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SUMMARY 

Investigations have been carried out to examine what is known 
about the role of air pollutants and their potential to cause 
reductions in forest productivity and/or alteration of 
traditional quality characteristics of wood produced in North 
America. A review of the scientific literature on the subject 
reveals that conclusive evidence of the effects of atmospheric 
pollution on forest growth exists only in relation to local 
sources of pollution such as metal smelters, coal-fired 
generating plants, etc. Although there is no "proof" that 
regional-scale pollution at persistent low concentrations is 
harming North American forests, there is a host of circumstantial 
evidence and there are recognizable changes in the growth and 
condition of the forests for which no explanation is available. 

Information on the influence of atmospheric pollution on 
characteristics and properties of wood originates mainly from the 
German literature. At present, all investigations of anatomical 
and chemical characteristics and of physical and mechanical 
properties of wood indicate that there are no substantial 
differences associated with the origin of wood from healthy as 
opposed to declining trees. With regard to wood production, on 
the other hand, there is abundant evidence from both Europe and 
North America indicating that substantial reductions in growth 
and productivity of the forest are prevalent over large areas. 

Samples of tree stems that we examined generally showed that very 
significant reductions in growth rate have occurred during the 
past two to three decades. Red spruce samples from Whiteface 
Mountain N.Y. also showed some changes in wood characteristics 
including a reduction in the difference in density between the 
latewood and the earlywood portions of the most recent annual 
layers and a decline in the overall density of this wood. 
Results of chemical analyses on samples of wood comprising the 
last twenty-five year's growth were not substantially different 
from those for samples comprising the growth of two earlier 
periods dating back to 1920. 
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1.0 OBJECTIVES 

To evaluate current information on the influence of atmospheric 
pollution on wood production and wood quality and to carry out 
some limited investigations to provide a basis for making a 
recommendation concerning the future role of Forintek in this 
area. 

2.0 INTRODUCTION 

Air pollutants and acids generated by ontogenetic activities are 
now entering forests at an unprecedented scale and rate. Many 
forests in Europe and North America now receive as much as 30 
times more acidity than they would if rain and snow were falling 
through a pristine atmosphere. Ozone levels in many rural areas 
of Europe and North America are now regularly in the range known 
to damage trees (Postel, 1984). 

A comprehensive look at forest damage reveals multiple pollutants 
- including acid-forming sulphates and nitrates, gaseous sulphur 
dioxide, ozone and heavy metals - that acting alone or together 
place forests under severe stress. Needles and leaves yellow and 
drop prematurely from branches, tree crowns progressively thin 
and ultimately trees die. Even trees that show no visible sign 
of damage may be declining in growth and productivity. Moreover, 
acid rain's tendency to leach nutrients from sensitive soils may 
undermine the health and productivity of forests long into the 
future. Taken together, these direct and indirect effects 
threaten not only future wood supplies but the integrity of whole 
ecosystems on which society depends. 

While the potential influences of atmospheric pollution on 
forests have been recognized for more than a century, the 
intensity and scope of concern over pollution-related forest 
effects has increased most rapidly in the last four or five 
years. Recent reports of loss of vigour and increased mortality 
of some forest tree species in several European countries, 
incuding West and East Germany, Austria, Poland, Czechoslovakia, 
Switzerland, France, England and Sweden, as well as in the u.s. 
and Canada, have focused intense interest on documenting the 
geographical extent, causes, and potential ecological and 
economic consequences of these changes (McLaughlin, 1985). 

Atmospheric pollution attributed to increased combustion of 
fossil fuels in recent decades has been implicated as a potential 
contributing factor. Although scientists cannot yet fully 
explain how this forest destruction is occurring, air pollutants 
and acid rain are apparently stressing sensitive forests beyond 
their ability to cope. Weakened by air pollutants, acidic and 
impoverished soils, or toxic metals, trees loose their resistance 
to natural events such as drought, insect attacks and frost. In 
some cases, the pollutants alone cause injury or growth declines. 
The mechanisms are complex and may take decades of additional 
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research to fully understand. But this growing body of 
circumstantial evidence is one more telling sign that fossil fuel 
consumption has ecological limits and that society will pay a 
price for overstepping them. 

The forest products industry is concerned about any decline in 
the health and productivity of the forest because the industry 
depends upon healthy and productive forests for its raw material 
supply. The present report is prepared from a forest products 
perspective and is aimed at evaluating the influence of 
atmospheric pollution on wood production and quality. The 
question of wood quality does not present any particular 
difficulty to isolate and examine. Furthermore, the number of 
investigations dealing with the effects of pollution on structure 
and properties of wood is not very large. Wood production, on 
the other hand, is so bound-up with the matter of forest and tree 
growth and vigour that the reviewer soon finds himself involved 
with all the classical problems relating to pollution and forest 
ecosystems. On this last matter, there has been a great deal of 
activity in recent years and the volume of literature is 
enormous. Fortunately, a number of excellent reviews of the 
subject are available (Smith, 1981; Fernandez, 1983; Morrison, 
1984; McLaughlin, 1985) and it is not my intention to duplicate 
that effort. 

3.0 BACKGROUND 

3.1 SCALE OF AIR POLLUTANTS 

Despite much uncertainty concerning the complex relationships 
between air pollutant deposition and forest vegetation and 
ecosystem health, it is appreciated that plant response varies 
with pollutant dose. Dose varies with the scale of pollution and 
can conveniently be designated: local, regional or global. 

3.1.1 Local-Scale Air Pollutants 

During the first two thirds of the twentieth century, research 
and regulatory efforts were focused on local air pollutants and 
acute vegetative effects. Pollutants of primary concern were 
sulphur dioxide, particulate and gaseous fluoride compounds and 
heavy metals such as lead, copper and zinc. The sources of these 
pollutants were and are typically discrete and stationary and 
include: facilities for energy production, for example, fossil-
fuel electricity generating plants; gas purification plants; 
metal related industries, for example, copper, nickel, lead, zinc 
or iron smelters; cement plants; chemical and fertilizer plants 
and pulp mills. 

The above pollutants are considered local-scale because the 
forest areas directly affected are typically confined to a zone 
of a few kilometres immediately surrounding the plant and for a 
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distance of several to tens of kilometres downwind. The 
dimensions of the surrounding and downwind zones of influence are 
variable and primarily controlled by source strength of the 
effluent, local meteorology, regional topography and 
susceptibility of vegetation. In any case, the forest influence 
is confined to a region generally less than a thousand hectares. 

High deposition of local air pollutants has caused documented 
forest destruction (Fox, et al, 1985; Hutchinson, 1976; Linzon, 
1958; 1965; 1966; Miller and McBride 1975). High sulphur dioxide 
or fluoride doses severely injure or kill forest trees. The 
ecosystems of which the trees are a part are simplified (i.e. 
reduced to fewer species), lose nutrients, sustain soil erosion, 
have microclimates and hydrologic patterns altered and ultimately 
they are destroyed or converted to more resistant seral stages. 
Early in this century, sulphur dioxide and trace metal pollution 
destroyed forests surrounding metal smelting facilities at 
numerous locations throughout North America. Smelting centred in 
Ducktown, Tennessee devastated the southern hardwood forest over 
27 km 2 surrounding the plant, converted an additional 68 km 2 to 
grassland and created a 120 km 2 transition zone with altered 
species composition (Smith, 1985). Smelters in the Sudbury, 
Ontario area have caused simplification of the surrounding mixed 
boreal forest and have caused eastern white pine mortality in a 
1865 km 2 zone to the northeast (Hutchinson, 1976; Linzon, 1958). 
Aluminum reduction plants have also caused local forest 
destruction through fluoride pollution in Montana, Washington and 
British Columbia. 

High dose local scale pollution is characterized by symptoms that 
are typically acute, dramatic and obvious. This is in marked 
contrast to lower-dose regional-scale pollution where the symptoms 
are typically not visible (at least initially) undramatic and not 
easily measured. 

Regional-Scale Air Pollutants 

The designation "regional" is applied because these pollutants 
may affect forests tens, hundreds, or even thousand of kilometres 
from their site of origin. The regional air pollutants with the 
greatest documented or potential influence for forests include: 
oxidants, most importantly ozone; trace metals, most importantly 
heavy metals - e.g. cadmium, chromium, copper, iron, lead, 
manganese, mercury, nickel, silver, thallium, vanadium zinc; and 
acid deposition, most importantly sulphuric and nitric acids. 

Ozone, sulphuric and nitric acids are termed secondary air 
pollutants because they are synthesized in the atmosphere rather 
than released directly into the atmosphere. The precursor 
chemicals, released directly into the atmosphere and causing 
secondary pollutant formation, include hydrocarbons and nitrogen 
oxides in the case of ozone, and sulphur dioxide and nitrogen 
oxides in the case of sulphuric and nitric acid. Human 
activities associated with combustion (particularly coal burning) 
can contaminate small particles in the atmosphere (approx. 0.1 um 
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diameter) with trace metals. Because the formation of secondary 
air pollutants may occur over tens or hundreds of kilometres from 
the site of precursor release, and because small particles may 
remain airborne for days or weeks, these pollutants may be 
transported 100 to more than 1000 kilometres from their origin. 
Eventual wet and dry deposition of pollutants onto lakes, fields 
or forests may occur over large rather than small areas. 

Data on ozone concentrations in remote areas of u.s. National 
Forests suggest that long-range transport of air masses 
contaminated by urban centres contributed to peak concentrations 
at remote-sites (Evans et al, 1983). Pratt et al (1983) 
presented evidence thatC>zone and transported 
into rural areas 275 km from Minneapolis-St. Paul. Studies on 
trace metal concentrations in the atmosphere in remote northern 
and southern hemispheric sites revealed that the natural sources 
include the oceans and the weathering of the earth's crust, while 
the major anthropogenic source is particle air pollution. 
Murozumi et al (1969) showed that long-range transport of lead 
particles:from automobiles significantly polluted polar glaciers. 
Smith (1985) estimated the annual lead deposition on a remote 
northern hardwood forest in New Hampshire to be 226 g/ha in 1978. 
This caused lead contamination of the forest floor 5-10 times 
greater than the estimated pre-industrial concentration (Smith 
and Siccama, 1981). 

Deposition of regional pollutants subjects forests to different 
perturbations than local-scale pollutants because the doses are 
less. Rather than severe tree morbidiy or mortality with 
dramatic symptoms, regional pollutants subtly change tree 
metabolism and ecosystem processes. 

Regional air contaminants may influence reproductive processes, 
nutrient uptake or retention, metabolic rates (especially 
photosynthesis), and insect pest and pathogen interactions of 
individual trees. At the ecosystem level, regional air 
pollutants may influence nutrient cycling, population dynamics of 
arthropod or microbial species, succession and biomass 
production. The integration of regional pollutant stresses is 
slower growth, altered competitive abilities and changed 
susceptibility to pests. Ecosystem symptoms may include altered 
rates of succession, changed species composition and biomass 
production. Symptom development is, of course, much slower at 
the regional scale. Evidence of the relative importance of 
regional pollutants is variable, caused in part by the length of 
time that has been devoted to the study of individual pollutants 
and in part by the subtleness and complexity of the pollutant 
interactions. The toxicity of trace metals has been studied for 
approximately 60 years, of ozone approximately 25 years and of 
acid deposition approximately 10 years. 

Table 1 suggests the relative strength of evidence for forest 
responses to regional pollutants. A review of the column totals 
suggests we know most about the regional effects of oxidants, 
less about regional effects of trace metals and least about 
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Table 1 

Relative Strength of Evidence (Quantity/Quality)* Available 
to Support Forest Ecosystem Interaction with Regional** Air 
Polluta11ts. 

Acid Ecosyst.e. pr ocess/ca.pa ••t pertu-belt ion 
eet•ls Deposition Total 

I. r-..tr i ent eye ling 

1.increase nutrient av•ilability 
•· inct""'e.se input ( f'ert i lizat ion) 
b. increase so i 1 we•ther i':'9 

2.decrease nutient .v•ilabil1ty 
•.reduce litter deca.position 
b.increase soil 
c.increase soil <cation) leaching 
d. decrease •icrobial sy8bioses 

II.primary producers<trees) 

1. reproductive physiology 
a.reduce f'lowering 
b.reduce pollen productionl•etabo 
c.reduce cone/seed set 
d.reduce seedling survival 

2.f'oliar physiology 
a.reduce 
b. increase Ccat1on> leaching 
c.incre•se necrosis 

3.root physiology 
a.decrease water/nutrient uptake 
b.increase necrosis 

4.reduce tree growth 

1. artf:aropod pest .ctivity 
•• 1ncrease 
b. decrease 

pathogen 
a.1ncrease 
b. decrease 

3.other pest activity (viruses,bacteria 

a.1ncrease 
b. decrease 

4.wildlif'e Cbird/aaemal> 
a. reduce f'ood 

activity 

habit..t 
c.increase 80rbidity/mortality 

IV. ecosysta. succession/species 
callpOSi tion (c-..se alteration) 

V • .cosyste.n ei::uct i vi ty <increase/ 
decre.se ioaass accu-.Jlat ion> 

TOT Fl.. 
Source:W.H.S.ithC1985>. 

*ttYi denctt sc•l• 
of' loc.l •ir pollution ef'f'ects within 

of' point SOl.rces 

5 

0 
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0 
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2 
2 
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4 

4 

41 

se...,.al b 

1 
0 

4 
0 
0 
3 

1 
1 
0 
3 

1 
0 
2 

1 
1 
1 

0 
0 

1 
2 

0 
0 

0 
0 
2 

1 

0 

25 

2 
1 

1 
2 
2 
1 

0 
1 
0 
1 

0 
2 
0 

1 
2 
1 

0 
0 

1 
0 

0 
0 

0 
0 
0 

0 

0 

18 
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regional effects of acid deposition. A review of the row totals 
suggests tree and ecosystem processes especially vulnerable to 
air pollution stress. These include: litter decomposition, 
seedling survival, photosynthesis, foliar necrosis, tree growth, 
microbial pathogen activity, and ecosystem succession plus 
species composition. These are the tree and ecosystem processes 
at particular risk from regional air pollution. An overview of 
regional air pollution influences on forest trees and ecosystems 
from Smith (1985) is shown in Figure 1. 

3.1.3 Global-Scale Air Pollutants 

In the past 25 years we have become concerned with a third scale 
of air pollution - global. Global pollutants affect the entire 
atmosphere of the earth. Two global air pollutants of special 
note include carbon dioxide and halocarbons. 

Careful monitoring of carbon dioxide during the past two decades 
has firmly established that carbon dioxide is steadily increasing 
in the global atmosphere. This increase is due to anthropogenic 
activities including fossil fuel combustion. Altered land use 
management, such as forest destruction in the tropics may also be 
a contributing factor. The atmospheric carbon dioxide 
concentration has been estimated to have been approximately 290 
ppm (5.2 x 104pgm-3) in the middle of the nineteenth century. 

the carbon dioxide concentration approximates 340 ppm (6.1 
x 10 pmg m- 3 ) and is increasing about one ppm (1.8 x 10 3 m- 3 ) 
per year. If the increasing rate continues to tpe year 2020, the 
amount of carbon dioxide in the global atmosphere will be almost 
double the present level (Holdgate et al, 1982). 

Halocarbons released by humans can deplete the natural 
statospheric ozone layer surrounding the earth. This ozone layer 
is important because it screens the earth from biologically 
damaging ultraviolet radiation released by the sun. Halocarbon 
molecules, especially chlorofluoromethanes released by human 
activities, are transported aloft and decompose in the mid-to-
upper-atmosphere. Free chlorine resulting from decomposition, 
causes a rapid catalytic destruction of ozone. Current 
understanding does not allow an inventory of the impacts of 
increased ultraviolet radiation on forests. studies of more than 
100 agricultural species showed that increased ultraviolet 
exposure reduces plant dry weight and changes the proportion of 
root, shoot and leaf tissue. 

Increasing carbon dioxide concentrations and decreasing 
stratospheric ozone concentration of the atmosphere may alter 
global radiation fluxes. Over time, a primary result of more 
carbon dioxide in the air is presumed to be that the earth would 
become warmer. While the forces controlling global temperature 
are varied and complex, the increase of 0.5 C since the mid-1800's 
is generally agreed to be at least partially caused by increased 
carbon dioxide (Smith, 1985). 

The consequences of a warmer global climate, with even a very 
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modest temperature increase, on the development of forest 
ecosystems could be profound. Warming, with increased carbon 
dioxide in the atmosphere, might enhance forest growth. Other 
changes associated with global warming, however, may tend to 
restrict forest growth. Respiration and decomposition, for 
example, may increase faster than photosynthesis. Transpiration 
and evaporation increases would enhance stress on drier sites. 
Reproduction may be altered by changes in dynamics of pollinating 
insects, changes in flower, fruit or seed set, or changes in 
seedling production and survival. The geographic or host ranges 
of exotic microbial pathogens or insect pests may expand. 
Changes in precipitation patterns associated with global warming 
could increase drought stresses over widespread forest areas and 
initiate new rounds of progressive decline and dieback. 

3.2 FACTORS CONTRIBUTING TO FOREST DECLINE 

The term decline means different things to different people. In 
its broadest interpretation, tree decline refers to any situation 
in which the tree gradually deteriorates over time. Forest 
decline obviously involves populations of declining trees 
(Manion, 1985). 

In a narrower definition, decline refers to those situations in 
which a deterioration and death of trees is caused by a 
combination of biological and non-biological stress factors 
(Houston, 1981, Manion, 1981). The key point to this definition 
is the combination of stress factors resulting in deterioration 
and death. No one factor is sufficient or capable of causing 
death alone. 

Manion (1981) organizes the factors associated with tree declines 
into a three level decline spiral model (Figure 2). Long-term 
predisposing factors provide a background of stresses on the 
outer ring of the spiral. Short-term inciting factors, acting on 
predisposed trees are depicted in the middle ring of the spiral. 
These agents dramatically impact on predisposed trees weakening 
them to the point that a number of secondary biotic agents, 
depicted in the inner ring of the spiral, contribute to the 
eventual death. McLaughlin (1985) takes a somewhat different 
approach to illustrating this concept in his review of this topic 
(Figure 3). 

Predisposing stresses generally have a longer-term role in 
weakening the tree and making it more susceptible to shorter-term 
inciting factors. Examples of inciting factors are the sudden 
physiological shocks produced by episodic stresses such as insect 
defoliation or weather damage that may produce abrupt alteration 
of the tree's physiological condition and make it more susceptible 
to secondary biotic stresses. Increased susceptibility to biotic 
stress may take the form of either increased attractiveness as a 
host or decreased capacity to recover from the stress. 
Carbohydrate and nutrient supply may play an important role in 
these changes. Once a tree has begun to decline, contributing 
factors, which are generally biotic stresses, may ultimately kill 
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Figure 2 Decline Spiral Madel.Saurce•R.D.Manian(1985>. 
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or severely weaken the tree by accelerating the decline. These 
factors are often blamed for the tree's condition when, in fact, 
they have exerted their role as secondary or tertiary stresses. 
An additional important factor operating in forest communities is 
competitive stress, which, in well stocked forest stands, may 
have significant influence as either a predisposing or 
contributing factor in tree respnses to anthropogenic stresses. 

As noted in Figure 3, air pollutants may act as both 
predisposing and inciting stresses in influencing declines of 
forest trees. The potential interactions of pollutant and 
natural stresses in both of these categories make the development 
of multiple hypotheses for these declines particularly 
appropriate. The relative importance of the predisposing and 
inciting roles of pollutants appears to have changed over recent 
decades. 

Name 
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S.O RESULTS AND DISCUSSION 

Sol REVIEW OF INFORMATION RELATING AIR POLLUTION AND WOOD ------ ----------- -------- --------- ----PRODUCTION 

5.1.1 European Experience 

Beginning in the early the occurrence of unexpected 
foliar disease on European silver fir was noted in west Germany 
(Ministry of Food and Agriculture, 1982}. The rapid spread of 
the disease to other species (noteably spruce} and to diverse 
sites across extensive areas of the country, and the lack of 
recovery of affected individuals led to the initiation of a 
country-wide survey of damages in 1982. This initial survey led 
to an estimate that approximately 8% (560,000 ha} of Germany's 
forest area showed symptoms of damage. Silver fir and Norway 
spruce were the most severely affected species with 60% and 10% 
respectively showing damage symptoms ( 10% foliage loss}. 
Subsequent, more systematic surveys showed that areas of damage 
had increased to 35% in 1983 and 52% in 1984 (Ministry of Food 
and Agriculture, 1984}. With each successive survey, both the 
diversity of symptoms and the number of affected species 
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increased. Of particular interest and concern in the 1984 survey 
results was the approximate doubling of areas where hardwood 
species such as beech and oaks had been affected since the last 
survey (see Table 2). While most of the affected area fell in 
the slightly damaged category (10-20% foliage loss) during both 
years, the percentage of area in moderate to severely damaged 
categories increased by about 80% in 1984. 

A reduction in the amount of annual radial growth was among the 
general characteristics of the decline cited by Cowling (1984). 
Although theories concerning its cause show considerable 
variability, they do share a common thread, that air pollutants 
(principally sulphur dioxide, heavy metals, nitrogen oxides, and 
photooxidants) are playing a role in the observed changes. Some 
of the principal hypotheses of causation are: (1) The 
toxicity theories (Ulrich et al, 1980) consider initial damage to 
occur as a consequence of increased mobilization of aluminum and 
heavy metals by combinations of anthropogenic (sulphuric and 
nitric inputs from the atmosphere) and naturally generated pulses 
of acidity within the soil profile. Death of fine roots induced 
by aluminum toxicity is regarded as a primary predisposing 
condition leading to a variety of secondary symptoms associated 
with reduced up-take of nutrients and water by functionally 
impaired roots. (2) Gaseous pollutants, principally ozone, are 
considered by Prinz et al, 1982) to explain the sudden appearance 
of foliar chlorosis over much of the region in 1981. They base 
their evaluation on regional concentrations of ozone and S02, the 
patterns of injury observed, and laboratory exposures with 
pollutant mixtures in which foliar symptoms were produced similar 
to those observed in the field. (3) Foliar nutrient 
deficiencies of magnesium observed in the field by Rehfuess 
(1981) led to the concept that low soil availability and/or 
increased foliar leaching of magnesium induced by acid deposition 
and perhaps enhanced by ozone are primary factors involved. (4) 
The general stress hypothesis considers the initial stress to be 
a consequence of impaired photosynthetic capacity induced by air 
pollutants taken up by foliage. Subsequent symptom development, 
including production of secondary metabolites and growth 
hormones, reduced translocation of carbohydrates to roots, and 
impaired root development and function, are regarded as a 
consequence of a general disruption of whole-plant carbohydrate 
economy. 

Yet another hypothesis emerged from a scientific exchange of 
German and American scientists during the summer of 1984. Based 
on observations of symptoms of damage across sites with widely 
different soil nutrient status and widely varying soil and 
rainfall acidity, this group of soil, plant, and atmospheric 
scientists considered the possibility that the high levels of 
atmospheric deposition of nitrogen occurring across much of 
Germany may be contributing to the observed symptoms. Mechanisms 
discussed included direct toxicity from high atmospheric inputs 
of nitrogen, an imbalance in physiological activity between 
shoots and roots induced by foliar absorption of wet and dry 
deposited nitrogen, and predisposition to secondary stresses such 
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Extent and Recent Chang•s in Foliar Da•ages to Fiv• Tre• 
Speci•s in N••t a.r .. n Forest• a• Det•rmin•d by Annual Surv•v• 
in 1983 and 1984.• 

Species distribution .-ea cNraage in 1994 ---------------------
O...ge/a..nct.aaged .-eaOO 

Total .,.ea ---·----

(1oq ha) All damage 

Percent incra.-ses 1983-84 

All d.-age ct.. age --------- ------------------------------
Spruce 1.4n 
Pine 0.966 
Fir 0.152 
Beech 0.631 
Oak 0.269 
Others 0.303 
Total 3.698 

59 
87 

43 
31 
50 

21 
21 

12 
9 
8 

18 

24 
32 
16 
92 

187 
82 
47 

86 
87 
18 

168 
327 
-5 
eo ·--------------------------------------

•Source:5.8.Mclaughlin(1985>. 
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as low temperatures induced by increasing nitrogen supply to 
foliage. Such a hypothesis, if substantiated, offers some 
important implications for emissions control strategies. 

Many of the theories and evaluations of forest damage in Germany 
are based on widespread and synchronous appearance of visible 
foliar symptoms. Frequently neglected in the assessment and in 
its scientific explanation is the documentation of growth 
reductions evidenced in the tree rings. Tree ring records for 
some areas of Germany indicate that for species such as Norway 
spruce or silver fir, a slowdown in growth, determined by 
examination of increment cores, in some cases began 20 or more 
years ago (Von Eckstein et al, 1983); Bauch, 1983). The observed 
growth patterns bear some similarities to those observed in 
silver fir in Switzerland, in Norway spruce in southern Norway 
and in red spruce in the northeastern u.s. (Siccama et al, 1982; 
Johnson and Siccama, 1983). 

5.1.2 North American Experience 

In the u.s., the geographical area of major concern for impacts 
of air pollution (both gaseous pollutants and acid rainfall) is 
the eastern half of the country. Here the combination of a high 
density of fossil-fuel combustion plants, high levels of 
industrial and urban activities, a high frequency of air 
stagnation episodes, and elevated levels of both photochemical 
oxidants and rainfall acidity over widespread areas have resulted 
in exposure of large acreages of forests to increased deposition 
of atmospheric pollutants (Figure 4) (McLaughlan et al 1984). 

The eastern half of the u.s. with approximately 80% of the total 
fossil-fueled electric power plants thus has both the emissions 
and the atmospheric conditions to create regional-scale elevation 
of air pollutants. Comparable conditions also exist in coastal 
California where an easterly flow of air from Los Angeles has 
produced very high ozone concentrations in the San Bernardino and 
San Gabriel mountain ranges with visible signs of ozone damage 
being apparent as far as 120 km from the centre of the city 
(Miller, 1983). The acidity of the rainfall in much of the east 
averages from pH 4.1 to 4.3 - about 30-40 times as acid as the 
hypothetical natural rainfall with a pH of 5.6. Vegetation in the 
high-altitude boreal forests of New England, on the other hand, 
experiences during the growing season, hundreds of hours of 
exposure to clouds with pH values in the range of 3.5 to 3.7. 

Photochemical oxidants, principally ozone, which are formed both 
naturally in reactions involving ultraviolet radiation and from 
biogenic and anthropogenic hydrocarbon and nitrogen oxide 
precursors, occur at potentially phytotoxic levels over most 
of the eastern region. Ozone is considered the most widespread 
and significant gaseous phototoxicant in the u.s. and results in 
annual crop losses of between two and three billion dollars (Heck 

.!.!, 1982 ). 

Some of the earliest growth studies in the u.s. were reported by 
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Cogbill (1976) concerning the growth of beech, birch and maple in 
the White Mountains of New Hampshire and red spruce in the Smoky 
Mountains of Tennessee. The tree ring chronologies presented for 
all of the species that he studied showed evidence of a 
decreasing growth trend from around 1960 until 1970. More recent 
studies by Raynal (1980) in New York with red spruce and white 
pine and by Johnson et al (1981) in the New Jersey pine barrens 
with pitch, shortleaf and loblolly pines, have shown similar 
patterns of decline among most of these species during the past 
20-25 years. 

During the past three years there has been increased recognition 
and of decreased growth and vigor of red spruce at 
numerous locations throughout the Appalachian Mountains (Figure 
5). In the report by Siccama et al (1982), a 1979 resurvey of 
141 red spruce plots in the Green Mountains of vermont revealed 
that spruce in these virgin stands at mid to high elevations had 
decreased in basal area and stem density by about 50% since the 
initial survey in 1964. sustained decreases in growth rates were 
noted in all size classes of this species which comprised 10-20% 
of the total basal area of the stand. Neither the type nor the 
distribution of effects noted was considered to strongly support 
climatic changes, root diseases, or stand dynamics as principal 
causes. Balsam fir, a major component of these forests, appeared 
vigorous but also showed a decrease in ring width similar to 
that in spruce. 

A subsequent regional survey of spruce decline in 22 stands 
distributed along the Appalachian Mountains from New Hampshire to 
North Carolina (Johnson and Siccama, 1983) documented highest 
mortality (up to approximately 55%) and a higher percentage of 
spruce with dieback symptoms in northern (boreal and transition) 
forests than in the southern Appalachians. Mortality, which 
occurred in all size classes was highest at higher elevations in 
northern forests but correlated poorly with elevation on southern 
sites where generally less than 10% of the stems were dead. 
Examination of the annual growth rings on increment cores from 
approximately 700 trees showed that a rapid shift to very narrow 
rings had occurred in approximately 40% of the trees in the early 
to mid with little evidence of recovery; 20% showed 
supression in the 1960's followed by normal recovery; and 40% 
were not obviously affected during this 15-20 year period 
(Johnson and Siccama, 1983). subsequent examination of 
additional southern stands of red spruce and Fraser fir in 
Virginia, Tennessee and North carolina documented similar 
patterns of reduction in annual growth rings of both high-
elevation species beginning around 1960 (McLaughlin, 1985). 

Data on the timing and magnitude of radial growth changes from 48 
red spruce stands are summarized by McLaughlin et al (1983) in 
Table 3. The radial growth patterns from which these data were 
compiled showed distinct similarities with regard to the timing 
of initial downward deflection of the ring-width series in the 
interval 1956-1960. Examples of the abrupt shift in radial 
increment patterns for the 10 youngest and oldest spruce sampled 
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Table 3 

Historical Changes in Growth Rate far Red Spruce in 
the Appalachian Mountains.• 

State 

Maine 
New-Hampshire 
Vermont 
New-York 
West YirQinia 
YirQinia 
Tennessee 
North Carolina 

P.rcent chanQe in -an growth 
compared to 1932-61 

Number Radial increment Basal area 
increment of Age 

Stands (X +-1sd> 1962-1971 1972-1981 

4 101(+-10) -37(+-11> 35(+-13> -8+-56 
9 123(+-27> -25(+-15) 48(+-13) -19+-68 
6 144(+-24> -36(+-19) 53(+-16> -27+-68 
8 129(+-15) -32(+-22) 51 (+-15) -25+-74 
3 85(+-3) -40(+-12) 57(+-7) -47+-23 

11 86(+-3) -36(+-13) 51(+-20) 1+-75 
3 172(+-15) -21 (+-1) 35(+-13) -10+-31 
2 57(+-12) -33<+-3) 45(+-17) 22+-76 

•Saurce:S.B.HcLauQhlin 
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at Mount Washington, N.H. (Figure 6) demonstrate the synchrony of 
changes occurring for trees differing in mean age by 
approximately 140 years (McLaughlin, 1985). Composite ring-width 
series for each state sampled in the network (Table 3) show the 
progression of radial growth slowdown during the past two 
decades. Mean radial growth was approximately 30-50% slower 
during the past 10 years than it was in a standard 30-year 
reference period (1932-1961) and was clearly not consistently 
influenced by stand age. 

Also shown in Table 3 are comparative data on changes in basal 
area increment of the subset of stands in each state for which 
tree diameter data were available. These data, which express 
cross-sectional area of the tree, show much more emphatically the 
differences in growth changes between northern and southern 
spruce (data for Tennessee excepted). Some of these differences 
are due to age differences between the stands being compared (see 
table notes for discussion of differences in units of growth 
description). These data represent responses for dominant 
surviving trees which the data of Siccama et al (1982) suggest 
may have been the faster growing, more vigorous trees at the time 
of his initial survey in the Green Mountains in 1964. They also 
include the influences of all the natural stresses which normally 
influence forest growth, including the effects of canopy 
disruption in northeastern sites where mortality is high and the 
micrometeorology of the stands has been altered by changing stand 
structure (Johnson and Siccama, 1983). 

Although previous forest declines were reported for some spruce 
stands in the northeast during the last part of the 19th century 
(Burgess et al, 1984), tree-ring records indicate that the 
present decline is unprecedented in its synchrony and consistency 
across the region. Its occurrence on young and old trees on 
stands with a wide spectrum of ages, basal areas, and prior 
history of disturbances (including virgin stands and those cut as 
recently as the early 190q's) argues strongly against natural 
competitive pressures being a principal initiating stress. The 
severe drought of the mid 196q's which affected much of the 
northeastern u.s. has been suggested as a potentially important 
triggering factor for northeastern spruce decline (Berry and 
Hepting, 1964) and cannot be discounted. The initiation of the 
downward growth trend in many northeastern sites prior to the 
driest years (1966 and 1965) and its occurrence at southern sites 
where droughts were not apparent or out of synchrony with the 
initiation of the downward trend argues against drought as a 
primary causal agent. 

During 1983, the u.s. Forest Service reported an approximate 25% 
slowdown in radial growth in pines in the Piedmont regions of 
South Carolina (Tansey, 1983) and Georgia (Sheffield and Knight, 
1983). Changes were substantially less in coastal areas. These 
reductions, which occurred across all size classes of pines and 
were accompanied by increased mortality, were detected as a part 
of the periodic National Forest Inventory by which trends in u.s. 
forest growth and land use are evaluated every 10-12 years. The 
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observed changes have attracted much interest because of the 
potential implications for valuable commercial forests in these 
and other southeastern areas. The data are being carefully 
examined to determine the role of silvicultural and 
climatological influences. The potential influences of air 
pollutants, particularly photochemical oxidants, on the observed 
changes must eventually be evaluated even through they are 
presently regarded as speculative. 

Canada has had several major examples of strong point sources of 
pollution that have caused severe forest injury. Trees have been 
affected directly by high ambient concentrations of pollutants and 
sometimes the forest sites themselves have been more or less 
permanently degraded by drastic change in properties (Rennie, 
1985). Most forest scientists in Canada recognize that strong 
point sources of pollution have caused substantial local injury 
to forests. Such situations would include fluorine emissions, 
sulphur dioxide, perhaps ozone in a few localities and 
occasionally particulates. The same scientists would not feel 
that acid rain, long-range pollution or persistent low 
concentrations have yet caused recognizable and proven evidence 
of harm. Some scientists, nevertheless, believe that current 
problems of sugar maple in Ontario and Quebec are related to acid 
deposition, that chlorosis of conifer needles can be seen in 
northern Canada similar to that seen in the polluted areas of 
Central Europe, and that there is a remarkable correlation 
between the areas impinged by acid deposition in eastern Canada 
and those suffering repeated epidemics of budworm. 

A map showing the principal forestregions of Canada (Figure 7) 
is overlain with acid sulphate deposition contours (Rennie, 
1985). Of the total land area (in excess of 900 million 
hectares), only some 323 million hectares (or 36%) is productive 
forest and only 161 million hectares (or 18%) is economically 
accessible. Of the 71 million hectares of eastern forest, about 
39 million hectares (or 55%) is receiving acid deposition at or 
above the figure of 20 kg of wet acid sulphate per hectare per 
year. It is not known whether this figure has a critical 
significance for forests - the threshold may be more or less, but 
from lake acidification processes, it does seem to be an 
approximate threshold for a change in the sensitive boreal forest 
soil that can hardly be described as beneficial. The northern 
forest is characterized by generally slow growth (approximately 2 
cubic metres per hectare per year. The climate and soil 
constraints on productivity mean that other stresses are not 
welcome and cannot be easily accommodated. 
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One of the most pressing problems in eastern Canada at the 
present time is the apparent decline in sugar maple in widespread 
areas of Ontario and Quebec. Federal forest scientists have been 
working closely with their provincial counterparts and it is 
widely agreed the problem is complex. A number of stress factors 
have been involved, such as drought, insects, diseases, site 
conditions, unusual climatic events, and stand management. These 
complicate interpretations. Moreover, widespread decline and 
dieback is not uncommon in North America, yellow birch and other 
species suffering very badly in New Brunswick and Nova Scotia in 
the 1930-1950 period. 

In the current Quebec studies, a sharp increase in soil acidity 
and a decrease in base status appears to have occurred during the 
1974 to 1984 period. These amount to changes in pH from 4.6 to 
3.5 and changes in exchangeable calcium of from 6.3 to 1.7 
m.c./100 g (Rennie, 1985). These changes are substantial and 
difficult to explain either from acid deposition or from other 
causes. Although soil aluminum figures for these sites are not 
available, some aluminum is probably mobile at such low pH's and 
in sufficiently large concentrations to be adverse for sugar 
maple. Although studies have shown conifer seedlings to tolerate 
aluminum concentrations up to 20 ppm without impairment, poplar 
clones have shown susceptibility at much lower values. 

Large-scale field investigations on the growth rate of white 
spruce in relation to atmospheric pollution have been underway 
for several years. So far only an initial phase of the study has 
been completed, centering on Wawa and Timmins in central Ontario. 
These localities experience strong local pollution sources. The 
main results obtained so far have shown that pollution effects on 
growth are clearly identifiable, causing an expected decline. In 
addition, pollution seemed to have caused growth patterns to 
become more erratic (Rennie, 1985). 

5.1.3 Heavy Metal Toxicity 

The mobilization of aluminum in forest soils by soil 
acidification processes (Ulrich 1980) has focused 
considerable attention on possible effects of acid rain on 
availability of a variety of trace metals to forest trees. 
Several mechanisms for increased availability exist. These 
include increased wet and dry deposition to vegetative surfaces 
and soil, increased availability of foliar deposited materials, 
and increased chemical mobilization in soils as a function of 
soil acidifying reactions. The interplay of factors controlling 
chemical and biological availability and ultimately biological 
effects is still poorly understood. Studies of distribution 
patterns of trace elements in spruce in the German Black Forest 
indicate that lead, cadmium and copper accumulate mainly from 
atmospheric inputs, manganese from the soil, and zinc from both 
sources (Raisch and Zottle, 1983). 

Increased deposition and availability of trace elements in forest 
soils has raised questions about changing availability of these 
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elements to trees and whether the trees themselves might provide 
a historical record of anthropogenic inputs. Radial patterns of 
trace element accumulation in shortleaf pine tree rings in 
eastern Tennessee, for example, show increasing levels of several 
elements including Zn, Al, Cu, Fe, Cr, and Ti during the past two 
to three decades which may reflect increased recent deposition 
and/or availability of these elements (Baes et al, 1983). 
Substantial differences in accumulation occurrer-between species 
and concentrations of these elements were generally ten times 
higher in the cambial zone than in the most recently formed 
xylem. A comparison of concentrations in wood formed before 1955 
and that produced from 1977 to 1983, and concentrations in the 
cambium/phloem area is shown for selected elements in shortleaf 
pine in Table 4. 

Some elements such as zinc and aluminum may be relatively mobile 
and be translocated to more active tissues (Tian and Lepp, 1977). 
Thus, higher levels in recent tissue may reflect longer-term 
accumulation for these elements. Other elements such as iron and 
chromium are considered to be relatively immobile in plants and 
may be good indicators of both historical changes in deposition 
levels and present day availability. 

The most critical problems in determining trace element toxicity 
to forest trees is quantifying individual and combined trace 
element concentration thresholds for toxicity. Determining a 
toxic threshold for tissue levels of trace elements is 
complicated by the fact that some metals may act either directly 
or indirectly through their influence on other nutrients. 
Aluminum, for example, may reduce phosphorus or calcium 
availability. Aluminum may also replace calcium and magnesium in 
cell walls because of its much greater affinity for pectins. 

A comparison of concentrations of elements in nutrient solutions 
that induce deficient, normal, and toxic reactions in seed plants 
(Bowen, 1979) indicates that several of these elements including 
Cd, Cu, Cr, Fe, and Pb, have solution toxicity ranges that 
overlap that of Al. Of more interest from a field assessment 
standpoint are the tissue contents at which toxic reactions 
occur. Unfortunately there are very limited data on the soil and 
tissue concentrations at which metals become toxic to trees in 
forest soils. It is known, however, that there are substantial 
differences between species and soil types with respect to the 
toxicity of available aluminum. 

5.2 REVIEW OF INFORMATION RELATING AIR POLLUTION AND WOOD 
QUALITY-- --- ----

There is an increasing body of evidence that atmospheric 
pollution is an important contributing factor in relation to 
current occurrence of chronic forest decline. In Europe, the 
first species to show decline was silver fir (Abies alba). 
Comparisons of growth rings between damaged and undamaged trees 
have shown clear relative declines in ring widths of damaged 
trees since 1950. The fact that visible foliar damage was not 
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Dry W•ight Concentrations of Potentially Toxic 
·Metals in Shartleaf Pin• Call•ct•d in Eastern Tenn••s••· C1) 

----------------------------- --------------------------------------Site/Tissu• Al Cd Cu F• Zn 
---------------------------------------------------------------------Phloem cambium 
Oak ridge area 200-690 0.47-7.5 1.9-3.0 5.2-180 180-450 

BSMNP* 220-610 0.54-0.96 2.2-4.1 17-21 150-240 

1978-1983 Xylem 
Near KSP** 8.1-36 0.21-0.33 1.5-2.4 47-77 53-100 

Oak ridge area 5.4-27 0.059-1.1 0.55-1.1 1.3-9.8 24-81 
BSMNP 21-36 0.11-0.22 0.74-2.5 1.1-9.4 27-43 

1943-1952 Xylem 
Near KSP 11-14 0.20-0.37 0.61-0.72 11-26 62-100 

Oak ridge ar•a 3.4-14 0.085-0.49 0.27-0.730.50-3.9 7.4-83 
GSMNP 4.6-10 0.19-0.58 0.41-0.560.43-1.8 16-100 

Toxic effects** 65-325 2-80 >22 >lOOppcn 400-550 

•Gr•at Smoky Mountains National park. 6 
**1.4 km downwind of Kingston steam plant which burns 4 X 10 

Mg coal per y•ar. 
***Toxic effects thr•sholds far sev•ral different species 

from r•f•rences in Baes et al. •xc•pt lower values far Al 
from Pavan •t al. 

<1>Source:S.B.McLaughlinC1985>. 
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observed until the early l97Q's suggests that radial increment 
may be a better indicator for early assessment of damage in this 
species. 

Not all species appear to be as sensitive as silver fir. Visible 
damage to Norway spruce has become evident more recently. 
Thornquist (1986) reported depressed growth of damaged spruce in 
Sweden from about 1960. Bauch (1983) reported depressed growth 
in Germany from about 1970 in heavily damaged trees and from 
about 1975 in lightly damaged trees. There is an understandable 
anxiety that reduced tree vitality may be associated with 
undesirable changes in wood quality that could have a detrimental 
effect on its processing and/or performance. 

5.2.1 Tracheid Length, Diameter Wall Thickness 

conflicting results have been reported concerning differences in 
tracheid length between damaged and healthy trees. Bauch et al 
(1986) found no reductions in tracheid length associated with 
declining growth rates in damaged spruce trees from a site in 
Northern Germany. This agrees with the findings of Grosser al 
(1985) for damaged spruce in Bavaria. In other studies, however, 
some effects were observed. Bosshard et (1986) showed a lower 
annual increase in cell length for two damaged spruce trees than 
in the healthy control tree. For the fir trees in their study, 
however, the annual increase in tracheid length was significantly 
higher in the two damaged ones. Aszmutat et al (1986) reported 
a reduction in length of about 11% for latewood tracheids in 
diseased spruce. DeKort (1986) found some reduction in tracheid 
length of diseased Douglas-fir. 

Results reported for wall thickness of tracheids and number of 
tracheids per mm2 cross-sectional area support each other (Bauch, 
1986). The cross-sectional area of the earlywood tracheids can 
be considerably reduced in damaged trees due mainly to the 
reduced radial expansion during development. The wall thickness 
of latewood tracheids can be reduced in damaged spruce up to 30% 
(Bauch et al, 1986). Observations with the electron microscope 
show that the fine structure of the cell walls and pits of 
damaged conifers does not differ from that in healthy tress 
(Fengel, 1985; Sachsse and Hapla, 1986). 

5.2.2 Proportion of Latewood and Wood Density 

In narrow rings of diseased trees, the proportion of latewood has 
been found to be the same as in healthy trees (Grosser et al, 
1985; Eckstein et al, 1981, both in spruce); greater than in 
healthy trees (Eckstein et al, 1981, in silver fir; Thornquist, 
1986; Liese et al 1975, in spruce); or more rarely, less than in 
healthy trees-(Bosshard et al, 1986, in silver fir; De Kort, 
1986, in Douglas-fir). 

From numerous measurements, it appears that in damaged trees, 
the density can either increase slightly in association with an 
increase in the proportion of latewood or it can decrease in 
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association with a decline in cell wall thickness (Fruhwald 
al, 1984; Fruhwald, 1986; Schulz, 1984; Bosshard et al, 1986; 
Dodd, 1986; Pozgaj and Kurjatho, 1986). x-ray densitometry 
studies of annual rings (Schweingruber al, 1983; Yokobori, 
1985; Lewark, 1986) have also shown that in diseased trees, the 
maximum latewood density is frequently reduced from that in the 
healthy controls. 

5.2.3 Strength Properties 

Strength properties of wood correlate very closely with density. 
This applies equally to wood from damaged as that from healthy 
trees. Results for tests on bending strength, modulus of 
elasticity, tensile strength, compression strength and impact 
bending have shown corresponding mean values and durations for 
healthy and damaged trees (Fruhwald et al, 1984; Knigge et al, 
1985; Goetz et al, 1985; Aszmutat al, 1986; Fruhwald et al, 
1986; Glos and Schulz, 1986; Gramme! et al, 1986; Kufner and 
Schulz, 1986; Pozgaj and Kurjatko, 1986). 

5.2.4 Sapwood and Heartwood 

The pattern of water content across the stem area differs 
enormously between healthy and damaged trees of silver fir 
(Bauch, 1986). In the sapwood of healthy trees, the moisture 
content averages about 150-175%. Areas of wetwood may occur 
within the heartwood. In very damaged trees, a moisture content 
of 50-100% is frequently measured in the sapwood and wetwood 
a r e a s m a y s p r e a d i n to t h e s a p w o o d ( B au c h .!.! , 1 9 7 9 ) • I n 
damaged trees of Norway spruce and Scot's pine, sapwood is not 
characterized by such a low moisture content. Significant 
differences in the sapwood however, still exist (Fruhwald et al, 
1984; Schulz, 1984; 1986; Fruhwald et al, 1986). 

The deficiency in water content of the sapwood of diseased 
conifers is regularly associated with a decrease in sapwood 
portion with advanced disease. In fir, the extreme decrease is 
related with a reduction in growth ring width in the outer 
sapwood and with the extension of wetwood into the sapwood. In 
healthy fir, the heartwood does not differ very much from the 
sapwood except for the fact that wetwood develops in the former. 
In diseased trees, however, wetwood zones accompanied by bacteria 
develop generally in the lower part of the trunk, spreading 
irregularly from heartwood to the sapwood. This process is 
associated with the dying of cell nuclei, the occurrence of 
incrustations and the aspiration of pit membranes. In damaged 
spruce and also in pine, heartwood formation is not affected by 

• the damage and sapwood width does not differ between healthy and 
damaged trees. 

5.2.5 Chemical Composition 

Investigations on the chemical composition of wood of diseased 
and of healthy coniferous trees by Pula and Rademacher (1986) and 
by Fengel (1985) do not reveal any significant differences in 
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cellulose, hemicellulose or lignin contents between the two 
groups. The content of soluble sugars (glucose, fructose, 
sucrose) was reported to be higher in diseased spruce trees than 
in heal thy ones (Pula and Rademacher, 1986) but the starch-pool 
in the sapwood of diseased trees was significantly lower. 

On the basis of their studies on damaged spruce and pine from 
various sites in Bavaria, Fengel and Schulz (1986) concluded that 
differences in composition related to tree disease could only be 
observed in severely damaged or dead trees. In these cases, they 
observed decreases in the pH value and in the amounts of the main 
sugars (fructose, glucose) and increases in the amounts of the 
oligosaccharides. Some spruce trees in severe damage classes 
also showed increases in amounts of alkali-soluble lignin. 

According to Shortle and Bauch (1986), methanol-water extracts 
were frequently higher in diseased than in healthy trees, 
particularly in fir. 

5.2.6 Permeability 

In view of their influence on wood preservation and drying 
processes, possible differences in permeability characteristics 
of wood associated with forest decline are an important 
consideration. A vacuum-pressure treatment with air-dried wood 
of healthy and diseased fir (Fruhwald et al, 1981) revealed that 
for wetwood, which increases in quantity in wood of diseased 
trees, the liquid uptake even surpasses that of the sapwood. The 
authors explain this on the basis of a less complete pit closure 
in wetwood. Similar experiments with spruce did not indicate any 
significant difference in the uptake of liquid between wood of 
healthy and diseased trees (Liese and Peek, 1985). 

Information on drying of wood from diseased forests is available 
only from preliminary tests on European fir. These studies 
indicate that wetwood areas dry very slowly in comparison to 
normal sapwood (Klein et al 1979). This behaviour will need to 
be considered in the of mixed spruce and fir lumber. 

5.3 INVESTIGATIONS CONDUCTED 

One of the main reasons behind our original program proposal to 
begin an involvement with the subject of atmospheric pollution 
and its possible effects on forest productivity is the potential 
application to the problem of two important areas of expertise 
available in our company. The first area of expertise and which 
is also unique in the country is the x-ray densitometry/dendro-
chronology facility in our Vancouver laboratory. The potential 
of this facility for analyzing patterns of tree growth and forest 
productivity and its capabilities for identifying the initiation 
of growth declines that may be related to environmental problems 
are extremely powerful. The uniqueness of this facility derives 
from its ability to examine wood density and related growth 
parameters in addition to only ring width data which is done at a 
number of other centres. 
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The second area of expertise at Forinek is the scanning electron 
microscope/energy dispersive x-ray analysis {SEM/EDXA) facility 
located at the Ottawa laboratory. This facility has the 
potential to locate and identify chemical elements in the wood 
structure, including phytotoxic substances such as lead, 
aluminum, or other trace metals or nutrient elements such as 
calcium, phosphorous, magnesium, etc. There is some evidence 
that historic information on pollution-related matters may be 
available from elemental analysis of growth rings. A number of 
investigations of trace metal element in wood have been reported 
and a variety of chemical analysis methods have been employed 
{Hutchinson, 1976; Kelly et al, 1979; Symeonides, 1979; 
Robitaille, 1981; Raunemma et al, 1982; Baes and McLaughlin, 
1984; 1986; Legge et al; Braker et al, 1985; Guyette, 1986; Hall, 
1986; McClenahen et al, 1986). Many of the techniques are time-
consuming, expensive and/or destructive and none offers the 
possibility of identifying the location of the elements within 
the microstructure of the wood. 

SEM/EDXA appears to offer a number of advantages and since we had 
not seen reports of its use for this purpose we were interested 
in determining its potential value. We were aware that there may 
be difficulties associated with the minimum detection limits of 
the equipment but we wondered if these might be overcome by its 
ability to look specifically at very local areas. This was the 
main purpose of the experimental work undertaken in this project 
- to evaluate the SEM/EDXA equipment with respect to its 
application in pollution-related studies. We were fortunate in 
being able to obtain for our studies, sample material from two of 
the most intensively studied sites and best documented areas of 
pollution-related forest decline in eastern North America -

Hump Mountain in the Green Mountains of Vermont and 
Whiteface Mountain, N.Y. in the northern Appalachians. 
Dendrochronology techniques were not under investigation here but 
were used to illustrate patterns of radial growth and other 
characteristics of the sample material. 

5.3.1 Examination of Material Mountain 
Vermont 

Through contacts at the University of vermont and specifically 
or. T. Scherbatskoy, we were able to obtain two increment cores 
of red spruce and two cores of sugar maple from trees on Camel's 
Hump Mountain under investigation by the University of Vermont 
group. The sugar maple cores were taken at breast height from 
trees growing at an elevation of approximately 600 metres. The 
breast-height cores comprised 66 and 97 growth rings 
respectively. The red spruce trees were growing at higher 
elevation {1060 m) and their breast-height cores comprised 93 and 
94 growth rings. On the basis of field observations, these trees 
were classified in specific stages of decline. 

The cores were cut to uniform thickness with our twin-blade saw 
apparatus and processed for x-ray densitometry using the film 
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system. The patterns of growth rate (ring width) over the life 
of these trees are shown in Figures 8 and 9. Ring width in the 
spruce trees (Figure 8) has been declining fairly steadily since 
the mid Gq's. In maple (Figure 9) the trend is much less clear 
with a possible slow-down in growth rate starting about the mid 
7q's. When growth is examined on a ring area basis, (Figure 10) 
declining growth rate appears to be more closely associated with 
spruce specimen lB and maple specimen 33N. 

Wood density profiles within and between growth rings are shown 
in Figures 11 and 12. The within ring variation in maple tends 
to be small (Figure 11) due to the relatively homogeneous 
(diffuse porous) structure of the wood. Spruce (Figure 12) is 
characterized by relatively large differences in density between 
earlywood and latewood portions of each annual layer. The 
heights of the peaks, which indicate the maximum densities 
reached in each year's latewood are generally greater in core 2B. 
The decreases in latewood density shown by core lB and the 
reduction in the differences between maximum and minimum densities 
in the growth rings (particularly noticeable during the last 
decade) are definite signs that this tree is growing under severe 
stress. The severely declining condition of tree lB stands out 
clearly in the plotted trends of maximum density illustrated in 
Figure 13 and shows up again, although to a less prominent extent 
in the average ring density trends in Figure 14. 

A small sample consisting of the last decade of growth was 
removed from the outside of each increment core and mounted on a 
carbon stub for SEM/EDXA examination. Each sample was studied 
intensively and numerous spectra were recorded. No evidence of 
trace metallic elements could be found nor were there any apparent 
differences from spectra for control wood of the same species. 
Examinations were made, using the instrument under point mode, 
within specific cell types and at other specific locations within 
the wood microstructure but to no avail. If there are quantities 
of trace elements present in these samples, we conclude that they 
are distributed diffusely and that the quantities are below our 
minimum detection limits. 

5.3.2 Examination of Material from Whiteface Mountain, 
New York 

Before the vermont material had been examined, contacts were 
already established with researchers at the State University of 
New York, College of Environmental Science and Forestry (Dr's. 
o.c. LeBlanc and o.J. Raynal) to obtain some red spruce material 
from their high elevation (1100 m) site on Whiteface Mountain in 
the northern Appalachians. This material came to us in the form 
of pie-shaped wedges split from discs. Two wedges, each about 
10 em along the grain, were received from each of seven trees in 
two "good" one "poor" and three "dead" categories. Information 
provided with the samples was as follows: 
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Tree No. Vigour Tree Age Disc Age Disc Height 
(yrs) (yrs) (m) 

2 dead 245 154 3-95 
7 good 281 163 4.10 

11 dead 282 238 4.10 
13 good 106 86 4.10 
15 dead 286 152 4.10 
17 poor 227 158 4.10 
18 dead 191 72 4.10 

By the time this sample material was in our possession, we were 
aware of the results obtained for the Vermont trees and were less 
optimistic than we had been initially. We began with this new 
material by preparing outer wood samples from two of the trees in 
the "dead" category for SEM/EDXA examination. Spectra for these 
samples confirmed our previous conclusion that trace substances, 
if present, are below our minimum detection limits. 

We thought it would be interesting at this point to have some of 
the sample material checked by a different, and hopefully a more 
sensitive method of chemical analysis. This would possibly 
reveal what elements are present, in what quantities and perhaps 
some information about their distribution. In consultation with 
a commercial analytical laboratory (Bondar-Clegg) we decided on a 
12-element analysis by D.C. Plasma Atomic Emission Spectroscopy. 
The elements selected were Al, Ca, Fe, Na, K, Mn, Cd, Cu, Ni, Zn, 
As and Pb. 

Three dead trees (numbers 2, 15 and 18) were chosen for study. 
For each tree, three separate samples we provided for analysis; 
Sample A - annual layers 1961 - present, Sample B - annual layers 
1941-1960 and Sample C annual layers 1921-1940. Each sample 
consisted of about five grams of dry, ground wood. Results of 
these analyses are shown in Table 5. It is clear that small 
quantities of many trace metal elements (Fe, Pb, Zn, etc.) that 
we could not detect by EDXA are present in the samples. Our 
attempt to correlate elemental composition and tree ring 
chronology was not successful. Elements commonly associated with 
environmental pollution such as aluminum, lead, zinc, etc. were 
not present in consistently greater quantities in the wood formed 
during the most recent years than in wood formed long ago when 
emission levels of atmospheric pollutants were much lower. 

To characterize the trees under investigation more fully, sample 
strips from the above three dead trees plus one of the good (i.e. 
vigorous) trees were sent to our Vancouver laboratory for 
dendrochronological evaluation. Some of the results of this 
evaluation are illustrated in Figures 15-21. Ring width trends 
for the four trees (Figure 15) suggest that a general decline in 
growth has been taking place since about 1960. Even the so-
called "good" tree (No. 13) shows the same trend albeit less 
dramatically. Four basic density variables - earlywood density 
(ED), latewood density (LD), maximum density (MXD) and whole ring 
density (RD) are shown for each tree in Figures 16-19. Trees 
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Table 5 

Chemical Analysis of Red Spruce Samples 
from Whiteface Mountain N.Y. by D.C. Plasma 
Atomic: Emiasion Spec:trosc:opy ----------------------------------------Zone 

I Element I Tree A B c I 

I I No. (ppm> (ppm> <ppm> --------------------------------------
2 (5 <5 <5 

As 15 (5 <5 (5 
18 (5 (5 6 

2 1 1 9 
15 15 13 11 
18 12 2 19 

2 14 6 8 
Al 15 6 4 6 

18 7 6 7 

2 266 245 366 
K 15 359 331 287 

18 375 227 222 

2 598 670 1250 
Ca 15 560 673 824 

18 611 556 635 

2 205 180 272 
t1n 15 184 213 246 

18 255 186 198 

2 20 11 60 
Fe 15 21 14 13 

18 12 13 13 

2 <2 (2 <2 
Ni 15 <2 <2 (2 

18 (2 <2 <2 

2 1 <1 1 
Cu 15 1 1 <1 

18 1 1 (1 

2 14 11 26 
Zn 15 9 11 12 

18 9 12 9 

2 0.7 0.5 0.5 
Cd 15 0.7 0.8 0.7 

18 0.7 0.6 0.6 

2 5 <5 8 
Pb 15 5 <5 7 

18 8 5 6 -----------------------------------------
A•1961-present 
8•1941-1960 
C•1921-1940 39 
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severely affected by environmental stress typically start to show 
declines in maximum density and average latewood density. This 
is often offset by a tendency for earlywood density to increase. 
These trends show up clearly in the density profiles for the last 
two decades presented in Figure 20. Notice that the maximum 
peaks of density typically belong to tree no. 13 - the tree in the 
best vigour category. 

The tendency in ailing trees for latewood density to fall and 
earlywood density to rise results in reduced differences in 
density within the growth rings. Within-growth-ring differences 
in density fall off sharply in the dead trees after 1960 (Figure 
21). This is in sharp contrast to the behaviour exhibited by the 
living tree. The difference between yearly maximum and minimum 
density is an interesting parameter and one that should be 
examined more in future work. It appears to be sensitive to the 
influence of stress factors on tree growth as is reflected by the 
fact that it has made a distinction between the healthy tree 
(#13) and the three ailing trees as far back as 1930. 

5.3.3 Other Sources 2f Wood Samples for Study 

Some additional sample material in the form of increment cores 
was obtained from two other sources: (1) Dendron Resource 
Surveys Ltd. of Ottawa made available a group of white spruce 
increment cores collected in eastern Canada during the summer of 
1986 and (2) Environment Canada, Atmospheric Environment Service, 
Downsview, Ont. provided a group of sugar maple cores from maple 
die-back studies in different parts of Ontario. 

A few samples consisting of the most recently formed annual 
layers were taken from representative cores and prepared for 
SEM/EDXA study. Results were consistent with previous experience 
that nothing unusual regarding chemical composition was evident. 

5.3.4 EDXA Study of the Ash from Incinerated Wood Samples 

A final item of investigation this year was the possibility of 
improving our chances of detecting trace components in 
wood by examining its ash rather than the wood itself. 
Conversion of wood to ash should effectively increase greatly the 
concentration levels of the elements in question. For this study 
we used nine samples of red spruce from Whiteface Mountain N.Y. 
approximately matching the samples previously analyzed by D.C. 
plasma atomic emission spectroscopy. 

The results, shown in Table 6, are encouraging in that a 
substantial number of elements are now being detected in the 
samples. A lot more work is needed before effective comparisons 
can be made between the results obtained by different methods of 
analysis. Among the present results, there appear to be some 
significant discrepancies but the approach definitely looks 
promising and should be pursued in future work. 
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EDXA Results 

El__,t 
A 

ttg 1.28 

AI 0.03 

Si . 0.22 

p 0.66 

s 0.90 

Cl * 
K 8.26 

Ca 10.13 

ttn 12.70 

Cu * 
Zn 0.38 

A=1961-present 
8=1941-1960 
C=1921-1940 

•=Hot detected 

Table 6 

<P•ak/Background Ratios> for Sataples of Wood Ash 

Tree ate Tree a2 Tree a15 

B c A B c A B c ------
1.31 1.21 1.96 1.65 2.32 0.68 1.24 1.19 

0.22 0.06 * • 0.16 * 0.04 0.05 

0.30 0.12 0.15 0.21 0.15 0.09 0.14 o.oe 
0.11 0.10 0.07 0.10 0.50 0.08 0.50 0.58 

1.52 1. 71 0.66 0.88 1.44 0.43 0.53 1.14 

• • 0.12 0.11 0.25 0.08 0.06 0.04 

5.68 5.42 6.98 7.56 8.04 2.24 6.34 6.12 

15.75 15.45 17.59 16.84 13.88 9.85 14.10 14.n 

9.32 8.22 7.73 8.91 8.n 3.91 7.09 8.28 

0.21 0.20 * • 0.00 0.08 0.02 0.02 

0.39 0.37 0.22 0.36 0.26 0.12 0.25 0.23 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

Information on the anatomical structure and technological 
properties of wood from declining trees comes mainly from Europe. 
If one accepts, as many Europeans do, that atmospheric pollution 
is making a significant contribution to forest decline, then it 
may be said that information on the effect of air pollution on 
wood structure and properties originates mainly from Europe. At 
present, all investigations of anatomical and chemical 
characteristics and of physical and mechanical properties of wood 
from healthy and declining trees indicate that there are no 
substantial differences between the two. 

Wood production, on the other hand, is quite a different matter. 
There is abundant evidence from both Europe and North America 
indicating that substantial reductions in growth and productivity 
of the forest are prevalent over large areas. Definite "cause 
and effect" relationships between atmospheric pollution and 
forest growth have been established in relation to local sources 
of pollution such as smelters, coal-fired generating stations, 
etc. Although scientists have not established conclusively that 
long-range pollution at persistent low concentrations is harming 
the forests, there is a host of circumstantial evidence and there 
are recognizable changes in the growth and condition of the 
forests for which no explanation is available. The diversity of 
sites, species, and stand conditions and the consistency of the 
pattern of observed decline symptoms argue strongly against 
silvicultural factors, disease, and regional drought as primary 
stresses in the observed declines. 

Uncertainties surrounding the mechanisms and specific causes for 
these forest declines have prompted intensified interest in 
research on regional scale air pollution effects on forests. 
Some major areas of information needed are: (1) measuring and 
evaluating subtle changes in growth processes, (2) defining rates 
of alteration of soil-plant nutrient cycles, (3) characterizing 
critical characteristics of gaseous pollution exposure dosages, 
(4) developing a better understanding of the role of pollutant-
pollutant, and pollutant-environment interactions in plant 
response, and (5) integrating process-level changes into projected 
system-level response. 

As mentioned previously in this report, two areas of expertise 
through which Forintek might contribute to this research are 
densitometry/dendrochronology and elemental analysis/heavy metal 
deposition. One of the important challenges identified by the 
u.s. government is quantifying the timing and distributions of 
recent changes in forest growth. Such changes may provide 
important early warning signals because they probably occur well 
before the system is visibly and significantly impacted. These 
changes might include the magnitude of variations in annual 
growth rate of individual trees over time, differences between 

49 



individual tree responses within a population of the same species, 
and variations in responses of different species at the same site 
over time. Tree-ring analyses have been used in a variety of 
studies to examine long-term changes in growth of trees in 
polluted environments and to establish regional base-line growth 
rates of trees for time periods preceding the most recent decades 
of increased atmospheric pollution. 

Forintek's ability to study temporal changes in wood density as 
well as ring width is even more unique and may provide greater 
sensitivity in documenting quantitative and qualitative changes 
in annual growth characteristics. There is evidence, confirmed 
in our own investigations, that changes in certain wood density 
parameters may be even more sensitive than ring width measurements 
in determining stress. 

Heavy metals deposited from the atmosphere or mobilized from 
soils are of particular concern to forest ecosystems because they 
may be accumulated in soils or plant tissues, have long residence 
times, and are toxic to some plant species at levels that in some 
instances may occur in the regional environment. Many techniques 
for doing elemental analysis of wood samples suffer from being 
destructive, time consuming, and/or costly. our initial attempts 
to apply SEM/EDXA to this problem apparently suffered from 
inadequacy of the minimum detection level of the equipment. This 
was coupled with the discovery that there were no concentrations 
of metal elements localized in specific tissue or cell types in 
the wood examined. Preliminary trials of incineration and 
evaluation of wood ash by EDXA appeared promising and merit 
further examination. Studies of cambium and other tissues known 
to contain much higher levels of trace elements than the xylem 
should also be worthwhile. 
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