand for forest products and expanding devel-
opment pressures from our rapidly growing world population will mean contin-
ued land use change and forest habitat loss. Thus, it is very difficult to predict
the condition or productivity of forests in this century. In this book, a number of
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forest and atmospheric scientists summarize what is known on the impacts of air
pollution and climate change on forest ecosystems.

1. Introduction

Forests cover 3.87 billion ha worldwide or 30% of the Earth’s land area
(Fig. 1). Besides providing annually about 3.3 billion cubic meters of round-
wood and nearly 3.0 billion cubic meters of fuelwood, forests are important
for many non-wood forest products as well as for soil and water conservation,
biological diversity conservation, support of agricultural systems, employment
generation, provision of recreational opportunities, and protection of natural
and cultural heritage (FAO, 2001). Nearly 70% of the water vapor passes
through the stomata of forest trees and forests hold about 50% of the world’s
carbon stocks. It is estimated that forests sequester some 2.0 Pg annually of
carbon emitted that would otherwise end up in the atmosphere, contributing to
global warming (Houghton, 2001). Furthermore, forests account for∼70% of
the carbon exchange between land and the atmosphere (Schlesinger, 1997).

2. How will the world’s forests respond to elevated CO2, warming climate, and
increasing air pollution loading?

It is well known that atmospheric carbon dioxide (CO2) is rising globally
(Keeling et al., 1995) and that much of the increase in atmospheric CO2 is
due to elevated anthropogenic emissions (IPCC, 2001) and degradation of
tropical forests that would otherwise be larger CO2 sinks (O’Brien, 2000).
Concurrently, other greenhouse gases, such as methane and nitrous oxide, are
also increasing (Fig. 2). Together these greenhouse gases are trapping con-
siderable radiant energy near the Earth’s surface, resulting in the so-called
“greenhouse effect” of warming climate (Fig. 3). Simultaneously, the at-
mospheric concentration of tropospheric ozone (O3) is increasing (Fig. 4)
downwind of major metropolitan regions around the world such that nearly
50% of the world’s forests are expected to be at risk from levels of O3 over
60 ppb by the year 2100 (Fowler et al., 1999). In addition, particularly in
developing countries where industrialization and urbanization are expand-
ing at a rapid rate, levels of acidic deposition from sulfur and nitrogen ox-
ides emitted into the atmosphere are also increasing (Streets et al., 2000;
Streets and Waldhoff, 2000). Thus, our world’s forests will be exposed to a
combination of air pollutant stresses and rapidly changing climate over the
next century making it difficult to predict how forest ecosystems will respond.
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Figure 1. Global distribution of the world’s forests (from FAO, 2001).
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Figure 2. Historical atmospheric concentrations of carbon dioxide, methane, and nitrous oxides,
and sulphate aerosols deposited in Greenland ice (from IPCC, 2001).
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Figure 3. Variations of the Earth’s surface temperature for (a) the past 140 years and (b) the past
1000 years (from IPCC, 2001).
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Figure 4. Historical trends in tropospheric O3 (adapted from Marenco et al., 1994).

3. CO2

The rise in atmospheric CO2 has been described as an “all-you-can-eat-buffet”
for forest trees as CO2 is the basic building block of photosynthesis and as it
rises, trees have higher photosynthetic rates. On average, trees grown under el-
evated CO2 photosynthesize at about a 60% higher rate than under background
CO2 levels (Norby et al., 1999). In addition, trees growing under elevated CO2

generally have lower stomatal conductance and improved water use efficiency.
Short-term growth responses under elevated CO2 have predictably followed

the same trends as photosynthetic enhancement with average growth enhance-
ment being about 27% (Norby et al., 1999). However, it is difficult to extrap-
olate the results of the growth studies to growth trends for trees over their
life-times or for forest stands over their rotation as most growth studies have
been conducted:

• for a relatively short time (from less than one year to a few years) con-
sidering that forest trees have life times or rotation ages from decades to
centuries;

• for the most part, using small seedlings whose responses may or may not be
indicative of older and larger trees;

• in laboratory growth chambers, greenhouses, or open-top chambers with
trees grown in pots or with different environmental conditions (temperature,
light and humidity, for example) than trees would receive in the forests;

• free of weed competition; and
• with pest control.
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Table 1. Summary of growth responses for forest trees exposed to elevated CO2 in free-air CO2 exposure (FACE) experiments

FACE Species Soil Tree age Growth Growth References
experiment nutrients (yrs) enhancement acclimation

POPFACE Hybrid poplars Moderate 2 Yes (+10 to 11%)a – Gielen and Ceulemans, 2001
FACTS II Trembling aspen Moderate 5 Yes (+12% to+13%)b No Isebrands et al., 2001;

Percy et al., 2002
Paper birch Moderate 5 Yes (+24 to+25%)c No Karnosky et al., 2003
Sugar maple Moderate 5 Noc – Karnosky et al., 2003

Oak Ridge Sweetgum Low 20 Yes (+15 to+33%)d No Norby et al. 2001, 2002
FACTS I Loblolly pine Low 20 Yes (∼26%)d Yes DeLucia et al., 1999;

Oren et al., 2001;
Hamilton et al., 2002

aHeight.
bVolume.
cHeights and diameters.
dBasal area.
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Figure 5. The most common types of facilities used in CO2-enrichment studies (from Gielen and
Ceulemans, 2001). In addition, branch chambers have been useful for examining gas exchange
parameters of large trees in-situ (Teskey et al., 1991; Vann and Johnson, 1995).

Research on forest trees has evolved from controlled environment chambers to
open-top chambers and then on to studies utilizing natural CO2 springs or free-
air CO2 exposure (FACE) facilities (Fig. 5). Long-term growth studies around
CO2 vents and two of the former FACE experiments (the FACTS I loblolly
pine study and the Oak Ridge sweetgum study) (Table 1) suggest that growth
enhancement under elevated CO2 may be rather limited and that nutrient status
of the soils may drive the response. The two poplar experiments are being con-
ducted on soils higher in nutrients and growth enhancement has not diminished
through two years (POPFACE) or 5 years (FACTS II).

The effects of elevated CO2 on forest ecosystems are still being actively
studied. However, from the standpoint of individual trees, we know that el-
evated CO2 stimulates photosynthesis (Tjoelker et al., 1998; Noormets et
al. 2001a, 2001b), impacts foliar senescence in autumn (Karnosky et al.,
2003), and stimulates aboveground (Norby et al. 1999, 2002) and belowground
(King et al., 2001; Kubiske and Godbold, 2001) growth. Trees grown under
elevated CO2 generally have lower nitrogen concentrations in their foliage,
lower Rubisco concentrations (Moore et al., 1999), and altered defense com-
pounds (Lindroth et al. 1993, 1997) and altered levels of antioxidants (Polle et
al. 1993, 1997; Wustman et al., 2001). See Chapter 3 for more information on
CO2 effects on forest ecosystems.

4. O3

Evidence indicates that our emissions of nitrogen oxides (NOx = NO+ NO2)

and volatile organic compounds (VOCs) have significantly increased levels of
O3 over large regions of the globe (e.g., Crutzen, 1988; Marenco et al., 1994;
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Figure 6. Schematic representation of gas-phase chemistry resulting in the generation of ozone
and other by-products in polluted air. Primary pollutants, emitted from anthropogenic sources, are
shown in diamond-shaped boxes; secondary pollutants, formed as a result of atmospheric reac-
tions, are shown in circular boxes. PAN, peroxyacyl nitrate; VOC, volatile organic compounds
(from Barnes and Wellburn, 1998).

Yienger et al., 2000). Anthropogenically driven increases in tropospheric O3

form a large fraction(∼20%) of the estimated greenhouse effect (Hauglustaine
et al., 1994; Marenco et al., 1994; Kiehl et al., 1999; Berntsen et al., 2000). In
addition, increasing levels of “background” O3 are expected to affect strategies
for attainment of air quality standards in urban areas in the future (see below)
and increase the size of regions over which crop production is reduced due
to O3 damage (Chameides et al., 1994; Fowler et al., 1999). Finally, O3 is a
primary dfeterminant of the oxidizing strength of the troposphere, through its
photolysis in the presence of water vapor to form HO radicals, and changing
tropospheric O3 levels result in alteration of HO concentrations, impacting the
lifetimes of most potential pollutants in the troposphere (Thompson, 1992)
(Fig. 6).

Impacts on the tropospheric O3 budget on a global scale occur through two
mechanisms: (1) the production of O3 over regions of O3 precursor emis-
sions followed by export to the global atmosphere of a fraction of the O3

so produced, and (2) the export of O3 precursors followed by production of
O3 in regions remote from sources. Ozone production efficiency is non-linear
with respect to NOx concentration (Liu et al., 1987) and is NOx -limited in
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most of the non-urban troposphere (Crutzen, 1988). As a result, in-situ pro-
duction of O3 in remote regions as the result of exported nitrogen oxides is
expected to be more efficient than is production in source regions followed
by export of O3. Global model simulations indicate a significant impact of
long-range transport of peroxyacetyl nitrate (PAN) and its analogs upon NOx

levels in remote regions (Moxim et al., 1996; Horowitz and Jacob, 1999;
Levy II et al., 1999), and calculate that photochemical production is by far
the dominant source term in the O3 budget throughout the troposphere (Wang
et al., 1998). Impacts of precursor emissions from North America, Europe,
and Asia upon air quality in Europe, Asia, and North America, respectively,
are sufficient to potentially affect the ability of nations in the downwind re-
gions to attain air quality standards for O3, currently or in the future (Jacob
et al., 1999; Berntsen et al., 1999; Lin et al., 2000; Yienger et al., 2000;
Lelieveld et al., 2002). Impacts of long-range transport from Asia upon O3

in air reaching North America have been observed (e.g., at the Cheeka Peak
site (Jaffe et al., 1999)) and in northern California (Parrish et al., 1992), as
has transport from North America carrying elevated O3 to Europe (e.g., Stohl
and Trickl, 1999). Indeed, modeling analyses indicate that 20% of the vio-
lations of the European Council O3 standard that occurred in the summer
of 1997 would not have occurred in the absence of North American emis-
sions (Li et al., 2003). However, emissions of nitrogen oxides worldwide
are changing rapidly. Globally, emissions increases are expected to signif-
icantly enhance export, particularly from Asia; in contrast, it is likely that
an increasing emphasis upon NOx reductions to decrease O3 standard vi-
olations in the United States and Europe will result in declining nitrogen
oxides export from North America in the future (e.g., Jacob et al., 1999;
Jonson et al., 2001).

4.1. Worldwide O3 trends

While peak values of O3 around major metropolitan areas in the US have gen-
erally decreased over the past 20 years (Lin et al., 2001), background base
levels continue to increase worldwide (Fowler et al., 1998; Collins et al., 2000;
Derwent et al., 2002). Particularly noteworthy is the rapid increase in O3 levels
near major cities in developing countries in Asia (Aunan et al., 2000; Cheung
and Wang, 2001; Gupta et al., 2002), Central America (Raga and Raga, 2000;
Skiba and Davydova-Belitskaya, 2002), and South America (Romero et al.,
1999). Probably the highest O3 concentrations in the world now occur in the
vicinity of Mexico City which is faced with ideal conditions for photochemical
oxidant production (high elevation, high incident radiation that does not vary
significantly during the year, high daily temperatures, and high VOC and NOx
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emissions by mobile and fixed sources in the rapidly growing city (Raga and
Raga, 2000)).

4.2. Ozone and forests

Ozone is a highly reactive oxidative stressor that enters the plant through
the stomates and is highly reactive with cell walls and membranes in the
cells surrounding the stomatal cavity. Ozone causes degradation of chloro-
phyll (Keller, 1988) and rubisco, adversely affecting the important machin-
ery for photosynthesis (Coleman et al., 1995a). Ozone also induces premature
leaf abscission (Keller, 1988; Karnosky et al., 1996) and can affect leaf size
(Oksanen et al., 2001) and carbon allocation to roots (Coleman et al., 1995b;
Coleman et al., 1996). Ozone has also been implicated in weakening trees such
that they succumb to insect (Cobb and Stark, 1970; Percy et al., 2002) or dis-
ease (Karnosky et al., 2002) attacks. For agricultural crops in the US, it is
estimated that 90% of the crop loss caused by air pollution is the result of O3,
either alone or in combination with other pollutants (Heck et al., 1982). We
suspect a similar statement could be made for O3 and forest trees in North
America (McLaughlin and Percy, 1999).

The impacts of O3 on forest tree populations have been studied in con-
siderable detail. One of the first such problems to be diagnosed was the ox-
idant damage to ponderosa pine (Pinus ponderosa) over large areas of the San
Bernardino Mountains in southern California (Miller et al., 1963). Commu-
nity changes related to natural succession caused by interspecific variability in
response to oxidants were initially described in this region by Miller (1973).
He noted that mixed forests of ponderosa pine, sugar pine (Pinus lambertiana)
and white fir (Abies concolor) were changing to predominantly fir because
of the greater sensitivity of the pines to oxidants. Similar results have been
described for Jeffrey pine (Pinus jeffreyi) and ponderosa pine at several lo-
cations along the western slope of the Sierra Nevadas (Peterson et al., 1989;
Miller et al., 1996; Kurpius et al., 2002).

More recently, similar O3-induced population impacts have been noted in
the mountain pine forests surrounding Mexico City where O3 remains at
exceedingly high levels (100–200 ppb peaks or more) throughout the year
(Miller, 1993; Miller and Tejeda, 1994). In this area,Pinus hartwegii appears
to be the most highly sensitive to O3 and has been severely impacted since the
1970s (Hall et al., 1996) with widespread dieback and decline resulting in its
replacement in an extensive forest area surrounding Mexico City.

In the eastern United States, O3 has been linked to visible foliar injury
and growth decrease (Dochinger and Seliskar, 1970), decreased reproduction
(Benoit et al., 1983), and increased mortality rates (Karnosky, 1981) for eastern
white pine (Pinus strobus). Since the responses of eastern white pine appear
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Figure 7. Variation in aspen seedling biomass loss with year-to-year exposure variation: 1988 (A)
and 1989 (B) estimated exposures. PRBL calculated for each 20-km cell based on estimated ozone
exposure value (three-month SUM06) and Weibull parameters for each species’ response function
(from Hogsett et al., 1997).

to be highly heritable, the components are in place for Phase I of natural se-
lection, that is the elimination of sensitive genotypes. Since O3 sensitive geno-
types make up a relatively small portion of natural eastern white pine stands
and the selection pressure conveyed by O3 is rather low (Taylor and Pitelka,
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1991), the question has been raised: “Does it really matter if we lose these
sensitive genotypes?” Surely, this remains an openly debated and important
research topic.

Similar responses to O3 for sensitive genotypes of trembling aspen are ex-
pected. Evidence for population changes induced by O3 in trembling aspen
(Populus tremuloides) in the eastern United States are the studies by Berrang
et al. (1986, 1989, 1991) which have shown a strong positive correlation be-
tween O3 concentration at the population origin and the mean O3 tolerance
of the population. Populations from more heavily polluted areas tended to be
more tolerant of O3 than did populations from relatively pristine areas. As
in eastern white pine, O3 responses in aspen are highly heritable (Karnosky,
1977). Ozone has been shown to decrease aboveground biomass accumu-
lation by 20 to 40% or more for sensitive genotypes (Wang et al., 1986;
Karnosky et al., 1996) (Fig. 7) and 10 to 20% for more tolerant genotypes
of aspen (Karnosky et al., 1996; Isebrands et al., 2001).

Ozone can also affect the relative abundance of understory vegetation in
forests. Barbo et al. (1998) showed that O3 exposures can cause shifts in the
competitive interactions between plant species, thereby altering community
structure. These understory plant interactions could also influence the ability
of forest trees to naturally regenerate, grow and reproduce.

Not all tree species are susceptible to current levels of O3. For example,
Taylor (1994) has suggested that growth reductions for loblolly pine (Pinus
taeda) in the southeastern US are not occurring at current O3 levels. At the
other extreme of O3 effects is the Mexico City area where hundreds of thou-
sands of pine (Pinus spp.) trees are dying due to prolonged exposures to very
high levels of O3 (Hall et al., 1996). For the eastern United States, Chappelka
and Samuelson (1998) estimate that growth losses average about 0 to 10%.
Worldwide, Fowler et al. (1999) estimate that some 24% of the world’s forests
are currently exposed to damaging concentrations and that this number will
increase to 50% of the world’s forests by the year 2100.

There remain many unanswered questions about the effects of O3 on for-
est trees. The reader is referred to Chapters 4–13, 22 and 23 in this book for
additional research findings on O3 effects on forest trees.

5. Global warming

The global average surface temperature has increased since 1861. Over the
20th century the increase has been 0.6 ± 0.2 ◦C (Fig. 3). The 1990s was the
warmest decade and 1998 was the warmest year on record (IPCC, 2001). Fur-
thermore, the average nighttime temperature is increasing about 0.2◦C per
decade, twice as fast as daytime temperature increases.
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Figure 8. The global mean radiative forcing of the climate system for the year 2000, relative to
1750 (from IPCC, 2001).

While there is considerable debate as to the cause of the global warming,
the bulk of the scientific community has concluded that the causes of increas-
ing warming trends are dominated by anthropogenic forcing of the global en-
ergy balance, with a smaller contribution due to natural variability. Analysis
of the global mean radiative forcing of the climate system (Fig. 8) suggests
that anthropogenic greenhouse gases (CO2, CH4, N2O, halocarbons, and O3)
are largely responsible for global warming by trapping radiative heat near the
Earth’s surface (IPCC, 2001).

5.1. Future trends

Emissions of CO2 due to fossil fuel burning are virtually certain to be the dom-
inant influence in increasing atmospheric CO2 during the 21st century (Stott
et al., 2000; IPCC, 2001). Despite the Kyoto protocol in which countries have
pledged to cut back CO2 emissions, CO2 emissions continue to rise world-
wide. Efforts to reduce CO2 from the atmosphere have included strategies for
tree planting to sequester carbon (Sedjo, 1989; Sampson, 1992). While little is
known about how effectively trees will sequester carbon under elevated tem-
peratures and with increasing CO2 (Karnosky et al., 2001), the process of set-
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Figure 9. Dependence of ozone exceedance days on temperature from 1980 to 1996 for Wauke-
sha, Wisconsin (from Wisconsin Department of Natural Resources, 1997).

ting up methods to monitor, evaluate, report, verify and certify forestry projects
for climate change mitigation is moving forward (Vine et al., 2001) and tree
planting is being counted on as one of the key methods to stabilize atmospheric
CO2 concentrations (Swart et al., 2002).

Increases in tropospheric O3 are believed to have caused a warming ef-
fect which is about 15 to 20% of that due to CO2 and other greenhouse
gases (Hauglustaine et al., 1994; Kiehl et al., 1999; Berntsen et al., 2000;
Shine, 2001). Tropospheric ozone is also expected to continue to increase
through the 21st century (Stevenson et al., 1998; Brasseur et al., 1998;
IPCC, 2001). The complicated interrelatedness of increasing global temper-
ature and ozone suggests that tropospheric ozone will increase under global
warming for two reasons. First, the reactions in tropospheric O3 formation
(Fig. 6) are enhanced as temperatures increase and there is a well known
link of elevated tropospheric O3 and high temperatures (Fig. 9). Second, as
temperatures increase, trees and other plants emit larger amounts of volatile
organic compounds (VOC) (Monson et al., 1995) which rapidly react with
hydroxyl radical (OH), O3, and nitrate (NOx ). Such reactions can, among
other things, enhance O3 (Fuentes et al., 2001). Currently, estimated global
VOC emissions total 1150 Tg yr−1, or about an order of magnitude greater
than VOC emissions from anthropogenic sources (Guenther et al., 1995;
Komenda et al., 2001). Modelled estimates of VOC emission increases in the
next century under warming temperatures suggest VOC emissions could dou-
ble (Constable et al., 1999), although research is needed to more accurately
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Figure 10. Direct and indirect effects of temperature on net primary production (NPP), het-
erotrophic respiration(Rh), and net ecosystem production (NEP). Soil organic matter is labeled
as SOM (from Shaver et al., 2000).

ascertain how environmental changes will affect VOC emissions (Fuentes et
al., 2001).

5.2. Global warming and forests

Temperature affects virtually all chemical and biological processes in plants
so it is likely the effects of global warming will be dramatic and complex
for forest ecosystems (Melillo et al., 1993; Shaver et al., 2000). For exam-
ple, the complexity of temperature effects can be seen in an examination of
the carbon budget under elevated temperature (Fig. 10) where temperature
is seen affecting rates of N mineralization, soil moisture content and precip-
itation, and measures of growth (NPP) and heterotrophic respiration(Rh).
The balance between these two processes determines net ecosystem produc-
tion (NEP) which is yet difficult to accurately predict (McNulty et al., 1996;
Nabuurs et al., 2002) resulting in model projections suggesting that global
forests could be carbon sinks or sources in the future (Dixon et al., 1994).

While we know very little about net ecosystem production under global
warming, it is generally believed that soil respiration increases exponen-
tially with an increase in soil temperature (Raich and Schlesinger, 1992;
Atkin et al., 2000). This is particularly significant as we realize that the 3 m of
soil are estimated to contain 2344 Pg of organic carbon (C), which is known
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Figure 11. The global carbon cycle. All pools are expressed in units of 1015 gC and all fluxes in
units of 1015 gC/yr (from Schlesinger, 1997).

to interact with the atmosphere (Jobbagy and Jackson, 2000). Considering the
importance of forest soils in storing C (Fig. 11), the potential for soil carbon
to be respired at unprecedented rates into the atmosphere presents another po-
tential very large source of CO2 in the atmosphere. Particularly vulnerable to
increased soil warming are the forest soils in boreal and arctic regions which
represent 20 to 60% of the global soil carbon pool and where low temperatures
and permafrost currently limit decomposition (Hobbie et al., 2000). Rates of
fine root turnover are also strongly temperature dependent so that there is a
great deal of uncertainty as to how root systems will respond to global warm-
ing (Pregitzer et al., 2000).

Among the most certain changes predicted to occur under global warm-
ing in forest ecosystems are for species composition and ranges to be altered
(Pitelka, 1997; Iverson and Prasad, 1998; Bakkenes et al., 2002). Examination
of past range changes provides insights into the potential for range changes
to occur under the rapid global warming (Davis et al., 1986; Fig. 12). While
trees have considerable genetic diversity and capacity to evolve in the face
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Figure 12. Isopoll maps of American beech (Fagus grandifolia) in the eastern USA from 12000
BP to the present day (isopolls at 1, 5, and 10%) (from Davis et al., 1986).

of changing climate (Bradshaw and McNeilly, 1991), it is likely that major
changes in ranges will take place (Pitelka, 1997). Particularly pronounced
changes will likely occur in boreal regions and boreal treeline species that may
be among the most vulnerable (MacDonald et al., 1993; Makinen et al., 2000;
Lloyd and Fastie, 2002) where trees are currently growing at the cold mar-
gins of the forest. In addition to direct responses to temperature changes,
climate change can affect forests by altering the frequency, intensity, dura-
tion and timing of fire, drought, introduced species, insect and pathogen out-
breaks, hurricanes, wind storms, ice storms, frost occurrence and landslides
(Dale et al., 2001). The rapid nature of today’s climate change challenges trees
adaptive capability to migrate (Davis and Shaw, 2001). This rapid rate of cli-
mate change, coupled with land use changes such as habitat fragmentation
by human development that impede gene flow, can be expected to disrupt
the interplay of adaptation and migration, likely affecting forest productiv-
ity and threatening the persistence of many species (Davis and Shaw, 2001;
Rehfeldt et al., 2002).

Another major change related to global warming is the noticeable change of
the phenology of bud break and bud set. Earlier dates of average spring bud
break and later dates of fall bud set have been detected resulting in a longer
growing season in forest trees around the world (Menzel and Fabian, 1999;
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Menzel, 2000; Penuelas and Filella, 2001; Parmesan and Yohe, 2003). This
lengthening of the growing season may have already contributed to increased
biomass accumulation (Menzel and Fabian, 1999) and is likely affecting insect
and animal phenology and bird migration patterns (Penuelas and Filella, 2001).

Forest insect and disease pests are likely to be also changing as a result of
global warming (Cannon, 1998; Harrington et al., 1999; Chakraborty et al.,
2000; Volney and Fleming, 2000; Bale et al., 2002). For example, the change
in forest tree phenology described above must be met with changes in insect
phenology or they will hatch out at a time when there is no foliage at a proper
stage for feeding. The effects of asynchrony of insect egg hatch and budbreak
was seen over large parts of the northern Great Lakes region in the spring of
2002 as a late spring due to cold temperatures resulted in delayed aspen bud
break, after the majority of forest tent caterpillars had hatched. This resulted in
a high mortality rate in the otherwise peak cycle forest tent caterpillars (Matt-
son, personal communication).

The occurrence and abundance of various insects and disease pests are gen-
erally predicted to increase under global warming (Chakraborty et al., 2000;
Bale et al., 2002). Especially worrisome is the possibility of major forest pests
moving northward into temperate forests that were growing in areas with win-
ter temperatures limiting southern forest pests. For example, the pine wood
nematode has generally been a major nuisance only in subtropical or south-
ern temperature forests (Suzuki, 1999). This serious pest of pines will likely
become a major pest problem in the prime northern pine species such as
loblolly pine in the US and Scots pine in Europe. Furthermore, non-indigenous
species are likely to be particularly opportunistic under global warming (Can-
non, 1998).

The availability of water resources of forests under global warming is likely
to become an ever-increasing concern as droughts are predicted to be more
common in many parts of the world where forests are already facing common
moisture stress problems (Hanson and Weltzin, 2000). This could be a criti-
cally important factor, more important than temperature changes, for arid and
semi-arid tropical forests that are just marginally alive (Desanker and Justice,
2001; Hulme et al., 2001). See Chapter 3 for more on global warming.

6. Sulfur and nitrogen oxides and acidic deposition

The burning of fossil fuels, particularly coal, has been responsible for deposi-
tion of sulfur and nitrogen to forest ecosystems around the world. These pollu-
tants can be transported long distances from tall smokestacks and they can be
deposited either in precipitation or in particulate form. The principal forms of
impact are acidification, caused by both sulfur and nitrogen, and eutrophication
of lakes and streams, caused by nitrogen (Hirst et al., 2000).
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Figure 13. SO2 and NOx emissions in the United States from 1980 through 1997. The target
SO2 emissions were based on the 1980 emission levels (from Lynch et al., 2000).

Forest dieback due primarily to the burning of soft coal, which is particu-
larly high in sulfur content, has occurred over some 2.8 million ha in Europe,
primarily in the region of the “Black Triangle” near the common borders of the
Czech Republic, Germany, and Poland (Percy, 2002). The International Coop-
erative Programme on Assessment and Monitoring of Air Pollutant Effects on
Forests (ICP Forests) has identified defoliation rates of 39.7% in Poland and
71.9% in the Czech Republic (EC/PHARE, 1999).

While pollution control legislation in the United States (Furiness et al., 1998;
Lynch et al., 2000) and Europe (Erisman et al., 1998; Alewell et al., 2000)
have produced reductions in sulfur emissions (Figs. 13 and 14) and deposi-
tion (Fig. 15), nitrogen emissions have continued to rise (Fowler et al., 1999;
Lynch et al., 2000; Galloway and Cowling, 2002; Galloway et al., 2002). Con-
siderable areas of forests in Europe still have nitrogen and sulfur deposition
above levels referred to as critical loads (the deposition a natural area can
stand without damage) (Hirst et al., 2000). The impacts of acidification on
forests are numerous including: soil acidification, leaching of nutrients from
foliage and soils, volatilization of ammonia from the soil, mobilization of toxic
minerals such as Al from soils, and alteration of fine root turnover, frost har-
diness, mycorrhizal fungi associations and foliage retention (Aber et al., 1989;
Jeffries and Maron, 1997). Calcium nitration resulting in membrane destabi-
lization has also been associated with decline of spruce trees due to acid rain
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Figure 14. Trends in sulfur deposition (top) and sulfur in streams (bottom) in Europe from 1900
to 2050 (from Alewell, 2001).

(DeHayes et al., 1999). Forests in which nitrogen deposition is no longer pro-
viding a net fertilization effect are referred to as nitrogen saturated. The classic
example of this continues to be the forests in the San Bernardino Mountains in
the Los Angeles air basin which have received high impacts of nitrogen depo-
sition for the past 60 years or more (Bytnerowicz and Fenn, 1996; Bytnerowicz
et al. 2002a, 2002b).

Fowler et al. (1999) predicts a six-fold increase in the area of global forest
at risk from acidification between 1985 and 2050, with the majority of the
increase being from subtropical and tropical forest regions. The majority of
these increases will come from developing countries in Asia (Figs. 16 and 17)
(Arndt et al., 1997; Lefohn et al., 1999; Streets et al., 2000). Huge increases in
both nitrogen and sulfur emissions are predicted for the rapidly industrializing
countries of China (Streets and Waldhoff, 2000; Vallack et al., 2001) and India
(Parshar et al., 1998). See Chapters 14–18 for more on these pollutants.

7. Other air pollutants

In this short review, we have not attempted to comprehensively describe all
air pollutants that impact forests. While the largest acreages worldwide im-
pacted by air pollution are those affected by O3 and acidic deposition, there
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Figure 15. Recent patterns of wet deposition before and after the implementation of the 1990
Clean Air Act Amendments (CAAA) (from Driscoll et al., 2001).
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Figure 16. The emission of sulfur(s) to the atmosphere in 1980 compared to 2020 with no change
and with a change in per capita energy consumption (from Galloway, 1989).

are large areas of forests worldwide that are impacted by particulate pollution
(Kretzschmar, 1994; Edgerton et al., 1999), heavy metals (Mankovska, 1997a,
1997b; Straszewski et al., 2001), gaseous sulfur dioxide (Arndt et al., 1997;
Streets et al., 2000; Vallack et al., 2001) and various other photochemical ox-
idants (Parshar et al., 1998; Streets and Waldhoff, 2000; Vallack et al., 2001;
Derwent et al., 2002). With the exception of the regional photochemical oxi-
dant problems, these are generally point-source pollutants around major facto-
ries or power plants. While these were very common in the early industrializa-
tion periods of western countries, they have largely been cleaned up. However,
they are still significant problems in developing countries (Arndt et al., 1997;
Vallack et al., 2001; Gupta et al., 2002; Skiba and Davydova-Belitskaya, 2002)
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Figure 17. The emission of nitrogen (N) to the atmosphere in 1980 compared to 2020 with no
change and with a change in per capita energy consumption (from Galloway, 1989).

and in countries in transition from the communist influence (Mankovska,
1997a, 1997b; Straszewski et al., 2001).

8. Pollutant interactions

Although we have discussed the various air pollutants individually, they sel-
dom occur as individual pollutants (Fig. 6). More often, forests are faced
with interacting pollutants which may counteract or exacerbate one another
(Krupa and Kickert, 1989; Kickert and Krupa, 1990; Isebrands et al., 2000;
Karnosky et al., 2001). For example, both elevated CO2 and low levels of
nitrogen deposition generally have stimulatory effects on forest tree growth
and reproduction while excess nitrogen, sulfur oxides, O3 and other air pol-
lutants generally negatively impact forest ecosystems. Thus, predicting out-
comes of multiple pollutant interactions for forest ecosystems is difficult, es-



Air pollution and global change 25

Figure 18. Interactions among environmental factors that are subject to change through human
activities, and major processes affecting carbon, water, and nitrogen dynamics in forest ecosystem.
(+) Indicates an enhancement, and(−) a suppression, of the receptor process (from Aber et al.,
2001).

pecially since these interactions are also affected by other environmental vari-
ables such as temperature, relative humidity, and soil moisture (Fig. 18), land-
use (Caspersen et al., 2000), and they can also be affected by competitive en-
vironment of the forest (Fig. 19). Also, far less research has been done on
interacting pollutants than on single pollutants.

In what turned out to be a classic pollutant interaction, many eastern white
pine trees in the Ohio River Valley began showing symptoms such as tip-
burned and shortened needles, poor needle retention, and stunted growth in the
1960s. The cause was later found to be a synergistic interaction of moderately
elevated levels of O3 and SO2 (Dochinger et al., 1970; Costonis, 1970).

Probably the most studied interaction with forest trees is that of elevated
CO2 and O3. Since these two pollutants are increasing in the troposphere at
about the same rate (IPCC, 2001), this interaction will impact large areas of
future forests. Fowler et al. (1999) estimate nearly 50% of the world’s forests
will be exposed to O3 concentrations greater than 60 ppb by the year 2100.
Atmospheric CO2 levels are expected to be doubled over current levels by
then (Stott et al., 2000; IPCC, 2001).

This is a complex interaction that is affected by concentrations of the two
interacting pollutants, the species and genotypes involved as considerable ge-
netic variation in responses to both of these pollutants occurs, and it can also be
affected by other stresses such as competition (McDonald et al., 2002), drought
stress or nitrogen additions (Karnosky et al., 1992). Thus, it is not surprising
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Figure 19. Standardized net growth (SNG) responses averaged during the 1998–2001 period for
mixed-clone aspen stands exposed to combinations of ambient and elevated CO2 and O3. Bars
represent least-squares mean estimates (LS means)±1 SE for individual clones, with the average
response across clones identified as ‘All clones’. Shaded bars, ambient CO2 treatments; unshaded
bars, elevated CO2 treatments; open bars, ambient O3 treatments; hatched bars, elevated O3 treat-
ments. The competition status indices (CSI) for this analysis were means of annual CSI values
during the 4-year period, with competitively advantaged(+) and disadvantaged(−) LS means
calculated at±90 cm values of the CSI covariate. The dashed horizontal lines denote SNG re-
sponse in competitively ‘neutral’ (CSI= 0), ambient conditions, for reference. Analysis of covari-
ance (ANCOVA) results for fixed effects of atmospheric treatments, clone and their interactions
under competitively advantaged, neutral and disadvantaged conditions are reported next to each
panel (from McDonald et al., 2002).
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Figure 20. Relative effects of controlled exposure to elevated CO2 on normalized plant growth
under CO2 alone (striped bars; 500–713 µmol mol−1 CO2) and elevated CO2 plus ozone (dot-
ted bars) (Modified and expanded from Barnes and Wellburn, 1998). Data presented for wheat
(Triticum aestivum) taken from Barnes et al. (1995); Rudorff et al. (1996); McKee et al. (1997);
Bender et al. (1999) and Hudak et al. (1999); other crops including soybean (Glycine max) taken
from Heagle et al. (1998) and Miller et al. (1998), tomato (Lycopersicon esculentum) taken from
Olszyk and Wise (1997) and Hao et al. (2000), rice (Oryza sativa) taken from Olszyk and Wise
(1997), potato (Solanum tuberosum) taken from Donnelly et al. (2001) and Lawson et al. (2001),
and corn (Zea mays) taken from Rudorff et al. (1996); hardwood trees including hybrid poplars
(Populus hybrids) taken from Dickson et al. (1998), trembling aspen (Populus tremuloides) taken
from Volin and Reich (1996), Volin et al. (1998), and Isebrands et al. (2001), and oak (Quercus pe-
trea) taken from Broadmeadow and Jackson (2000); and conifers including ponderosa pine taken
from David Olszyk (personal communication) and Scots pine (Pinus sylvestris) taken from Broad-
meadow and Jackson (2000) and Utriainen et al. (2000). Each pair of bars represents one species
(Karnosky et al., 2003).

that some conflicting results have been found. For example, with trembling
aspen, Volin and Reich (1996) and Volin et al. (1998) suggest that elevated
CO2 ameliorates the effects of O3 on photosynthesis and growth while Kull
et al. (1996), Isebrands et al. (2001), Wustman et al. (2001), McDonald et al.
(2002), and Mankovska et al. (2003) suggest that CO2 does not ameliorate and
in some cases it exacerbates the negative effects of O3. The results of numerous
CO2/O3 interaction studies that have examined growth or biomass production
are shown in Fig. 20. See Chapters 19–23 for more on pollutant interactions.

9. Management of genetic resources for future forests

While there has been a great deal of research on the impacts of air pollution
and climate change, there has not yet been much research on the possible con-
sequences of these effects on managed forests (Lindner, 2000). One area par-
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ticularly important in future managed forests is the genetic makeup of these
forests.

Tree breeding and genetic selection has generally involved either plus tree
selection followed by progeny testing or provenance testing followed by
progeny testing of superior phenotypes. Then, seed orchards have been es-
tablished and rogued to provide the seed for the next generation. This process
has continued with advanced generation selection and breeding in a few com-
mercially important tree species. In all facets of these programs, selection is
done based on the conditions prior to selection and for the most part these se-
lections are not done on the basis of predicted pollution and climate scenarios
that will be in place during the rotation of the commercial forest. Screening
and selection of genotypes suitable for future pollution and climate scenarios
is generally thought to be nearly impossible because of the complexity and cost
of such programs. Thus, an alternative strategy in which a wider genetic base is
maintained in our breeding population is essential for developing future forests
(Namkoong, 1991). Maintaining large amounts of genetic diversity will in-
crease the probability that adequate adaptability is maintained to meet rapidly
changing environmental conditions (Gregorius, 1986; Müller-Starck, 1989;
Koski, 1996; Rehfeldt et al., 1999). Planting a diverse array of species, seed
sources, or families, is a hedge against the uncertainty inherent in current pro-
jections of warming (Ledig and Kitzmiller, 1992).

Alternative strategies are also needed to insure that gene banks, clone banks,
seed zones, seed collection areas and other in-situ conservation strategies are
maintained in multiplicative manner such that the changing pollution and/or
climate scenarios will not result in the loss of such collections from single
vulnerable test sites (Martin, 1996; Hannah et al., 2002). Given the past sev-
eral decades of “laissez-faire” attitude towards traditional genetic field trials
and field conservation efforts, this need to conserve forest genetic resources in
multiple amounts may help genetics regain prominence amongst the forestry
community.

10. Conclusions and knowledge gaps

10.1. Air monitoring

• The global distribution of air pollution is just being elucidated. An impor-
tant research need is to develop ways to sort out the relative global versus
national contributions to important air pollutants such as NOx and O3.

• The actual concentrations of important pollutants, such as NOx , SO2, and
O3, in forested areas of the world continue to be largely unknown. Devel-
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opment and strategic deployment of relatively inexpensive passive monitors
offer many opportunities to address these questions in forested areas.

10.2. Increasing CO2 and global warming

• CO2 continues to increase in the atmosphere. The effects of elevated CO2
on long-term forest productivity, ecosystem stability, and genetic diversity
of forests are largely unknown.

• Global warming is now indisputedly taking place at unprecedented rates.
The rate of change in species composition and function is largely specula-
tion at best and needs solid research attention. The possible expansion of
insect and disease pests under warming climates and less harsh winters has
important forest ecosystem implications and is critically important to study.
Finally, the usefulness of tree planting and improved forest management for
increasing C sequestration in forest ecosystems is largely unknown. Thus,
research on carbon budgets and CO2 mitigation potential of various forestry
practices are important research areas to address.

10.3. S and N oxides and acidification

• While great improvements in acidic deposition have been made in several
western countries, S and N deposition are increasing in many developing
countries and the effects of these problems are not well understood.

10.4. Other air pollutants (particulates, heavy metals, etc.)

• The forests of many of the former Eastern Bloc countries suffered from de-
position as particulates and heavy metals, as well as from acidic deposition.
The restoration of forest ecosystem degraded by air pollution, particularly in
countries in transition from a Communist government, remains a very high
priority for much of Eastern Europe.

10.5. Pollutant interactions

• While local large-scale deposition of single pollutants can often cause local
damage to forest ecosystems around pollution point sources, most modern
air pollution problems are more regional in distribution. Thus, complex air
pollution interactions with other air pollutants, with environmental variables
such as temperature, relative humidity, light, and soil moisture, and with
other stresses such as drought, low fertility, or insect or disease pests often
occur. Without exception, pollutant interactions have not been studied to the
same detail as have single pollutants. Furthermore, modellers have largely
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ignored pollutant interactions in their global projections of net ecosystem
carbon budgets.

10.6. Managing future forests

• Our future forests will continue to be exposed to unprecedented global envi-
ronmental changes. Thus, it is critically important that the case for reforesta-
tion programs include high genetic diversity. Studies comparing the effects
of global change on genetically diverse versus genetically disparate com-
munities are critically needed. Deployment strategies for maximizing forest
productivity, while optimizing genetic diversity, are needed for the forest
products industry as well as for forests designed to sequester carbon.
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