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_ Gordon L. Brown
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The term "decline™ in forestry, refers to a widespread decrease in the
health and vigour of forests. This paper reviews existing literature
searching for possible causes of major forest declines, with a focus on
the potential involvement of air pollutants including gaseous
pollutants, acid deposition, heavy metals and organic compounds.

The author describes the major declines which have occurred or are
occurring in the world and outlines the potential causes of decline
including natural causes. The response of forests to various
pollutants: ozone, sulphur dioxide and nitrogen dioxide, acid
deposition, heavy metals and pollutant mixtures is discussed and
hypotheses of pollutant-related forest declines are developed.

Currently, most of the information linking air pollution to forest
decline is circumstantial. A successful explanation of a decline must
fulfill the following conditions:

o It must be possible to connect all the specific symptoms of the
decline to the causal factor in question.

o0 The temporal development of the decline must match the temporal
development of the causal factor.

o The spatial distribution of the decline must coincide with the
spatial distribution of the causal factor.

Condition number one is the most difficult to satisfy.

The ozone hypothesis is presently the most popular hypothesis of
air-pollutant related forest decline. The second most popular
hypothesis is that excessive nitrogen compounds are predisposing
conifers to winter injury. Scientific opinion is generally moving to
the view that different factors are responsible for declines at
different locations and that pollutant mixtures are likely of
significance.

In the absence of conclusive scientific evidence of the risks of air
pollution to Canadian forests, expert opinion on the likelihood of such
effects i1s a logical alternative. The final chapter of this paper
evaluates the potential use of the opinions of experts in characterizing
the risk of damage to forests from air pollution.



Les effets de la pollution de 1’air sur les foréts.

Résumé

Le terne déclin, en foresterie, référe a une inportante
décroissance de |la santé et de |la vigueur des foréts. Ce rapport fai
la revue de littérature existante sur |es causes possibles des déclin:
de certaines foré&ts inportantes. Une attention particuliére est
portée sur 1’implication des polluants atmosphériques, incluant |es
pol l uants gazeux, |a déposition acide, |es métaux lourds ainsi que les
composés Or gani ques.

L' auteur décrit |les déclins nmmjeurs passés et présents encore

dans | e nonde. I1 souligne de plus, Iles causes potentielles de ces
déclins incluant |es causes naturelles. La réponse des foréts aux
di vers polluants: ozone, dioxide de sulfure, d&position acide, métaux

lourds, ainsi que les polluants m xtes, est discutée.
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Abstract

The Effects of Air Pollution on Forests

submtted by Gordon L. Brown
Uni versity of British Colunbia

_ The term decline, in forestry, refers to a w despread decrease
in the health and vigor of forests. This paper reviews existing

literature searching for possible causes of major forest declines,
with a focus on the potential involvenment of air pollutants

i ncl udi ng gaseous pollutants, acid deposition, heavy netals and
organi ¢ compounds.

The aut hor descri bes the major declines which have occurred or
are occuring in the world and outlines the potential causes of
decline including natural causes. The response of forests to
various pollutants: ozone, sulphur dioxide and nitrogen dioxide,
acid deposition, heavy netals anchoIIutants m xtures is discussed
and hypot heses of pollutant related forest declines are devel oped
for the declines discussed earlier

Currently, nost of the information linking air pollution to
forest decline is circumstantial. A successful explanation of a
decline must fulfill the follow ng conditions:

1. |t nust be possible to connect all the specific synptons of
the decline to the causal factor in question.

2. The tenporal devel opnent of the decline nust match the
t enporal devel opnent of the causal factor.

3. The spatial distribution of the decline nust coincide with
the spatial distribution of the causal factor.

Condi tion nunber one is the nost difficult to satisfy.

The ozone hypothesis is presently the nost popul ar hypot hesis
of air-pollutant related forest decline. The second nost popul ar
hypothesis is that excessive nitrogen conpounds are predi sposing
conifers to winter injury. Scientific opinion is generally noving
to the view that different factors are responsible for declines at
different locations and that pollutant m xtures are |likely of
si gni ficance.

I n the absence of conclusive scientific evidence of the risks
of air pollution on Canadian forests, expert opinions on the
l'i kel i hood of such effects is a logical alternative. The fina
chapter of this paper evaluates the potential use of the opinions of

exPerts in characterizing the risk of damage to forests from air
pol | ution.
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1. I NTRODUCTI ON

The termdecline is used in forestry to refer to a w despread
decrease in the health and vigor of forests, frequently |eading
to death of nanr i ndi vidual trees over a large geo?raphical
region. MlLaughlin (1985) defines declines as conpl ex diseases
resulting in progressive weakening of trees and |leading to die-
back, which is the death of portions of the foliated canopy.

G adual |oss of vigor involving reduced growh rate and increased
susceptibility to secondary biotic and abiotic stresses typically
ensues.

Except in the cases of ozone damagi ng various pine species in
eastern U.S., California, and Mexico, present evidence is not
adequate to definitively link air pollution to any particul ar
decline of forests in elther Europe or North America. However, a
consensus of scientific opinion is developing that air pollutants.
are anong the primary causal factors in several major forest
declines in central Europe and eastern North America.

The first objective of this paper was to review of the existing
literature on the possible causes of the na%or forest declines,
with a focus on the potential involvenment of air pollutants

i ncl udi ng gaseous pollutants, acid deposition, heavy netals and
organi ¢ compounds. Chapters 2 through 6 review the present status
of scientific know edge related to the physical and physi ol ogi cal
mechani sms of injury related to specific pollutants, comunity

| evel responses and uncertainties, and evidence to supEort or
refute various proposed hypot heses which strive to lin

ant hropogenic air pollutants to forest decline.

Al t hough a consensus of scientific opinion seens to be energing
that long range transported air pollutants are contributing to
observed forest decline, a scientifically documented |ink has not
yet been established. Thus, there exists a certain unkown risk
that Canadian forests are or will be affected by air pollutants,
in which case stringent pollution controls nay be i medi ately
warranted. On the other hand, there is the risk that inplenenta-
tion of contol programs, wth certain negative socio-econonc
effects, may prove to be unnecessary with respect to forest
effects, if air pollutionis not a factor in forest decline in
Canada. In the absence of conclusive scientific evidence of the
risk to Canadian forests fromair pollution, expert opinions on
the likelihood of such effects seemto be the |ogical second best
alternative. A second objective of this paper was to eval uate the
potential use of the opinions of experts in forest air pollution
effects, 1in characterizing the risk of damage to forests fromair
pollution. This material is presented in Chapter 7.



‘. OBSERVED FOREST DECLI NE

Al though tree declines are not new, major regional forest declines
have not been observed until recently. Less extensive declines
have been observed in Europe over the last 200 years and in North
America over the last 100 years (Cow ing 1985h).

2.1 West Germany and Europe
2.1.1 Wl dsterben

Recent forest declines in Germany ("Wl dsterben") have been summ-
arized by Blank (1985), Bruck (1985) and Schutt and Cow ing
(1985). In the 1970's the first reports of forest danage were
confined to silver fir damage, which increased dramatically dur-
ing the hot and dry sumer of 1976 and is now affecting nearly

all stands. Since the late 1970's synptons have al so been noticed
on Norway spruce, Scots pine and comon beech, which together
account for 77% of the total forest area (silver fir covers 2% of
the forest area).

This new type of forest decline, called "Neuartige Wil dschaden",
is unprecedented in severity and geographical extent, and cannot
be attributed to a known cause of previous dieback events. There
has been a drastic increase in the total forest area affected,
from 8% damage in 1982 to 34%in 1983 and 50% in 1984. However,
the majority of this damage is "slight", and the scientific
community in Germany is apparently unhappy about the crude inven-
tory methods being used and the fact that all types of damage are
reported, even that which clearly is attributable to climatic and
biotic factors. Rehfuess has enphasized that, in the case of
Norway spruce and silver fir, only decline of high elevation
forests should be attributed to the potential effects of air
pollution. Qher equally widely distributed damage in forests is
quite definitely due to climatic factors or fungus infection (air
pol lution levels in nost of these areas are insignificant)

(Prinz, 1985).

Forest damage in Germany first appeared at higher altitudes,
usual |y above 600 to 800 neters; the anount of danmage still tends
to be higher at higher elevations (Ashmore et al, 1985). Trees
growing on fertile and infertile soils, both basic and acidic,

are affected; nost severe damage is on northwest facing slopes in
nort hwest Germany, and on west facing slopes in the Black Forest
(Bruck, 1985).

The "new type" of decline is not confined to Wst Gernany. Recent
reports of loss of vigor and increased nortality of deciduous and
coni ferous forest species has also been reported in East GCermany,
Austria, Poland, France, England, Yugoslavia, Czechosl ovakia,
Switzerland, and Italy (MlLaughlin, 1985; Cowl ing 1984b; Post el
1984).

Jf the various declines observed in Europe and North Anerica,
Wal dsterben is by far the nost inportant (Cowing 1985b). It is



we first nultiple species decline; in fact nearly all native and
totic tree species are affected, as well as-sone shrubs and

herbs. It is also inportant because of the |arge geographica
area affected, the remarkable diversity of physical, chem cal
climatic, soil, site, and forest nanagenent conditions in which

danage has been observed; the unique synptons shown by the trees
(Table 1), sone of which have never been seen before (Schutt and
Cow ing 1985) and the very great aesthetic and comercial val ue
of the forests to the people of Europe. A survey in the sunmer of
1983 showed that West Germans were nore concerned about the fate
of their forests than about the Pershing mssiles to be placed on
their land (Postel, 1984).

2.1.2 Oher Declines in Europe

In addition to Wal dsterben, the follow ng declines have occurred
in Europe in the twentieth century (Cowing 1984b):

e Tannensterben (white fir decline) in Wst Germany, since the
m ddle 1700's.

e Kiefersterben (scots pine decline) in East Gernmany and European
Russia during the early 1970's.

e Oak decline in Germany and France since the early 1900's.

» Pine decline on the Atlantic coast of France since the early
1980’ s.

2.2 North Anerica

Regi onal -scal e forest decline synptons in North America are nei-
ther as diverse nor as well devel oped as those in Wst Germany.
O interest, however, is that at l|least two of the declines exam
ined provided direct evidence that air pollution (ozone) was the
primary causal factor (Cowling 1985b).

In the first of these, MIller et al (1983) attributed injury and
growt h reductions of ponderosa pine and other species in the San
Bernadi no Mountains in California to ozone originating in the Los
Angel es area, approximately 100 km east.

In the second decline, that of eastern white pine and other
species in the Geen Muntains of Virginia, a research project by
Skelly et al (1983) denonstrated that |ong range transport of
ozone was the primary causal factor.

O her studies of forest decline in North Anerica have failed to

establish unequivocally that air pollution was involved in the
decline. Possible reasons for pitch and shortleaf pine declines
in New Jersey were evaluated, and it was concluded that acid
precipitation m ght have been a factor on the basis of a strong
orrelation between annual variation in stream pH (a surrogate
or acid rain) and gromh rates (Johnson et al 1981).



Table 1

G owh decreasing (hypoplastic) synptons:

e Discoloration and loss of foliar bionmass

e Loss of feeder root biomass

e Decreased annual increnent

e Premature senescence of ol der needles in conifers

e Increased susceptibility to secondary root and foliar pathogens
e Death of affected trees

e Death of herbaceous vegetation

Abnormal -growth (hyperpl astic) synptons:

e Active casting (abscission) of green | eaves and green shoots
e "Stork's nest" formation in white fir

Al tered branching habit and greater than normal production of
adventitious shoots

e Altered norphol ogy of |eaves
e Altered allocation of photosynthate
e Excessive seed and cone production

Wat er - stress synptons:

e Altered water bal ance

Source: Schutt and Cow ing (1985)



n New York Puckett (1982) used nultivariate regression in
rndroclinmatol ogy to show that changes in the relation of tree
growth to climate have occurred since 1945. By elimnation of
ot her sources of decline such as disease and insects it was
concluded that acid rain and/or air pollution alone or in conbin-
ation with other growth limting factors may be responsible.

Since the early 1980's there has been increased observation and
docunentation of red spruce decline throughout the Appal achi an
Mountains. The present decline is unprecedented in its synchrony
and consi stency, affecting spruce and fir of all age classes,
site conditions, soil type and aspect. On the basis of tree ring
cores, this decline was found to have begun in the early 1960's
(McLaughlin 1985, Bruck 1985).

Since 1964-1966, red spruce were found to have declined by 40-60%
in basal area in |low elevation forests (less than 900 n) and by
60-70 ¥ above 900 m (Scott et al 1984). At M. Mtchell in North
Carolina red spruce and Fraser fir above 1935 mare in a severe
state of decline. Trees of 45-85 years exhibited some form of
growt h reduction beginning in the early 1960's. Spruce stands

bel ow 1935 m are healthy and vigorous (Bruck 1984, Bruck 1985).

Decline of red spruce at high elevation forests is characteristic
of a stress' related disease ie (Johnson and Siccama 1983a):

e |ack of an obvi ous cause,

e dieback and |loss of foliage in the crown and branch
tips and progressing downward and i nward over tine,

e subsequent invasion by secondary organi sns that
normally do not cause substantial danmage to vigorous
trees.

In addition to the above, the follow ng regional declines, each
with no obvious cause, have been observed (Cow ing 1985b):

e Birch dieback in the northeastern U . S. A and sout heastern
Canada in the early 1940's t hrough 1970's.

e Oak decline in the southeast U S. A since the md 1960's.

e Mapl e declines in northeast U S. A and southeast Canada
since the 1950's.

e Decline in growth in loblolly, shortleaf and slash pines
in southeast U.S.A since the md 1960's.

e Ash dieback I n southeast Canada and northeast U. S. A since
the 1950's.



"he cause of several additional forest declines in North Anerica
as determ ned to have been due to natural causes as foll ows
(Cowl i ng 1985b):

e Beech bark di sease in nor theast U S.A and sout heast
Canada since the early 1940's.

o Littleleaf disease of shortleaf and loblolly pines in the
southeast U S. A since the early 1920's.

e Pole blight of western white pine in the Rocky Muntains of
western U.S.A since the early 1950's.

e Sweetgum blight in the southeastern U S.A in the 1950's
and 1960's.

2.3 Mexico

Pine trees are declining and dying at el evations of 3000-3500
neters in the nountains around Mexico City (deBauer et al 1985).
Qzone injury synptons were observed on mature needles. A poll-
ution gradient effect was al so observed; trees were nore exten-
sively damaged near Mexico City, with damage decreasing as the
altitude decreased and distance from Mexico Gty increased. The
authors attributed the decline, which resenbles the ponderosa
pine decline in California, to ozone.

2.4 Australia

"New Engl and pieback" is a particular group of synptons including
crown defoliation, secondary shoot devel opnent, death of primary
and secondary shoots, and premature death of eucal yptus trees in
Australia. Dieback was independent of nost site, |and use and
stand characteristics. The cause was not obvious until severa
stands of trees were treated with insecticide, leading to sig-
nificant recovery of the treated stands. |nsects were inplicated
as the primary cause of the decline (Mackay et al 1984).

2.5 Pacific Rm

Evi dence of the role of natural processes in forest decline is
also found in Pacific Rimforests (MLaughlin 1985). Declines
observed in the Pacific Rmare very far from pollution sources,
where the air may generally be considered "pristine". Severa
forest declines have been docunented in the past and are consid-
ered normal; they occur in a wide variety of site, soil and
climatic conditions. There are five principal theories of caus-
ation as follows (MLaughlin 1985):

o di seases and insect damage,
e climate change or perturbation

e nutrient limtation,



e Stand succession, and

e physiological stress in areas where trees are narrowy
adapt ed.

The stand successi on (cohort senescence) theory of Mieller -
Donboi s seens to fit many of these situations. This theory sug-
gests that concom tant senescence of even-aged cohorts of trees
occurs in patterns determ ned by previous catastophic di sturban-
ces such as tropical storns, lava flows, ash bl ankets, or |and-
slides. These patterns may be repeated but occur w th decreasing
continuity in successive generations as |arge nunbers of trees
reach senescence sinultaneously in patches of ever decreasing
spatial integrity (MLaughlin 1985).

2.6 Common Decline Factors in Europe and North Anerica

Appendi x 1 contains a conparison of the major synptoms observed
in the declines of forests in Europe and North Anerica. Sone of

the nost inportant conclusions of this conparison are as follows
(Cowling 1985b):

e The synptons of decline in forests are diverse and often
specific to a particular tree species.

e Although there are simlarities, there are many differences
among the synptons of decline observed, attributed prinarily to
di fferent species.

e Norway spruce (ornanental in North Anerica) is show ng al nost
identical synptons of stress on both continents.

e Odest tissues tend to be affected first.

e Decreases in diameter growh of conifers have been observed on
both continents, although these are nore gradual in Europe and
more synchronous in North Anerica.

e Sone of the nost inportant differences in synptons include:

- greater frequency of dying back fromthe top (youngest
tissues affected first) in North Anmerica than i1n Europe,

- greater frequency of abnormal growth synptons in Europe
than in North Amrerica (synptons 9 to 15 Appendix 1),

- substantial nunber of synptons observed in Europe
(synptonms 8,9,10,11,14) are reported only rarely or not at
all in North Anerica, and

- greater frequency of decrease in growth w thout other
visible synmptons of damage in North Anerica than in Europe.



POTENTI AL CAUSES OF FOREST DECLINE
3.1 Analysis of Regional Declines

Ai rborne chem cal s have been positively identified as an inpor-
tant causal factor in only two of the 18 European and North
Arerican regional declines listed in the previous section. These
include the decline of ponderosa and Jeffrey pine in California,
and the white pine decline in eastern U S.A . In these cases
(Cowl i ng 1985c):

e Geographical gradients in damage are correlated wWth gegraphical
gradients in ozone concentration

e The major synptons (yellow ng and necrosis of foliage, decline
inrate of growh, and death of trees) can be reproduced by
exposure to ozone; and

e Genetic variation in susceptibilty and resistance to damage in
the field is correlated with genetic variation in susceptibility
and resistance to ozone in controlled exposures.

In the case of \Waldsterben, geographical gradients in damage are
not well correlated with geographical gradients in concentration
and deposition of any known air pollutants. But in at |east one
regi on, Baden-Wurttemberg, the anount of damage to trees was
greater on trees of greatest exposure to noving air masses. This
was shown with regard to predomnant wind direction, altitude,
position within a stand (edge vs center), and position within the
canopy (dom nant vs non-dom nant trees). Al so no known biotic,
physical, or soil chemcal factors were well correlated with
damage. Finally, controlled exposure to ozone and to ozone plus
acid mst has reproduced one of the synptoms (yellow ng of spruce
foliage) observed in the forest (Cowing 1985c).

In the case of red spruce and Fraser fir declines, evidence for
air pollution involvenent is weakest of all. Here the anount of
damage (decrease in dianeter growh, loss of foliage and root
biomass, and nortality of the trees) is greater at high than at

| ow elevation. This is consistent with altitudinal gradients in
concentration of ozone and other pollutants, tine of exposure to
nutrient-rich and acidic cloud water, and accumul ati on of |ead
and other toxic netals. Neither controlled exposure tests nor
genetic tests with resistant and susceptibl e genotypes have been
one with red spruce or Fraser fir (Cowing 1985c).

In addition to the above, declines of forests where air pollution
is a primary causal factor may be ocurring unnoticed, for two
reasons:

e Hdden injury: growh and productivity can be declining in
trees subjected to |lowlevel and |ong-term exposures to air
pol lution that show no visible signs of injury (Postel, 1985).



v Extensive areas of |ow elevation, spruce-fir forests in eastern
North America have been studied little with respect to dieback
and decline (Bruck, 1985).

3.2 Natural Causes of Forest Decline

W despread nortality of selected forest species have been
observed before at tines, and in places where air pollution was
not a factor (Bruck 1985). There are several potential natural
causes of forest growh decline, which are summarized in Table 2.

3.2.1 Role of Natural Causes in Forest Decline in Germany

Wl dst er ben cannot be attributed to a known cause of natural
dieback factors, although it is possible that a series of hot and
dry Vears experienced during the | ast decade has affected tree
vitality and resistance to ?ollutant and/ or pathogen attack. Hot
sumer s have often been foll owed by harsh winters; these drastic
and sudden changes may be inportant. The nunber of trees affected
by fungal infections has markedly increased over the past few
years suggesting pat hogens play an inportant role, probably as a
secondary cause of decline following a |lowering of the resistance
by pollution or climatic factors (Blank, 1985).

The follow ng natural factors have been suggested as possibly
qutraggifng to German forest declines (Environmental Resources
ta. :

e Many of the ecosystens of central and sout hern Germany, where
ext ensive damage has been observed, are naturally fragile with
respect to their ability to sustain permanent and robust tree
growmh (eg altitudes over 800 m acidic soils, underthinned trees
over 50 years old).

e Stands with even aged trees may lead to a fragile ecol ogy for
firs and the |ikelihood of disease susceptibility.

e Unhealthy forests in Bavaria may be partially explained by
their location in areas experiencing stornms and snow, and to the
use of forests for grazing.

e Climate, particularly drought and wind, could be a factor
Dry years may lead to fine root damage, and this is a najor
cause of fir nmortality. The long dry sumrer of 1976 may have
been particularly damaging - the death of fine roots predisposed the
root systemto increased attack by pathogens and fungi

Anot her open question is the possibility of the quality of re-
ceived radiation being involved. It cannot be ruled out that the
hi gher proportion of ultraviolet radiation received b¥ trees at
hi gher altitudes nmay be involved in the degradation of chloro-
phyll in damaged needl es (Bl ank 1985).



Table 2

——————— . ——— —— — ——— - ——— T ——  m —n G M . e T e S e - —— — — — — - - - - ———— o

—— . — ———— - ——————————————— — ——————— t— —————— —— o ————— —— - —— ——— —m—A = —— - —— —

Stand age:

St and
density:

Har dwood

conpetition:

Stard
structure:

Speci es

conpetition:

Possi bl e Nat ur al

o distribution of _ ds
e higher proportion of smaller trees in conpetition

Causes of Forest Decline

trees shifting to ol der stands

with larger trees

hi gher average basal area
increased conpetition in overstory

in overstory

i n understory

improved fire protection favors hardwoods and
shrubs

uneven stands with nore intermediate trees
| ess uniform spacing with clunps and hol es

sone #ardmood species may negatively influence pine
gr owt
har dwoods may be nore conpetitive than pines

I nsects & damagi ng agents may cause stress w thout actually
di sease: damagi ng trees _ o
pat hogens may be unidentified as causa

Cenetic poorer through natural selection
st ock:
dimte: e Precipitation: anount, form distribution

e Tenperature extremes sumrer and W nter

e ther weather elenments eg early or late freeze
Site e Naturally acid soils

e Naturally "borderline" fertility, etc.

Adapted from Cowl ing 1984b

10



.2.2 Rol e of Natural Causes of Decline in North Anerica
Bruck (1985) feels that the possibility that the eastern North
Arerica red spruce decline could be the result of natural factors
shoul d not be ruled out.

Sout hern Appalachians

Oh M. Mtchell in North Carolina red spruce and Fraser fir
growi ng at altitudes above 1935 m averaged 75-90% defoliation,
characterized by a shedding of the ol dest needl es. Precipitation
data from 1930 to 1983 showed that at no time during these 53
years was there a drought near the summt of M. Mtchell, nor
were abnormal |y high or | ow seasonal tenperatures of significance
(Bruck, 1984).

Pi ne Barrens

In the Pine Barrens region of southern hbM/JerSEK, abnor mal
growm h over the past 25 years was correlated with natura
environnental factors including winter noisture, wnter
temperature, spring and summer insolation and sunmmer drought, and
stream pH (a surrogate for precipitation pH) (Johnson et al,

1981).

Nort hern Appal achi ans

Al t hough several studies have been conducted of the red spruce
declines in the high elevation forests in the northern Appalach-
lans, the cause has not been unequivocally determ ned. There is
reasonabl e evidence that the dry period of the earhy 1960's
triggered the decline, but it is not clear whether drought alone
was sufficient to cause the initiation of the decline, or whether
2525{ stresses were involved (Johnson and Siccama, 1983a; Johnson

In the 1950's and 1960's substantial areas of red spruce were
observed in Vernont and New Hanpshire. Fungal pat hogens whose
invasion is triggered by stress were found in high nunbers.
Recent spruce decline in southern Vernont is heavily infected
with Acmllaria fungus, but no fungal pathogens are present in
declining trees in northern Vermont (Johnson and Siccama, 1983a).

3.3 Human Causes O Forest Decline Gther Than Air Poll ution

The foll ow ng possibl e human causes other than air pollution of
forest decline have been suggested (Cow ing, 1984b):

o Loss of site quality, by clearcutting, heavy cutting on better
sites, and erosion of top soil.

o Loss of "oid field" site conditions, due to cultivated soils,
conpeting vegetation, and residual fertilizers.
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v Harvesting, due to selective cutting of better, faster grow ng
trees, and soil conpaction by heavy equi prment.

e Poorer genetic stock, as a result of selective cutting.

In addition it has been suggested that regional declines may be
apparent only now through new and inproved field neasurenent
procedures and conputation nethods, when in fact the regiona
decl i nes now observed may be part of the natural course of events
(Cow ing, 1984b).

3.4 Miltiple Stress Concept

Regi onal declines of forests in Europe and North America are
believed to result from the conbined action of several different
conpetitional, biological, physical and chem cal stress factors
that act togerther sinultaneously or sequentially to induce the
synptons of damage (Cowl ing 1985c). One of the nost widely
accepted concepts of causality was introduced by Manion (1981).
Stresses are categorized into three classes as follows:

e Predisposing factors, resulting in chronic weakening, due to
changes in climate, soil noisture, genotype of host, soil nut-
rients, air pollutants, or conpetition. These factors may nake
the tree nore susceptible to the shorter terminciting factors.

e Inducing or inciting factors, resulting in short term acute
stresses which may act as "triggering nmechani sns", due to insect
defoliation, frost, drought, salt, air pollutants, or nechanica
injury. Sudden physiological shocks may alter the tree's physio-
| ogical condition and make it nore susceptible to secondary
biotic stresses (either in the form of increased attractiveness
as a host, or decreased capacity to recover from the stress).
Carbohydrate and nutrient supply may play an inportant role in
t hese changes.

e Contributing factors, resulting in acceleration of decline once
a tree has begun to decline, due to bark beetles, canker fungi,
viruses, root-decay fungi, and conpetition. These factors are
often blamed for the tree's condition when they have in fact
exerted their role as secondary or tertiary stresses.

In well stocked forest stands, conpetition nmay have significant
influence as either a predisposing or contributing factor in tree
responses to anthropogenic stresses (MLaughlin, 1985).

Air pollutants may act as both predisposing and inciting stresses
in influencing declines of forest trees. The potential inter-
actions of pollutant and natural stresses in both of these cate-
gories suggest that nultiple stress hypotheses for these declines
may be particularly appropriate (MLaughlin 1985).
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| t hough the concept of multiple causalitz has gai ned w de accep-
ance in both North Anerica and Europe, there is much |ess agree-

ment on which factors are predisposing, inducing or inciting, and

contributing in any given decline of forests (Cowing, 1985b).

Additionally it should be renenbered that airborne chemcals of

i mportance to forests include beneficial as well as injurious

subst ances.
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t. FOREST RESPONSE TO AIR PCLLUTION: POLLUTANT MECHANI SMVS

£xcept i n the cases of ozone damagi ng various pine species in
eastern U.S., California, and Mexico, present evidence is not
adequate to definitively link air pollution to any particul ar
decline of forests in either Europe or North Anerica. However, on
the basis of general know edge of the responses of forests to
stress, sone circunstantial evidence, and a very few controlled-
exposure experinments, a consensus of informed judgenent is dev-
eloping that the air pollutants of greatest probable relevance to
the decline of forest include the follow ng In approxi mate order
of decreasing inportance (Cow ing, 1984b):

e Ozone

e Total biologically available nitrogen conpounds, including wet
and dry deposition of all biologically avail abl e gaseous, _
aerosol, and dissolved or suspended forms of nitrate (including
HNO3 vapor), ammonia and anmmoni um nitrogen

e Oher phytotoxic gases, including nitrogen oxides, sulfur
di oxide, fluorine, peroxacetyl nitrate (PAN) and peroxypropriony
nitrate (PPN).

e Toxic netals especially lead and cadm um and possibly al so
zinc and copper.

e Nutrient and acidity-determ ning cations and anions in wet and
dry deposition, ie acid deposition.

e Gowh altering organic chemcals such as ethylene and aniline.

The physical and/or physiol ogi cal nmechanisms by which the above
air pollutants are thought to inpact forest trees are described
in this section. Evidence to support or refute the various air
pollution-related hypotheses of forest injury presently believed
to be plausible is given in Section 6.

4.1 Ozone
4.1.1 Loss of Foliar Nutrients

Exposure to el evated ozone |evels damages plant cell nenbranes,
thereby altering their permeability and the integrity of cellular
organi zation (MlLaughlin, 1985). Cell nenbrane danmage causes the
cells to becone "leaky", resulting in increased |eaching of ions,
a process which nay be exacerbated by acid fog and acid rain.
Qzone al so damages the photosynthetic apparatus, resulting in

di m ni shed carbohydrate reserves which reduce the ability of the
affected trees to replace the |eached nutrients (Skeffington and
Roberts, 1985). In addition to the negative effects on growh
resulting from nutrient deficiencies, changes in foliar nutrient
staﬂuiﬁgg% enhance foliar susceptibility to frost injury (Ashmore
it a .
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.1. 2 Reduced Biomass of Fine Roots

Altered plant-water relations (decreased water uptake) can result
from a reduction in biomass of fine roots, due to reduced trans-

| ocati on of photosynthate from pollution damaged shoots. In general
stresses that reduce the capacity of aboveground plant systens to
produce photosynthate at a rate required for gromh and devel op-
ment of these tissues will result in reduced allocation to root
systems and a consequent decline in root vigor. Gaseous air
pollutants, particularly ozone, can alter partitioning of biomass
between plant parts and interfere with translocation of photosyn-
tha“e to these systens (MLaughlin 1935).

4.1.3 Altered Resistance to Secondary Stresses

Both natural and anthropogenic stresses can alter the allocation
of resources to various plant organs and anong various biochem
ical conpartnments. These influences may exert significant control
over a tree's ability to resist disease (MLaughlin 1985). Forest
trees may becone nore susceptible to secondary stresses as a
consequence of exposure to air pollution. In both the white pine
decline in Virginia and the ponderosa/Jeffrey decline in Calif-
ornia, forest decline was furthered by secondary stresses inclu-
ding bark beetle attack and root disease (Skelly et al, 1983;
MIller et al, 1983).

4.2 Excess Nutrient (N trogen Conpounds)

Al though nitrogen is one of the nost inportant nutrients required
by forest trees for normal growth and devel opnent, and is the

el enent which is nost often limting to forest growh and produc-
tivity, it is also known to have certain detrinental effects on
forest plants when deposited in greater than normal anounts
and/or concentrations, as follows (Cewling, 1985bh):

e Stimulation of increased growh leading to increased demand for
all other essential nutrients and thus to deficiencies of other
nutrient elenents.

e Increased susceptibility to frost end to winter desiccation due
to delay in conversion of starches to sugars and/or in formation
of protective cuticle on |eaf surfaces. An oversupply of N
d:posited as ammoniumor nitrate ions carried by w ndbl own dust,
rain or snow, my exacerbate frost damage. Plant cells continue
to grow late into the autum, and excess nitrogen del ays differ-
entiation of cuticularized epiderms. |f cutic?e thickening is
not conpleted, the plants are nore susceptible to damage from
Wi nter desiccation or early frost.

e Inhibition of necrosis of nycorrhizae, which are beneficial
associ ations of fine feeder roots with certain soil fungi which
assist in uptake of nutrients and water and afford protection
agai nst feeder-root pathogens of forest trees.
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e Predisposition to increased attack by foliage and root-disease
fungi, and by insects.

e Changes in the relative amounts of shoot growth with respect to
root growh. Increasing the shoot:root ratio of trees, whether
i nduced nutritionally from atnospheric inputs or fromreduced
transl ocati on of photosynthate from pollutant-stressed shoots,
woul d be anticipated to enhance susceptibility of trees to nois-
ture stress. Potential transpiration is higher due to larger |eaf
area, and water uptake fromthe soil is reduced due to a snaller
root system (MLaughlin, 1985; Watt Committee, 1984).

e Alterations in patterns of nitrogen transformations in forest
scils including nitrification, denitrification, and possibly
bi ol ogi cal fixation of nitrogen.

An alternate nechani smof potential excess nitrogen/anmoni um was
proposed by N hlgaard (1985). Since nost plants are well adapted
to live with very low levels of N, they are capable of taking it
up in various forms including gaseous atnospheric anmmonium a
maj or source of which is volatilization of agricultural fertil-
izers. Wen forests are N-saturated (eg after exposure to 30 kg
N ha for 30 years), trees takin% UP gaseous ammoni um may accunul ate
it and other non-protein Nin the |eaves. This is enhanced when
protein synthesis is blocked in the | eaves due to My, Kor P
deficiencies. The result can be excess hydrogen ion and ot her
toxic material buildup from ammoni um oxidation; secondary effects
i ncl ude decreased frost hardiness, increased fungal di sease,
fncreased insect attack and algal growth, and early fall of green
eaves.

4.3 Sulfur Dioxide and N trogen Dioxide

Bot h sul fur dioxide and nitrogen dioxide are sufficiently soluble
to dissolve readily in the extracellular water once they have
entered a leaf. Although S and N are essential mneral nutrients,
theY can cause physical and bi ochem cal disturbances because the
cells are exposed to higher levels of some chenical species
(sulfite and nitrite) than occurs in nornmal netabolism (Watt
Committee, 1984).

4.3.1 Effects on Stonata

The primary response of plants to sulfur dioxide is on stomatal
functioning, wth stomata of some speci es opening at concentra-
tions as low as 50 ug/m3. This is the result of damage to the
eﬁldernal and subsidiary cells. Sulfur dioxide has also been
shown to result in stomatal closure, especially at higher concen-
rations (1430 ug/m3) or when the relative humdity was |ow
strong interactions wth humdity have been noted; 100 ug/m3
caused stomatal opening at high humdity and closure at |ow

hum dity in bean, sunflower and tobacco. Effects of nitrogen

16



Jdoxide on stonmata have not been investigated in detail, although
there is evidence that in bean it nay cause atenporary stinul-
ation of opening simlar to the effect of sulfur dioxide (Watt
Committee, 1984).

Even a smal | disturbance of the normal functioning of stomata is
likely to inpair the physiological efficiency of a leaf, and a
maj or di sturbance will [ead either to water-deficit stress or to
a severely restricted supply of carbon di oxide for photosyn-
thesis. Water-deficit stress may be particularly inportant for

t he upper branches of trees whose supply of water is strictly
limted by the resistance of the xylemconduits. In cases where
pol | utants cause stomatal closure, the interference with carbon
di oxi de supply nmust limt growth and may al so be associated wth
premature senescence of |eaves (Watt Committee, 1984).

4.3.2 Effects on Photosynthesis

Al t hough pol [utant-induced stomatal closure nust directly affect
phot osynthesis, there is evidence also of direct nmetabolic effects
of sulfur dioxide and its products in plant cells. Structural
changes within chloroplasts seen under the el ectron m croscope
are the first visible signs of perturbation and are thought to

i ndi cate ionic disturbances or pH changes. These are reversible
after short fumgations, but recovery time increases after |onger
treatnents or exposure to higher concentrations. However, because
of the conplex nature of the effects of sul fur dioxide on various
pl ant processes, and due to strong interactions with |ocal envi-
ronnmental conditions including light intensity, relative humdity
and tenperature, it has so far proved inpossible to describe a
preci se dose-response relationship (Watt Commttee, 1984).

The results of experinments of nitrogen dioxide effects on net
phot osynthesis are even nore variable. Inhibition of photosyn-
thesis seens to be%in in many species at gas concentrations

bet ween 200 and 500 ug/m3, and at |ower concentrations may result
in growh stimulation (Watt Commttee, 1984).

4.4 Acid Deposition

CGains were nmade in the early 1970's that acid rain (wet depos-
ition) was causing a decline in forest productivity 1n Scandin-
avia. Fifteen years later these clainms have not been substan-
tiated, but the najor research effort that followed the clains
reveal ed several potential pathways of injury to plants fromacid
deposition. These include both direct or contact effects, and
indirect effects.

4.4.1 Direct (Contact) Effects

Potential direct effects of acid deposition on plants include
‘oliar damage; effects on reproductive processes, seedling emer-
jence and early growth; and effects on canopy nutrients. Direct
effects of acid deposition on plants have so far only been
observed under very acidic sinulated rain solutions. The effects
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escribed bel ow have rarely if ever been observed in the field.

Fol i ar Danmge

Potential effects of acid deposition include direct foliar damage
due to excess acidity, cuticular damage, interference with normal
functioning of guard cells and poisoning of plant cells after
diffusion of acidic substances through the stomata or cuticle.
Potential results include changes in photosynthetic efficiency
and altered plant water relations. The majority of these mech-

ani sns _have been observed in experinents, although the dose
applied was in general significantly nore acidic than anbient
conditions (Morrison 1984). Very fewif any of these effects have
been observed in the field.

Effects on Reproduction and G owth

Potential effects of excess acidity include reduced pollen germ
ination, seedling germnation and energence, and reduced early
grow h, including alterations in norphol ogy and autogeny of very
young seedlings. These effects are generally only observed in
very acid conditions, for exanple in experinents with sinulated
rain at or below pH 3.0-3.5.

Effects on Canopy Nutrients

Canopy nutrient enrichment can occur due to trapping, filtering,
or absorption of particulates and gases (dry deposition) as well
as substances in solution (wet deposition). On the other hand,
crown nutrient depletion can occur due to crown | eaching, whereby
cations adsorbed onto exchange sites on the foliar cuticle are

di spl aced by hydrogen ions from precipitation. Replenishnent
cations nmove directly fromthe transpiration stream within the
plant into the |leaching solution by diffusion and nass flow.

| ncreasi ng di spl acenent of adsorbed cations shoul d acconpany
increasing acidity of rain pH (Mrrison, 1984).

Canopy exchange processes vary anong both chem cal el enents and
bet ween species. For exanple, "~ hardwood canopi es generally gain
nitrogen, while conifer sPecies general | y experi ence m nor

| osses. Leaching |osses of sulfate, calcium and nmagnesi um occur
to varying degrees with both forest types. Anmong the nutrients
lost from foliage are carbohydrates, which are the major constit-
uents |eached from foliage (MLaughlin 1985).

The significance of these | osses will depend upon the rates of
repl eni shment from the soil, as well as on the overall nutrjt-

i onal adequacy of initial plant tissue |evels. The conbination of
cation | osses fromfoliage and reduced cation availability and/or
upt ake fromsoil (see Section 4.4.2) could potentially result in
a nutrient deficiency stress on forest trees (MLaughlin, 1985).

.hroughfall (precipitation below the canopy) is altered chem

ically from anbient precipitation due to interaction with the
canopy. Assuming precipitation and deposition conponents are not
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absorbed into the canopy, throughfall wll consist of ambient
precipitation, crown |eachates and crown wash-down, which repre-
sents materials dry deposited on | eaves and washed off. If it is
assumed that absorption and Ieachin% | osses are insignificant,
total content in throughfall less that in anbient rainfall (ie
washdown) is an estimate of dry deposition

4.4.2 Indirect Effects

Potential indirect mechani sns whereby acid deposition could have
a negative inpact on plants include: " changes in site fertility,
alum num toxicity, increased incidence of tree diseases or insect
attack, and effects on nycchori zae.

Changes in Site Fertility

The potential negative effect of acid rain on forest soils is
considered to be related to displacenent of cal ciumand nagnesi um
from the upper soil horizon, or fromreduced m crobi al deconE05|-
tion and rel ease of nutrients fromsoil organic matter. On the
other hand, positive effects may potentially result fromrainfal
nitrogen inputs where available nitrogen in soil is limted. If
soil acidification is going to occur, levels of exchangeable

ydrogen and al um num nust increase at the expense of either

dsor bed basic cations or by occupying new exchange sites. In the
former case there is a loss of available nutrients fromthe soil
V%et?er this will occur depends on the following (Watt Committee
1984):

e the equilibriumbetween cations in solution and those on the
exchange surface, which controls the nature of the exchange,

e the presence of a nobile ion, such as sulfate, to transport
the resulting cation out of the soil, thereby achieving
el ectroneutrality. |In strong sulfate adsorbing soils, nutrients
will not be |eached.

The potential |osses of nutrients fromsoils nust be considered
in relation to the follow ng (MLaughlin, 1985):

e available pools of nutrients in soils and vegetation

e natural leaching |osses frominternal acid production by trees
and m croorgani sns,

e rates of resupply of nutrients frommneralization of soi
organi c matter and weathering of mnerals, and

e Nutrient uptake and incorporation into woody bionass

'he significance of nutrient |osses fromsoils to growh and
physi ol ogi cal processes of forest trees has not been well quant-
ifled, and there are significant differences in nutrient require-
ments between tree species. Qher acidification-related soil
precesses that could be affected include availability of phos-
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shorous, which is pH-dependent, and changes in mneral weather-
I ng.
Al um num Toxicity

Based on long-termstudies of forest soils in the Solling Plateau
in West CGermany, Urich predicted that decreased plant water
uptake could be the result of a reduction in biomass of fine

roots induced by alumnumtoxicity. (The mechanismis described in
nore detail in Section 6.)

D sease and | nsect Attack

In general, trees weakened by any primary stresses that reduce
bel ow ground vigor are likely to experience increased susceptib-
ility to root pathogens. In declining red spruce stands in New
Engl and, an increasing incidence of the root decay fungus
Armarillea was found 1n all |ocations exam ned. Root decay was
considered a contributing secondary agent on the basis of its
bei ng | east devel oped on the nost heavily damaged stands at high
el evation (MLaughlin, 1985).

It has been denonstrated that acid rain at pH 3-4 can reduce the
I nci dence of pathogens in sone situations, due presumably to the
debilitating effect of acid on the pathogen. In other cases
infection can be enhanced, as a result of plant injury caused by
acid deposition (Bruck and Shafer 1982).

Ef fects on M/ccorhi zae

It has been denonstrated that sinmulated rainfall at a near anb-
ient pH | evel can reduce the vigor of nyccorhizae of loblolly
pi ne seedlings (Shafer and Bruck 1985). This could potentially
result in decreased uptake of nutrients and water and reduced
capacity for grow h.

4.5 Heavy Metals

In addition to alum num (described above) potentially toxic
netals include |lead, cadmum zinc and copper.

The interaction of factors controlling chem cal and biol ogica
availability of heavy netals, and ultimately biological effects,
I's poorly understood. |ndividual and conbined trace el enent con-
centration thresholds for toxicity to forest trees have generally
not been determ ned. Because of the uncertainties of influences
of elemental ratios and rhizosphere reactions in soil solutions,
the levels of trace elenents in tissues may be a nore realistic

i ndicator of toxic threshold (MLaughlin, 1985).
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4.6 Gowh Altering O ganic Substances

It has been suggested that, anong the thousands of synthetic
organi c conpounds produced, sone mght, by means of release to
the atnosphere as fugitive em ssions, contribute to the systens
of forest decline. It is known for exanple that ethylene can
affect plant growth, and very |ow concentrations of atnospheric
aniline from a chem cal plant have resulted in dieback and dec-
line of trees in the vicinity (Shutt and Cowing 1985).

4.7 Pollutant M xtures

It is now well established that the effects of an air pollutant
may be altered substantially by the presence of other air poll-
utants (Ashmore et al 1985). Effects of pollutant m xtures on
plants nmay be additive, antagonistic (less than additive) or
synergistic (nore than additive).

As described in Section 4.1.1, |eaching of magnesium and cal ci um
by acid rain or acid mst may be enhanced by ozone damagi ng the
cell menbranes. Qher potentially significant interactions in-
clude 03/s02, sS02/NO2, S02/N02/03, acid deposition plus any com
bi nati on of gaseous pollutants etc.

Pet erson (1985) suggested a possible ozone-N-acid deposition
interaction. Foliar cells may be nore sensitive to ozone damage
as a result of excessive N fertilization, allowing nore rapid

| eaching of nutrients by acid deposition.

Ni hl gaard (1985) proposed a possible excess nitrogen/ anmoni a-acid

deposition interaction, |eading to accunulation of toxic hydrogen
ions within foliage.

21



5. FOREST COWUN TY LEVEL RESPONSES

Forest response to air pollution and other stresses will ultim
ately result from physical, chemcal and biological integration
of many processes. Because of the perennial nature of trees, this
integration may occur over a long timefrane and hence involve
strong interactions with forest community dynam cs. Stresses
resulting from anthropogenic air pollutants may be either ob-
scured or accentuated by natural processes. Air pollutants are
known to affect vegetation at various |levels of organization,
fromthe cell to the ecosystem Best understood are the responses
of tissues, organs and individual plants; much remains to be

| earned about pollutant effects on forest conmunities and eco-
syst ens.

5.1 Stress in Ecosystens

It is inportant that a stress at one |evel of organization nay be
beneficial at a higher level. For exanple, periodic fireis a
stress to the many organisns that are hurt or killed, but it is
not necessarily a stress at the ecosystem|evel; the absence of
fire at this level may be a stress (OQdum 1985). Furthernore

di sturbance at the same |evel may sonetinmes have a positive
effect or produce both positive and negative responses (the
"subsi dy-stress" syndrone).

Some ecosystens have becone nore productive under noderate

stress, possibly because their evolution occurred under the in-
fluence of these stresses. And since each ecosystem has devel oped
under a different set of external variables, ecosystens have
different capacities to resist or recover fromstresses. As
ecosystens suffer stress, they respond on various tine scales,
fromthe alnmost inmediate, to the delayed for decades (R sser
1985) .

Defining what constitutes stress to an ecosystem has been diff-
icult, because ecosystens are constantly subjected to externa
~conditions that cause stress, such as drought, air pollution and
i nsect outbreaks. Some of these external influences are natural,
others are caused or intensified by human activities (Risser
1985). Air pollution stress should be thought of as an unusua
external disturbance, a stressor of (historically) |ow probab-
iIiSy to which a community of organisns is not preadapted (CQdum
1985) .

5.2 Forest Response Stages

Di sturbance fromair pollutants is dose related and dose-response
t heshol ds for a specific pollutant are very different anong the
various organi snms of an ecosystem Thus ecosystemresponse is a
very conplex process (Smth 1985Db).

he effects of pollutant dose consists of four stages of response

(Bormann 1985) corresponding to four dose classes (Smth, 1981).
These response stages are given in Table 3.
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Table 3

Forest Community Level Response Stages

Stage 0. Insignificant pollution, pristine systens.

Stage |. Low dose. Ecosystens serve as a sink for sone
pol lutants, but species and ecosystemfunctions are relatively
unaffected or may be slightly stimulated.

Stage 1I1a. Internediate dose. Levels of pollutants are inimcal
tc some aspect of the life cycle of sensitive species or

i ndividuals, which are therefore subtly affected eg reduced

phot osynt hesi s or reproductive capacity, change in predisposition
to insect or fungus attack.

Stage 11b. Wth increased pollution stress, populations of
sensitive species decline, and their effectiveness as functiona
nmenbers of the ecosysytem di m ni shes.

Stage 1I11a. High dose. Size becones inportant to survival, and
large plants, trees and shrubs of all species die. The basic
structure of the forest ecosystem changes, and biotic regulation
is affected. The ecosrsten1becones dom nated by small scattered
shrubs and herbs, including weedy species not previously present.
Productivity drops as the ability of the ecosystemto repair
itself by substituting tolerant for intolerant species is
exceeded. Masses of highly flammable dead wood are |eft behind,

i ncreasing the probabilitg that fire will occur. The capacity to
regul ate energy flow and bi ogeochem cal cycles is severely
dimnished. Runoff increases, the loss of nutrients previously
hel d and recycl ed accel erates, erosion increases, and soil and
nutrients are exported to interconnected aquatic systens, which
may be severely affected.

e Stage II1Ib. Ecosystem collapse. Even if the perturbing force is
removed, the systemmay never return to its predisturbance |evels
of structure and function.

Source: Bormann, 1985
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..2.1 Response to H gh Pollution Dose

Studi es conducted in the vicinity of strong point sources have in
the past provided many opportunities for observing Stage |11
responses in various forest types. Although different studies
have involved different species and ecosystens, there were
certain simlarities in community response (MLenahen 1983).
Retrogression, oOr reverse succession, is a typical process
observed under high gaseous pollutant dose conditions. Reduced
diversification is followed by successive structural stripping
fromthe tallest vegetative |ayer dowward, wth an acconpanying
dom nance of a few pollutant-tol erant species.

In the early 1970's H. T. Odum proposed that pollutant stress

i ncreases the energy demand for survival within the organi sm

di verting power away from central organization and specialization
within the ecosystem |If the stress is sufficient, the system

| oses specialists and disintegrates, |eaving generalists to start
successi on once again (MLenahen 1983).

Al ecosystens undergo various natural or human-nade recurring

di sturbances, such as wildfires, wi ndstorns, insect outbreaks, or
forest cutting. Usually ecosystens have a built in capacity to
recover from these disturbances. The difference between such
classic disturbances and Stage Il11 stress resulting from air
>ollution is the long term nature of air pollution stress and the
degree of degradation, which drive the ecosystem over the resil-
ience threhold where the properties of the system nmay seek new
steady-state levels instead of returning to original conditions.

5.2.2 Response to Internediate and Low Pol | utant Dose

Since ecosystens are essentially unaffected by |ow pollutant dose

(to our know edge) this discussion will focus on Stage |l responses

of forests, ie to Smth's (1981) internedi ate dose.

Stage Il and especially Stage | responses to air pollution arc
difficult to separate from other factors that control tree
grow h, such as age, conpetition, noisture, tenperature, nut-

rients, insects, and pathogens; as well as from other factors
that induce synptons of dieback and decline, such as drought or
other climatic stresses, insects or pathogens (Smth 1985a).

In addition species conposition and succession patterns are regu-
| ated by nunerous determnants, including site alterations,
species interactions, activities of insects and pathogens, w nd-
storns, fires, and human cultural activities. Forest ecosystem
production is influenced by several variables, including system
age, conpetition, species conposition, noisture, tenperature
nutrients, insects and pathogens (Smth 1985a).

ormann (1985) believes that Stage |l responses nmay be occurring
over |arge areas of the United States, and that the subtle and
cumul ative effects that are occurring may be damagi ng over
extensive areas in the long term
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otential inplications include (Bormann 1985):

e Direct reductions in productivity with or without visible
synptons of damage. Tree ring anal yses in eastern U S. and
Cal i1 fornia show declines in productivity are associated wth
azone damage. Productivity |l osses in crops have been denonstrated
w thout visible symptons of damage. Anbient ozone concentrations

have been shown to result in 15-20 % reductions in aspen, eastern

cottonwood, and hybrid poplar productivity, wthout visible
synptons of ozone damage.

e Significant changes in gene pools, wth natural selection
favoring resistance to air pollution. Obvious costs include
econom c losses if pollution sensitive species are of commerci al
recreational or aesthetic value. H dden costs may include | owered
productivity and |loss of fitness, due to |loss of competitive
aMI&ty, reproductive capacity, or resistance to drought, insects
or disease.

As nentioned previously, it is possible that due to "hidden
injury", air pollution stresses are now causing significant but

| argely unneasurabl e declines in forest ecosystens. Such declines
may not now be experiencing | oss of biotic regulation: as popul a-
tions of sensitive plant species decline under air pollution
stress, their role 1n ecosystemfunction may be taken over by

tol erant species in the same or different layers of the forest.
This situation suggests there may exist a threshold bel ow which
pollution effects on individual species may not perturb biotic
regul ati on by the ecosystem On the other hand, there may not be
a threshold as such - small but continuous reductions in energy
fl ow t hrough ecosystens may be linked to subtle declines in
biotic capacity to regul ate energy flow and bi ogeochem cal cycles
(Bormann 1985).

5.3 Redundancy and Response in Ecosystens

"Redundancy" is an inportant property of some ecosystens which
allows themto carry out critical functions in nore than one way,
or have a reserve capacity to performthese functions beyond
current needs (Bormann 1985). Thus if one pathway to carry out
vital functions such as photosynthesis, deconposition, nutrient
uptake, nutrient storage or water routing is Inpaired, due for
example to air pollution, another pathway may take over with
little long-termchange in the ecosystens's Capacity to fix
energy and to carry out biotic regulation. Redundancy is based on
variations anmobng genotypes, populations and species, such that
more than one pathway 1s avallable for carrying out each process,
e it allows the ecosystem flexibility in adapting to stress.
Thus a forest ecosystem m ght be nmuch nore capable of wth-
standi ng airborne chem cal stress than mght be inferred from
control 'ed exposure tests with a few genotypes {Cow ing 1985c).
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However, redundancy can dimnish loss of biotic regulation, such

that Stage || reﬁfonses may not be maintained in perpetuity. As
redundancy is used up, the ecosystem becormes increasingly vul-
nerable to added stress and to a Stage |1l response (Bormann 1985).

Smth (1985b) states that not all ecosystens respond in the same
way to disturbance. Each has distinctive characteristics of
inertia and resilience with regard to particular disturbances.
Inertia is the resistance of the ecosystem to disturbance. Res-
ilience is the degree, manner and pace of restoration of initia
structure and function in an ecosystem follow ng disturbance.

5.4 Surprise in Stressed Ecosystens

Both natural and anthropogenic sources of stress can produce
unantici pated and unprecedented ecosystem responses, such as a
new equilibriumwth long-term effects (Loucks 1985).

Nat ural events such as recurring fires and destruction by storns
are part of the normal renewal process for disturbance-dependent
ecosystenms. Prevention of such disturbances (thus allow ng dom

i nance by climax-adapted species) can itself be a stressor that
can produce an unprecedented as well as an unpredictable
response. Qur inconplete know edge of the systens involved and
the stochastic nature of certain processes Inply that surprise
will be a continuing part of resource nmanagenment (Loucks 1985).

New ant hr opogeni ¢ stresses make it wmore difficult to anticipate

t he secondar¥ consequences of stress managenent. Thus although
managenent of stressed systenms may involve a | ot of educated
guesses, sone stressed ecosystens (for exanple the Geat Lakes)
have responded to management. Quantitative exam nation of respon-
ses around a supposed equilibrium can be insightful and wll
assist in evaluating stress nanagenment strategies (Loucks 1985).

5.5 Trends Expected in Stressed Ecosystens

Wien ecosystens are not suffering fromunusual external pertur-
bations, certain devel opmental trends may be observed. Disturb-
ance to which a community is not adapted tends to arrest, or even
reverse these autogenic devel opnents, resulting in some ecosystem
responses to stress which may be anti ci pat ed. %hese have been
suggested by (CQdum 1985) under the categories of trends expected
on energetics, nutrient cycling, and comunity structure; and
expected general systemlevel trends (Table 4). Early warning of
stress will be nore easily seen at the species level. Wen stress
is detectable at the ecosystemlevel, there is real cause for
alarm for it may signal a breakdown in honeostasis (Odum 1985).

5.6 Major Sources of Uncertainty in Predicting Conmunity Leve
Stress

There are significant deficiencies in our understanding of eco-

systens that seriously restrict prediction of responses to stress
(Smth 1985b), as sumarized in Table 5.
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Table 4

Trends Expected In Stressed Ecosystens

——— — —————— ——— —————— —— —— — ——— ———————— — —— — —— — — — ———— - _—————— ———— — —— —— ————— o ——

Trends expected an energetics

0 Increase in comunity respiration, which should be the first
early warning sign of stress, since repairing danmage caused by
di sturbance requires diverting energy fromgrowh and production
to mai nt enance.

e Production/respiration ratio becones unbal anced, because it is
affected by any change in the_Partitioning of energy between
production and maintenance. (The P/R ratio tends toward bal ance
I'n undi sturbed ecosystens).

e Mai nt enance/ bi omass structure ratios increase (production/bionass
and respiration/bi onass) ie a decreased ratio of biomass to energy
flow, or a low efficiency of converting organic energy to organic
structure.

e Inportance of auxiliary energy increases, due to the drain of
productive energy in dissipating entropy.

e Exported or unused primary production increases, since the
altered netabolism nay result in an increase in unused resources.

Trends expected on nutrient supply (1)

e Nutrient turnover increases

e Horizontal transport (one way flow) increases and cycling
i ndex increases.

e Nutrient loss increases ie systens beconme nore "leaky"

Trends expected on community structure

e Communities are favored by opportunistic, rapidly reproducing,
hardy speci es.

e Size of organisnms decreases.
e Lifespans of organisns or parts (such as | eaves) decreases.

e Food chains shorten because of reduced energy flow at higher
trophic | evel s and/or greater sensitivity of predators to stress.

e Speci es dom nance decreases decreases and dom nance increases;
if initial diversity is low, the reverse may occur; at the
ecosystem | evel, redundancy of parallel processes is
theoretically possible. (2)
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Table 4 continued

——— — ————————— ———— ——— —— —— —— —— = ——. —n - — - ——— > m_ T e - — — i — -~ —— . — e =

Trends expected at the ecosystem | eve

e The system becomes nore open (ie input and output environnents
become nore inportant as internal cycling is reduced).

o Autogeni c successional trends reverse (succession reverts to
earl1er stages)

e Parasitismand other negative reactions increase, and mutualism
and other positive interactions decrease.(3)

e Functional properties such as community netabolismare nore
robust (homeostatic-resistant to stressors) than are species
conposition and other structural properties.(3), (4)

Source: Odum 1985

Note (1): These three expected trends are interdependent. In-
creased turnover and decreased cycling frequently appear in
stressed ecosystens. Together they result in accunul ation of
nutrients Whi ch may be |l ost fromthe system

Note (2): It should be noted that a decrease in species diversity
is not a reliable index of stress in general because of a distur-
bance affecting the structure of the system (eg patch cutting in

a gorest)loften increases the diversity of species of both plants
and ani nal s.

Note (3). The last two properties are hypothetical. In the first
of these, cooperation and nutualismseemto devel op when
resources becone scarce eg in mature ecosystens such aslarge

bi omass forests, or in nutrient-poor conditions. A disordering

i nput should disrupt thes intricate homeostatic positive inter-
actions and increase the |ikelihood that parasitism overgrazing,
and other negative interactions wll devel op.

Note (4) Whole | ake acidification studies in Ontario supported
this hypothesis. Primary productivity and other aspects of comm
UnltK net abol i sm were honmeostatic, but species conposition of

pl ankton were greatly altered. Species replacenment and ot her

adj ustments keep the overall function of the system steady.
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Tabl e 5

Maj or Sources of Uncertainty in Predicting the Response of
Ecosystens to Stress

. — — ——— —— — ———— ———— — ——— —— —— — — Y — - T - — T T W —— T _" . W . YhS T - — - — - S — - - S ——

Inherent: (1)

e Deficiency of information on effects of long-term |ow |evel
effluents

e Difficulty of performng controlled, replicable experinents
that provide in situ informati on about ecosystens

e Lack of nodels allowi ng the use of measurable data to predict
detail ed ecol ogical responses to stress

Rectifiabl e: (2)
e Energy and nutrient needs of organisms (ie limting factors)
e Overconfidence in untested ecol ogi cal dogna

e Effects of acute stresses on ecosystens (especially synergistic
effects)

» Oritical stability indicators and correlates of stability
e Popul ations fluctuations

o Environnental fluctuations

e Ecol ogi cal -neteorol ogi cal interactions

e Mcrobial ecology and nutrient chemstry

e Sources of stress (both gross effluent levels and pollution
l evel s in the mcroenvironnent of organisns)

e Cenetic paraneters governing ecosystem dynam cs and responses
to stress

. $Unulative effects on popul ati ons of successive small habitat
0sses

Source: Smth 1985b, who adapted the above from National Research Counci |
Committee on Nuclear and Alternative Energy Systems (1980).

Note 1: |t would be difficult to design a research project to
reduce uncertainty.

>te 2. It should be possible to plan a research project to
~educe uncertainty.
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Al R PCLLUTI ON/ FOREST DECLI NE HYPOTHESES
6.1 Hypotheses to Explain Wl dsterben

Thé orQér iﬁ whéch tMé hyp%%heses aqé'presénted ié this aﬁdhghe
((_ next sectjon (No#@h Amgfican hypoftheses) azé'agﬁitrary i€ they
O ¢ ape ngt lisfed ig order of-preféfence td the autHor pf ix opder
q}laccqétance géﬂ;gé scie?ﬁific commyﬁity.
Acidificéfion-Alumyhum Toxidity (o "Be6w-Grgund") Hypothesis:
This hyp thesis was develpped by B. Ulyich who predicted:?
gengral decline of foregt ecosyStems ifi certral Eyrope prior o
the wide§pread dev?lopmegt of wald erben. I£ iz bAsed gn
Ulyﬁch's lorig term studies o nutgﬁent cycxing on the Salling
\ plaféau in Germany, axd proposes t thHe natural ac;dﬁfication
Qf forest soils (dyé ¥o hupus disifntegration, nitfification,
//5;2; apd greater uppéke of cayions than of andons from the sgil) j
acgelefated A resplt of deposition of acid from the atmos-
phere. Inc;zgged acidity im the sogil leads tp/incgeaéed concen-
trati ons of soluble alumirum ipn§f Alumfﬁuﬁ/toxiélty resdlits in
/ necgdéis of fire rogfts, which leads te increased moisture and
| @ nutrient stregss and eventually to "drying oft" afd dedth Of
| th€ trees, particGlarly during drought periods. Ulrjeh believes
that gpddual acidification of the seil is & predisposing factor
\. apd” that perfodic "apid pyshes" ape a pripary inducing factor
jn Waldgterben (Schatt ard Coping 1985).

(e Ozgne (of "Aboﬁé—Grgﬁhd") Hypottiesis: Thds hypothesis, gﬂgﬁgged
65/ by Rehflless amd Prinz, i§ based on fipdings taken fpom field
< stggiés and supported in part py'experimﬁﬁts./;x?gay/pe stated
in"two parts (Primz 198%): ’
/¢ < (i) sgme tree species, especially pifie a& be&h, &£re probably
¢/ ( sensitive enough to be damaged directly by ozone al one.

{

\

//ﬁ(;yf for otﬁér,sp ies gaseous pollutants, mafnly oZone, ifi
[ compination with acid rain amd fog, p%d?s(é ke¥ triggering
. rote. The feedback mechamism is belieVed to be deeay of fire
e/ ropts, and possibly mycgorhiza, capsed by am insufficient
65/9/ supply of assimilates. is belisved thdt treé decitine wjill
« inc ease/g#en ¥t tpe leyel of gi? polldtion regains constant,
\\ because the change of some biologicél fact within the system
- i6 thé impprtant inflGence. It i& al6o beldeved that thé sefl
. i& am impopfant contri ing fgcfor/bﬁi/pot a- primafy fa;tdr,
( bec?use nuéZient deficiency in sgil alghe hés nq&ér ca?Sed iBZh
?/w1?ély distributed forest dieback.

® Genepdl Stress Hypothesis: Tiis hypothesis, de& oped at the
\ University ef Mumich, i§ based dn field-and | aboratory obsefva-
~ ) tions of symptoms jim varioUS tree speeies, espécially sprlce
< and' beech. The observations incildde qhangég/in:gas exchahge
| rates and formation of plant graqwth hor mynes and secohdary
/ met abol i tes ° during symptém developnf. Air pollutiocn (inm~
/ generdl) has leéd iﬁhrec t ygars to 4 decrease én net phdto-
[ synthesis anid associdtéd divemrsion of photosynthalt@ frem mobile
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carbohydrates to | ess nobile and potentially toxic secondary
metabolites. This in turn leads to a poorer energy status in
roots and to accumulation of toxic substances in shoots,

| eadi ng to poor devel opment of fine roots and nyccorhi zae and
to foliar decline synptons. Reduced energy status reduces the
susceptibility of trees to other stress tactors, such as
drought, nutrient deficiency, and the usual secondary or
contributing biotic pathogens.

e Excess Nutrient (Excess Ntrogen) Hypothesis: This was based on
a synthesis of wdely scattered observations and theoreti cal
consi derations of how the nutrient status of forests can be
related to recent increases in nitrogen emssions. It is postu-
lated that one or nore detrinental effects (see Section 4.2)
could be induced by nitrogen thus Ieadinﬁ to the present
decline of forests in central Europe (Schutt and Cow ing 1985).

e Organi c Substances Hypothesis: This hypothesis, considered to
be very specul ative, suggests that one or nore of the many
synt hetic organi c conpounds that is produced in central Europe
may be transported in the atnosphere and contribute to the
synptons of WAl dsterben (Schutt and Cow ing 1985).

6.2 Hypotheses Presently Popular in the US

vhe follow ng presently popular U S. hypotheses were generally
sroposed t0o explain potential atnosphere-related forest dieback
in both North Anerica and Europe (U.S. NAPAP 1983; Lefohn 1984,
Bruck 1985). Hypotheses different fromthose presented in the

| ast seﬁtlon (proposed to explain Wal dsterben) are marked with an
asterisk (*).

o Ozone is causing damage to tree foliage and either alone or in
conbination with acid deposition is affecting tree growth

o (*) Deposition of netals either alone or interactively with
acid deposition is directly or indirectly affecting tree growh.

e (*) Acid deposition is directly or indirectly increasing the
| eaching of nutrients from foliage, especially calcium and
magnesi um

e (*) Sul fur dioxide or gaseous pollutants other than ozone have
reached toxic |evels.

o Upt ake of excess nitrogen can result in abnormally succul ent

crowns and shoots, decreasing the resistance of coniferous trees
to frost, w nd desiccation, fungal pathogens and insect
parasites.

e (*) Excess acidity leads to reduction of ectonyccorhizal short
roots.
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3 Evidence to Support or Refute Individual Hypotheses

The order in which the follow ng hypotheses are analyzed iS not
conpletely arbitrary. Qzone is presented first, because it is
considered by various authors to be the nost popul ar hypot hesis
explaining forest decline in both Europe and North America, and
because of all potential pollutants, the evidence is strongest
that ozone is a causal factor in observed forest decline.

Excess nitrogen conpounds are considered to be the second nost

i nportant atnospheric conpound in the present forest decline. The
evidence here is very circunstantial - winter injury is a major
conponent of the red spruce decline in the Appal achi ans.

The potential applicability of the remaining hypotheses are
essentially ‘open questions at this time. Cowling (1984b)
suggested that the order of inportance for the remaining

at nospheri ¢ conpounds of concern is heavy netals, acid
deposition, and organic chemcals, with essentially no evidence
to infer any of these are involved in the present decline.

6.3.1 Qzone

Qzone is considered to be the airborne chem cal of "greatest
probabl e relevance” to the current declines of U S. southern
commercial forests, high and |ow elevation spruce forests in the
1.s., and high and |ow elevation forests in Europe (Cow ing
1985a). The ozone hypothesis is currently the nost w dely accep-
ted explanation of Waldsterben (Blank 1985). Ozone effects appear
highly likely across |arge areas of both North America and
central Europe because of the regional distribution of this
uggqyitous pollutant in phytotoxic concentrations (MLaughlin
1985).

Qzone is considered to be of "greatest probable relevance" on the
basis of the followng (Cowing 1985a):

e Gases have a greater potential for detrinental effects on
plants than other physical forns of airborne chem cals, because
gases enter directly through stomata on the |eaves and shoots.

e Toxic substances are nore likely to cause detrinental effects
than nutrients, acidic or acidifyin; substances.

e Ozone is toxic to many plants which commonly occur in the
forests of eastern U S.. Toxic levels of Nox and S occur
relatively infrequently in forests renote from point sources of
pol | ut ants.

e (zone accumulates in phytotoxic concentrations in industria
regions of the world even at substantial di stances from najor
sources of air pollution.

Qzone has been shown to interact synergistically wth other air
pollutants in certain crop plants in the U S
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.n addition to the above circunstantial factors, there exists
direct evidence of anbient long range transported ozone having
caused the decline and nortality of eastern white pine and other
species in the eastern U S. (Skelly et al 1983) and of ponderosa
pi ne and other species in California (MIller et al 1983).

On the basis of field observations in California, visible injury
threshold for current season needles is equivalent to a nean
ozone concentration of 95 ug/m3, a level which is exceeded in

| arge areas of North America and central Europe. In the Bl ack
Forest and Bavarian Forest in Germany, mean sunmertine ozone
concentrations are about 100 ug/m3 (50 ppb) while concentrations
above 200 ug/m3 (100 ppb) occur in 3-5 % of sumer hours. These
concentrations are equivalent to those experienced in the U S
where ozone has resulted in forest damage (Ashmore et al 1985).

Three long term nonitoring sites in Europe show that anbient
ozone | evels have been steadily increasing. Near Mnich annua
average |evels have increased from approximtely 50 to 65 ug/m3
since 1970. zone concentrations in East Germany have approxi-
n?tely ﬁoubled since 1956 to 50 ug/m3 annual average (Ashmore et
al 1985).

Qzone long term trends have recently been conpiled for Texas and
Zalifornia (Wal ker 1985). In Texas between 1973 and 1982, average
>zone at various sites increased about 2.5% annually, average
daily maxi mum increased 2.1-2.6% annually, and hours greater than
120 ppb increased by 5.7-10% annually. For California the respec-
tive nunbers for the sanme period were -1.8 to 1.596, -1.3 to 1.5%,
and -0.5 to -11.3%

Stem anal ysis of trees in Wst Germany suggests that growth has
been progressively reduced over the |ast 20-30 years. During this
period NOx em ssions have increased by approximately 50 % while
SO2 em ssions have renmained relatively constant (Ashmore et a
1985).

Forest damage in both North America and Europe first appeared at
hi gher altitudes and still tends to be higher at higher elev-
ations. (Ozone appears to increase in concentration wth increa-
sing elevation and the classic diurnal cycle flattens out. Unfor-
tunately there does not appear to be much nonitored ozone data
for high elevation forests. In Witeface Muntain N Y. typica
summer |evels are in the range 80-110 ug/m3 (ie slightly higher
t han anbi ent background |l evels) with peaks in the range of 160
ug/m3 (Bruck 1985). Average daily ozone levels at an alpine site
near San Diego have decreased from approxi mately 220 ug/m3 in
1978 to 180 ug/m3 in 1982 (\Wal ker 1985).

Qzone |l evels recorded at various locations in the U S and in the
slack and Bavarian forests of CGermany are in the range of |evels
hich caused visible danage to several tree species in various

| ocations. Trees sensitive to ozone include eastern white pine,
ponderosa pine, Jeffry pine, loblolly pine, hybrid poplar, tulip
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ree, sweetgum green ash, silver birch, European ash and white
ash. 1Itis significant, however, that the major-tree species that
are damaged in\West Germany (Norway spruce, Scots pine, and
beech) are considered "not sensitive" to ozone (Ashmore et al
1985). Additionally, experinental work in Gernany using or
exceeding these concentrations has so far failed to produce the
chlorosis which is so characteristic of the decline in Norway
spruce (Blank 1985).

I n assessing whether or not ozone is involved in the decline of
red spruce in the Appal achians, it may be of significance that
synptons observed in the northern Appal achians appear to be
substantially different from those in Gernmany, while those in the
sout hern Appal achians are nore simlar to those observed in

Ger many (Bruck 1985).

In North America and in West Gernmany, diseased trees are typical-
ly randomy scattered throughout the stand. The existence of
substantial intra-specific variability in sensitivity to ozone
has been confirnmed for many species and this could be responsible
for the random scattering.

An apparent inconsistency exists between the synptons of danaged
trees in West Gernmany conpared to trees that were definitely
injured by ozone in the U S.. The chlorotic Gernan needl es often
sontain | ow (deficient) concentrations of certain cations (esp-
2cially My) and it has been clained that the addition of My can
reverse the progress of chlorosis and decline. In contrast there
are no reports of ozone-damaged trees in the U 'S. being deficient
in cations (Ashmore et al 1985). This could be to to the involve-
ment of acid mst interacting with ozone in Germany but not in
the US. ie trees were injured by ozone alone in the US. , while
trees in West Germany were injured by the pollutant interaction

A high incidence of fog is characteristic for higher altitudes
in sone of the major damaged areas in Germany, with an annua
nmean of up to 226 days with periods of fog reported in the
Bavari an Forest (Blank 1985). However, high fog incidence has

al so been observed at certain high elevation sites exhibiting
maj or forest decline in North Arerica. At very high el evation

[ ocations such as \Witeface Muntain in New York and M. Mtchel
in North Carolina, spruce-fir forests are bathed in cloud water
more than 50% of the time. Al so, because of the high speed with
whi ch clouds are driven through the nountains, and the high
concentration of airborne chemcals in cloud water, the tota
amount of pollutant chem cals deposited in high elevation forests
Is substantially greater than at |ow elevation (Cowing 1985c).

Whet her this high pollutant deposition is contributing to forest
injury is not known at this time. Since both ozone and acidity
leposited both increase with elevation, both are strongly suspec-
Fd to be involved with forest damage, which increases wth

el evati on.
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Iditionalhy, there is a possibility that ozone and/or acid depo-
sition predisposes forest trees to damage by frost and/or

drought. This potential nechanismis consistent with reports of
maj or increases in damage coinciding tvith severe w nter weather
and with dry summers; furthernore My-deficient |eaves are known
to be less frost-resistant (Ashmore et al 1985).

Cerman work has attenpted to determne the potential role of
ozone and acid precipitation in |eaching magnesi um from Norway
spruce. A prelimmnary investigation showed-that |eaching from
shoots was increased by a factor of 2.5 when plants subjected to
pH 3.0 artificial rain were previously fumgated wth 300 ug/m3
ozone for 28 days. Mre detailed subsequent experiments have
confirmed these earlier experinents and al so shown that intermt-
tent exposure to 200 ug/m3 ozone was sufficient to increase My

| eaching caused by artificial rain by 22 %. However, because no
anal yses were carried out on the foliage, it is not known whether
the treatments actually induced My deficiency. Recent experinents
W th scots pine did not show any reduction in My or Ca content
with either ozone or acid rain (Ashmore et al 1985).

A maj or inconsistenc% in the ozone hypothesis is that ozone
cannot account for the primary synptons of chlorosis and | oss of
ol der needles. Fum gation experinments produce chlorotic flecking
on recently forned needl es (Manion 1985).

5.3.2 Excess N trogen Conpounds

There is little published direct evidence to support or refute
whet her excess nitrogen |eads to reduced forest growth due to
deficiencies of other nutrient elenents, or due to altered shoot-
root growth. However, repeated w nter damage appears to be a
conponent of the red spruce decline in the northern Appal achi ans.
Evi dence that this may be exacerbated by excess N includes the
follow ng (Bruck 1985):

e Foliar N, dieback and nortality all increase with elevation
(denonstrated by Johnson and Siccama 1983).

e N-deposition is greater at higher elevation than at |ower
sites. In New England, high elevation N-deposition estimates
are about six tines the wet deposition nmeasured at Hubbard Brook
(whi ch was about 6.5 kg N/ha/yr).

e The high el evation deposition rates could be significant
considering that fertilization rates of 100 to 200 kg N/ha/yr,
applied at 500 to 1000 kg/ha at 5 yr intervals, were sufficient
to pronote frost damage to Norway spruce and Scots pine in
Finland. Additionally, Wetnman and Fournier (1984) showed over-
fertilization of jackpine in Quebec (495 kg N ha applied in six
equal quantities over a ten year period) caused nortality.

Abnormalities in nmesophyll cells of red spruce foliage at

Canel's Hump Mt. were similar to abnormalities observed in frost-
damaged conifers in northern Finland.
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vidence that excess N may be deleterious to nyccorhizal assoc-
sations i S weak at this tine, but studies are being conducted on
red spruce to determne if anbient levels of N can adversely
affect nyccorhizal devel opnent (Bruck 1985).

6.3.3 Gaseous Pollutants other than QCzone

Sul fur D oxi de

In West Germany, concentrations of SO2 in or adjacent to ngjor
areas of forest damage are in the range of 7 to 21 ug/m3, wel |
bel ow any val ues at which direct damage to foliage has been
observed (Tominson 1983). Additionally, rich growh of sulfur
di oxi de sensitive lichens has been noted in severely damaged
areas (Prinz 1985).

Roberts 81984) suggests an approxi mate | ong-term concentrati on
threshold for effects of SO2 on growth and physiol ogi cal param
eters lies in the range of 260 ug/m3 (0.1 ppm) for several weeks
to 130 ug/m3 (.05 ppnmfor several years, the concentration being
lower in multi-year fum gations because of the cunulative effect
of reduced growth rates on yield. The thesholds may be lower in
regions where climatic conditions are nmarginal for tree growh.

The International Union of Forestry Research O ganizations con-
<luded that the average S2 concentration should be 50 ug/m3
(.019 ppn) to protect normal spruce stands and 25 ug/m3 (.009
ppnm) for stands at the extrene of their clinmatic range. However,
these studies were all carried out around point sources so the
effects should be related to the peak concentrations rather than
the annual averages (Roberts 1984).

McLaughlin (1985) reviewed concentration thresholds and data on
ambi ent pol lutant concentrations and concluded that direct
effects of SO2 would be expected in industrial but not rura
areas of Germany, and that in the U S effects would only be
expected in the vicinity of large urban conplexes or near point
sour ces.

The effects of gaseous pollutants on stomatal function is well
documented. In general high levels of either SO2 or NO2 will
cause stomatal closure thereby protecting plants from further

ol lutant injury and fromwater vapor |oss. However under |ow
evels of S2 (26 ug/m3) and low relative humdities ?Iess t han
40% stomatal opening was enhanced (in bean), particularly when
plants were previously drought-stressed, a factor which coul d
agé;nsify pl ant-water stress under these conditions (MLaughlin

Ni trogen D oxide

annual average NO2 values in rural areas of both Germany and

.S.A are very low (2-20 ug/m3); maxi mum hourly val ues range from
28-73 ug/m3. These values are well below the |njur%tthreshpld for
plants, for both individual and conbined effects (MLaughlin 1985).

36



fluoride

Fluoride gas is a highly phytotoxic air pollutant which can cause
injury to susceptible plant species at very |ow concentrations

Fl uoride em ssions from the alum num snelter at Kitimat B.C have
been shown to reduce the growh of western hem ock adjacent to
the snelter by up to 28%, at average concentrations of about 1
ug/m3. Gowh stinulation has al so been observed adjacent to the
damaged area. Increases in growh of 3-14% were observed in an
are% where the average Fl concentration was 0.3-0.8 ug/m3 (Bunce
1985).

6.3.4 Heavy Metals

The potential inmpact of heavy nmetals is considered in tw parts:
e alumnum toxicity

e other heavy ntals

Al um num Toxicity

This hypothesis has been given a great deal of attention because
it is one of the potentially significant "acid rain" hypotheses.
However, doubts about its plausibility, first expressed by Prinz
in 1982, are now w despread (Blank 1985). This is because it
cannot explain the damage observed on all soil types, especially
cal careous soils not susceptible to acidification. Additionally
long term field experinents in Norway using very high rates of
acid applications did not have any effects on Norway spruce
growh, and the trees tolerated Al very well (Bruck 1985). It has
recently been pointed out that damage in Wst Germany i s concen-
trated on soils with poor nutrient status but apparently wth
variable buffering capacity, ie there is no relation between
damage and soil acidification potential (Prinz 1985).

The significance of acid pul ses and associated increases in trace
el enents, as proposed by Urich, was also questioned by Rehfuess,
who pointed out that sonme tree species have adapted to survive on
acid soils in the presence of high levels of A, M, and other
heavy netals (MLaughlin 1985).

In terms of soil acidification, of key inportance is whether or
not atnospheric additions have overwhel med the natural acid
sinks, either as a result of short term inbal ances (ie sonetine
during the growing season) or as the result of long term acidifi-
cation. Bruck (1985) feels it is probable that acid deposition
accelerates the acidification of some soils in the long term but
whet her or not it happens to the extent that acid pul ses during
the growi ng season result in stress to trees is an open question
Additionally it is not known whether decades of acid deposition
1ave created unfavorable conditions for the existing vegetation
even on sites susceptible to acidification. The conplexity of
assessing this possibility stenms froma lack of data needed to
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nstruct detail ed H+ budgets (Bruck 1985).

At present there is no direct evidence that alumnum toxicity

i nduced by soil acidification is a factor in forest decline. As a
matter of fact Johnson and Siccama (1983) observed that for the
Appal achi ans Al content of danaged red spruce foliage and root

ti ssue decreases with increasing elevation, while decline
increases with el evation.

On the other hand, Prinz (1985) states that free alum num ions

may cause sone root decay in highly acid soils in Solling/Lower
Saxony West Germany. However, in his opinion, from an evol utionary
point of view it seens illogical that conifers should react nost
sensitively to alum num because they tend to produce their own
acidic rhizosphere by breakdown of litter to humic and fulvic

aci ds.

It should be considered that in instances where the Ca:Al ratio
may appear to be a factor in forest decline, effects on root
growh may result froma lack of calciumrather than fromthe
presence of alum num (Prinz 1985).

O her Heavy Metals

The potential significance of heavy netals other than alumnumis
-ased on regional increases in availability in rainfall, recent
.ccumulations in soil and litter, long residence tines in soi
systens and inherent toxicity to plant growh processes
(McLaughlin 1985).

Most studies of the toxicology of |ead have focussed on human
beings, and there is little data relevant to forest inpacts.
Besides the direct netabolic effects of heavy netals on plant,
ani mal and mcroorganism cells, heavy netals can affect many
subtle mcrobial activities and interactions. For exanple, a
concentration of 1040 ug of |lead per gram of soil conpletely
inhibited nitrogen mneralization. Various fungi are inhibited in
cultures with 50 to 100 ug per m!| of |ead added to their nedia.
M crobiota of soils and of |eaf surfaces of plants from sites
heavily contam nated with |ead and other, heavy netals had a
significantly |ower species diversity than did soils and plants
from uncontam nated sites (Bruck 1985).

The accunul ation of lead in soils has been docunented, and the
forest floor is an inportant sink for |ead, accumulating nearly
all lead falling on it. Accumulation of |ead and copper, and to a
| esser extent zinc and copper, in the forest floor is especially
pronounced in high elevation boreal forests. Between 1965 and
1980, netal concentrations have markedly increased in the soils
on Canel's Hunp in Virginia's Green Muntains, a site of nassive
spruce dieback. Lead concentration doubled, while that of copper
‘ose by 40% and zinc by 70% (Postel 1984).

in North Anerica, lead levels in forest floors of sone high
el evation stands in Vernont and North Carolina are often in
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xcess Of 2 g of total lead per square neter of forest floor,

.ith average concentrations of approximately 200 ug Pb/ g soil in
spruce/fir forests, and occasional concentrations of greater than
300 ug in the organic horizon. However, at present it is an open
qguestion whether or not metals which have accurmulated in the

boreal soils of North Anerica have altered ecosystem or plant
processes to a sufficient degree to have participated in conifer
nortality (Bruck 1985).

In West Germany, heavy netals can be excluded as a nmmjor cause
(Prinz 1985). This is because heavy netal levels are insignif-
icant in needles exhibiting typical synptons of decline. Addit-
ionally it has been observed that no danage is occurring in the
vicinity of heavy netal-emtting snelters and refineries, even

t hough deposition of netals to the surrounding forest and netal
concentration in soils is several orders of magnitude higher than
in typically damaged st ands.

6.3.5 Acid Deposition Effects on Forest Nutrient Status

The discussion on potential effects of acid deposition is divided
into the foll ow ng topics:

e Effects on Nutrient Cycling
» Effects on Mccorhizal Associations

Ef fects on Nutrient Cycling

The observation that danaged spruce in Germany appear to be

| osi ng excessive quantities of nagnesium and cal cium has led to
the w despread belief that acid deposition may be involved. The
fact that nost of the damage has occurred on infertile soils
(Prinz 1985), suggesting that the nutrients |eached from foliage
cannot be readily repaced, |ends support to this hypothesis.

Several experinents have investigated the effects of sinulated
acid rain on foliar nutrient |eaching, denonstrating that cation
| osses increase with increasing acidity. However, significant
effects are only observed with sinmulated rainfall ten or nore
times nore acidic than anbient rainfall events, and foliar |osses
are generally not acconpanied by a reduction in foliar content
(Amthor 1984, NMorrison 1984, Watt Committee 1984).

Urich has suggested that roots respond to and regul ate cal ci um
levels in foliage. Since foliage and roots are connected al ong an
el ectrolytic continuum the neutralization of rainfall in the
canopy nay be acconpanied by acidification in the rhizosphere as
roots take up base cations and rel ease hydrogen to the soi
solution (MlLaughlin 1985).

"ohnson (1982) discussed the inportance of soil factors in deter-

«ning and sustaining plant nutrient uptake. The nechanisns and
speed with which trees conpensate for canopy-level nutrient
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-change are still not well quantified, however (MuLaughlin
385). Whether forest trees can readily replace |eached foliage
el ements, especially on infertile sites, has yet to be determ ned
Morrison 1984). Due to differences in site characteristics and
vol unes and types of acid rain inputs, generalizatlons about
potential inpacts have little meaning. The inpacts at any one
site can be positive, negative or both in terns of counteracting
forces. Thus potential changes nust be evaluated in an ecosystem
context (Johnson 1982).

At this tinme any predictions of potential l|long-term nutrient
deficiencies in forest ecosystens being induced by acid rain are
specul ative. Short-term negative effects of acid rain on forest
nutrients appear unlikely (MLaughlin 1985).

No long term studies have so far denonstrated a reduction in
forest site quality due to acid rain (Bockheim 1983), although it
is very difficult to quantify the inpact of acid rain relative to
natural acicity. In one recent study conparing cation |losses in
several forest ecosystens, atnospheric acidity was inportant at
only one site, while natural organic, carbonic and nitric acids
dom nated in cation |leaching at the other sites. Relative to
exchangeabl e cation capital, cation |osses due to atnospheric
acidity at the one site "were not alarm ng" (Johnson et al 1983).

Tn a second study, Johnson et al (Ref. 123 in MLaughlin 1985)

stimated that anthropogenic inputs of acidity have approximtely
doubl ed internal acid production in the soil, and avail able soi
cation reserves are adequate for 50-70 years in the absence of
weat heri ng.

Ef fects on Mcchorizal Associations

Bruck (1984) suggested anbient acid deposition could be contribu-
ting to the reduction of ectonycchorizae of damaged red spruce

and Fraser fir on M. Mtchell, N C . Danmaged trees grow ng at high

el evation averaged 35% nyccorhizal incidence, while those at

| ower el evation averaged 72% nyccorhizal incidence. A highly
significant correlation was observed between nyccorhizal incid-
ence and degree of decline. Recent experinents with loblolly pine
seedlings (Shafer et al 1985) showed that treatnent effects of
simulated acid rain resulted in a quadratic relationship with
greatest myccorhizal incidence (62% at pH 2.4. Rains of inter-
nmedi ate acidity (pH 4.0 and 3.2) inhibited ectomycchoriza
formation. Increased soil acidity or other factors induced by
acid rain at pH 2.4 enhanced ectonycchorizal associations.

6.3.6 Organic Substances

The only direct evidence that appears to be available to support
the hypothesis that airborne synthetic organic conpounds are
involved in forest damage is described by Schutt and Cow ing
1985). Loblolly pines in the vicinity of two chemcal plants in
.orth Carolina were changed in growh habit and later killed. As
wi th Wl dsterben spruce and beech, the trees showed changes in
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hapes of |eaves (twisted needles) and dropping of leaves while
till green. These observations suggest that the normal bal ance
of growth regulators was altered. Controlled exposures of pine
seedlings to 0.4 ppm of aniline could induce the synptons.

Indirect evidence that airborne synthetic conmpounds may affect
trees includes the observation that atnospheric ethylene can
affect plant growh and devel oprent.

6.3.7 CGeneral Stress

Because of its general nature, this hypothesis is probably appli-
cable to nost decline synptons observed in North Anerica and
Europe. It fits well with the increasingly popular view that
there is no single sinple cause of forest decline, but that

at nospheric pollutants are anong the prinmary causal factors
(Ashmore et al 1985; Schutt and Cowling 1985). Unfortunately this
hypothesis is not very helpful in defining which pollutants are
of nost probable inportance in the decline of forests.

Support for the general stress hypothesis is given by the diver-
gence of synptonms and characteristics of Wil dsterben that have

been observed. These include increased susceptibility to insects,
foliage and root pathogens, drought, frost and other stress

factors, although WAl dsterben is distinct from the diseases induced
by the famliar biotic forest pathogens. WAl dsterben is also
listinct from the typical injuries to forest induced by drought

and frost orby the toxic gaseous air pollutants (Schutt and
Cowl i ng 1985).
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7. UNCERTAI NTY ANALYSI'S AND ELI Cl TATI ON OF EXPERT OPI NI ON

Al t hough a consensus of scientific judgement seens to be devel -
oping that long range transported air pollutants are contributing
to observed forest decline, a scientifically documented |ink has
not yet been established. Because our understandi ng of conpl ex
forest ecosystemlair pollution interactions is very inconplete,
we are very uncertain about the potential inpact to forests. As a
result of this uncertainty, a certain risk of damage to our
forests is associated with inaction regarding control prograns.

On the other hand, there is the risk that inplenentation of
control progranms, with certain negative socio-economc effects
may prove to be unnecessary, if air pollutants are not a factor
in forest decline.

It is widely appreciated that there is no substitute for scien-
tific research, and that science will eventually give us the
answers to our questions regarding air pollution effects on
forests. Unfortunately, however, there is significant risk in

wai ting for science to provide answers. Under these circunstances
subj ective judgenents wll be necessary in the evaluation of the
need for air pollution control programs related to protection of
forests. There are two alternatives: (i) The decisionmakers them
selves can performinplicit guesses, based on their review of
largely contradictory experimental results and divergent conclu-
sions, or (ii) forest ecology experts can assist decisionnmakers
by providing 1 nformed judgenent and opi nion, based on existing
scientific know edge.

The first and fairly obvious consideration in using experts to
provi de judgenents regarding the potential risks to forests from
air pollution, as pointed out by Fraser et al (1985), is that
caution should be exercised, as the results represent opinion and
not proven fact.

A second precaution is that subjective probability estimates are
subject to systematic biases due to human cognitive limtations,
for exanpl e humans experience shortcomngs in acting as "intui-
tive statisticians”. However, considerable psychol ogi cal and
deci sion anal ysis research has been conducted in the area of

subj ective probability elicitation, and techni ques have been
designed to elicit probabilistic assessnents while counteracting
these biases (Wallsten and Budescu, 1983).

Cognitive limtations of humans are reviewed in the next section
foll owed by a description of approaches of incorporating prob-
abilistic judgenents into forest/air pollution risk assessnents,

the use of Bayesian nethods, and aggregation of opinions of
different experts.
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7.1 Cognitive Limtations of Humans

Psychol ogi cal research has denonstrated that humans encounter a
variety of cognitive limtations as they attenpt to nmake judge-
ments under uncertainty. People are prone to biases in processing
and in interpreting the information they receive; they are il1-
equi pped to access and interpret probabilistic information, so
that uncertainty is often ignored. \Wen hunans deal with uncer-
tainty, the conplexity of the task is reduced due to the use of
cognitive sinplification mechanisns and intuitive heuristics in
maki ng j udgenents ( Hogarth, 1975; Tversky and Kahneman, 1974).

Al t hough these heuristics are quite useful on a day to day basis,
they can introduce significant cognitive errors. The three
primary decision-nmaking heuristics that are enployed are repre-
entativeness, availability, and adjustnent and anchorin%.
Exanpl es of errors in human ﬂudgnent related to these three
heuristics are summarized below (Tversky and Kahneman 1974):

(a) Representativeness: people order events by probabilitg_and by
i

simlarity (representativeness) in exactly the same way. mlar-
ity is not influenced by several factors that should affect
judgements of probability, such as:

o0 prior probabilities - people consistently ignore base inforna-
tion, in direct contradiction of Bayes Law.

0 sanple size - people are insensitive to sanple size.

o msconception of chance: people expect that the essentia
characteristics of a process wll be represented eg. ganblers
fallacy - after observing a long run of red on the roulette

wheel , nost people erroneously pick black, so it will result in a
more representative sequence.

O insensitivity to predictabilty: people show little considera-
tion for factors (such as future events) which can affect
predictability.

o illusion of validity: people have unwarranted confidence in
their judgenents, which Is produced by a "good fit*" between the
predi cted outcone, and input information.

0 m sconceptions of regression: People do not devel op correct
intuitions about regressions to the . eqg the 10 best students
in the mdtermw || probably not be the 10 "best in the final

(b) Availability: instances of large classes are usually recalled
better than Iess frequent classes; |ikely occurrences are easier
to imagine than unlikely ones, associative connections between
events are strengthened when they frequently co-occur. Reliance
on availability leads to systematic errors.
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éc2 Adj ustment and anchoring: *different starting points yield
ifferent estimates, as initial values are usually "anchored",
and adjustments are usually insufficient.

In addition to the enploynent of the above sinplification necha-
nisnms, the use of "expertise" may introduce biases to the risk
assessment. This is because people tend to pay nore attention to
information that is consistent with their own way of thinking and
preferences, and to ignore or reinterpret information that is

I nconsistent with their owm views (Smart et al 1984). In the
assessnent of risks, conflicts between know edge (data) and

val ues results in a reconciliation process, known as di ssonance
reduction, where either attitudes or held know edge are nodified
to achi eve consistency (Smart et al 1984).

Hogarth (1975) argued that since humans are selective, _
sequential -information processing systems with limted capacity,

they are ill-equi pped to assess probability distributions. He
suggets that people are only capable of conprehending a small
part of their environment, ~and that anticipation of a specific

perception often leads to a specific Eerception. He concurs with
ot her researchers that people do not have the intuitive capacity
to make optinal calculations nentally, and that they cannot

sinul taneously integrate infornmation

Hogarth (1975) and Smart et al (1984) point out that our culture
encour ages confident statenments, even when we are not so
confident, and that not very strong opinions are considered
worthless. It is felt this attitude has introduced another form
of systematic bias into subjective probability estimtes.

In spite of the rather negative aspects related to hunman
cognitive limtations, research has denonstrated that humans can
be good to excellent probability assessors (Wllsten and Budescu
1983). For exanpl e weat her forecaster predictions are nearly
perfectly calibrated** wth observed outcones, and significantly
out perform predictive nodels based on historical data.

It is felt that by nmaking experts aware of the biases and heuri s-
tics described above, they nay be avoided to a certain extent
during the elicitation process. Thus Witfield and wWallsten
(1984) and Morgan et al (1984, 1985) sunmmarized information
pertaining to these cognitive limtations and provided it to air
qual ity experts (neteorol ogists and health experts) before the
elicitation session. They also discussed the psychol ogica
aspects of elicitation in sone detail before the session

*x "Calibration" is a nmeasure of the relationship between a
subj ect's assessed probabilities and the actual occurrence or
frequency of the associated events.
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of rel evance to predictions of forest inpacts fromair pollution
is that people tend toward assigning probability distributions
to adverse events that are too high, and possibly also to other
events which catch attention (Wallsten and Budescu 1983). In
eval uation of forest inpacts, for which no evidence exists at
present that would all ow conparisons of expert judgements wth
actual outcomes, it is not possible to "calibrate" forest expert
probability distributions. Thus the best we can hope for are
probability assessnents that reflect the true belief of the
expert, given the available information

There are two main theories on subjective probability (Wallsten
and Budescu 1983) that nmay be applicable to elicitation of expert
judgements fromforest inpact specialists. The first states that
wi thin each individual there is a single, well-defined distribu-
tion of uncertainty (a true score), but different elicitation

nmet hods i ntroduce both systenmatic and randomerrors that are
sources of observed inconsistencies. The second definition, which
is becomng increasingly popular, is that subjective probability
is not precisely determned internally; it has sone vagueness
representation of which depends on the encoding nethod. [|f this
latter viewis correct, it would suggest that forcing additive
coherence (a requirenent of the first approach) mght distort
judgenent. Thus, as Wallsten and Budescu (1983) suggest, devel op-
ment of non-additive probability theory mght be nore suitable
for representing actual beliefs and oplnions.

Elicitation of useful and valid subjective probabilistic expert
judgenents is as much an art as it is a science. Conprehensive
descriptions of the nethod may be found in Spetzler and von

Hol stein (1975) and in Mrgan et al (1979).

7.2 Use of Experts in Predicting Forest | npacts

The traditional approach to consideration of uncertainty in
environmental policy assessment iS to select best estimates of
state paraneter values, and to Proceed as if these were the true
values. Uncertainties are usually addressed qualitatively in the
text, This approach frequently does not hel p deci si onmakers
determ ne the degree of confidence associated with the
conclusions. Wen risk assessnents related to regulatory

deci sions are subject to considerable uncertainty, and decision--
makers are aware of the magnitude of the uncertainty, they are
generally nore hesitant to inplement expensive regul atory

progr ans.

When uncertainty is directly incorporated into a policy analysis,
two approaches may be used:

(i) If estimates of the effects of air pollution are derived
statistically fromhistorical data, then confidence intervals
around the estimated parameters are used as a measure of
uncertainty. Confidence intervals are based on a nunber of under-
lying statistical assunptions that nmay or may not be true
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(Peterson and Violette 1985). For exanple confidence intervals
arc not the correct neasure of uncertainty When extrapol ating
dose-response relations from specific experinents to other
regions or species.

(ii) Were direct scientific data is not available, subjective
probability distributions nmay be elicited from experts.

It is this second method of addressing uncertainty that is rele-
vant to the assessnment of forest impacts, due to the |ack of
present know edge regarding forest ecosystenfair pollutant inter-
actions.

I'n using expert épdgenents Morgan et al (1984) suggest that
subj ective probability distributions should only be elicited if
uncertainties are not too |arge. They suggest that, if uncertain-
ties are large, only upper and |ower bounds of uncertain
paranmeters or values should be elicited.

In forest ecosystemfair pollution policy analysis, it seems that
upper and | ower bounds to danage estimates are about the best
estimates of uncertainty that nay be achieved at this time. If
scientific research were to establish a definite Iink between
observed forest decline and air pollution, then it may becone
feasible to define probabilistic dose-response functions in terns
of subjective probability distributions. |n the case that such a
relationship is established, the observed functional relationship
Wil | aefly to the specific systemin which the response was
observed, and expert Eudgenents na% help to dinension the uncer-
taigty around extrapo er ecosystens and pol | utant
condi tions.

ations to ot

Experts have been used to define probabilistic upPer and | ower
bounds to forest injury fromair pollution in at |east two
studies. In one study, Fraser et al (19852 used t he Del phi net hod
and 39 forest experts to define the risk to Canadian forests from
present and future levels of pollution. An iterative question-
naire process was used, which stopBed after it was judged that a
reasonabl e |evel of consensus had been reached, and further

shifts in opinion were unlikely. In this project respondents were
not brought together, as the analysts believed anonymity is

useful grven the limted information available and the need for
specul ati on. Reasonabl e consensus was achi eved by feeding

conbi ned results back to the experts after each iteration, and
asking themif they would like to revise their opinions. This
required three iterations.

In a second study the anal ysts used several experts in a decision
anal ysis framework to analyze air pollution control strategies
for the State of Wsconsin. Choices eval uated included inposition
of additional controls now, or to wait for further information
which could reduce uncertainty. Unfortunately the nethod of
elicitation of expert judgenents (probability of injury to
forests under existing and alternate air quality scenarios) was
not specified. The anal ysts concluded that risks to forest from
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present air pollution levels were mninmal, and the preferred
strategy is to undertake a vigorous research programto resolve
exi sting scientific uncertalnthbefore maki ng a conmmtnent to
addi ti onal em ssion controls (North, DW et al 1985).

7.3 The Use of Bayesian Methods

Funtowicz and Ravetz (1984) state that traditional meanings of
probability, based either on replicable | arge sets of sinple
events, or on anal yzable symmetries in a configuration, do not
extend to cover nodern environnental and social effects related
to technol ogi cal developnment. This is due to the sparseness of
data and the conplexity of the structures and systens invol ved.
They point out that policy analysts recognized this limtation
some tine ago, and turned to the subjective approach to probab-
ility, based on Bayes theorem

Bayesi an methods in general rely upon being able to express a
degree of belief in the true values, before a neasurenent is

made, by using a prior probability distribution. This degree of
bel i ef can be changed by making a neasurenent, thereby changi ng
the prior distribution to a posterior distribution. A description
of the Bayesi an approach and an exanple of its inplenentation may
be found 1n Mrris (1974).

Due to sone subjectivity in specifying the prior distributions,
Bayesi an nethods are often rejected as controversial (Suggs

1980). If a set of estimates can be obtained that are essentially
i ndependent (which is hard to do with experts of simlar back-
grounds), then a classical estimte of uncertainty can be

obt ai ned b%bconbining the nunbers into one estimate of the damage
function (Mrgan and Mrris 1978).

Bayesi an nethods, in theory, allow analysts to incorporate an
expert's initial state of i1gnorance (lack of confidence) within a
probability estimate, then learn by experience, using Bayes rule
to update the estimate as objective data becones avail able. The
nmet hod t hus conbi nes objective frequency distributions with
degree of confidence uncertainties (Tonpson 1983).

Funtowi cz and Ravatz (1984) are not optimisitic about the applic-
ability of Bayesian nethods in environnental risk assessnent
wher e consi derabl e uncertainty (ignorance) is present, as is
evident from their conments bel ow.

"Bayesian statistics... can be seen in historical
context as the last hope for an effective claimto
atraditionally scientific solution to the
environnental and societal problens of science-
based technol ogy. (Unfortunately) the Bayesian
approach does not solve the problens of using
experts' judgenents under nornal conditions where
di sagreenent ~ and ignorance are evident... Unless
usi ng Bayesian statistics is to be nerely a
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euphani sm for trusting sone experts, certain

conditions must be net... including application of
probability distributions in the light of relevant
new (information)... Also, the outcone of the

exerci se nust display sone degree of consensus,
enabling the use of this expert information in a
deci sion process."

Funtowi cz and Ravatz (1984) conclude that traditional probabilis-
tic approaches cannot conpensate for major lack of information
(ignorance) in risk assessment.

1.4 Aggregation of Qpinion

Morgan et al (1985& suggest that :if experts disagree, their
probability distributions should not be conbi ned, unless their
divergent views lend to roughly the same policy conclusions.

They suggest that the analyst should focus on the reasons for the
di ver gence.

Hogarth (1975) suggested there are three neans of approaching
consensus when using experts. The first involves using a

wei ghted average of individual opinions, although it is difficult
to determ ne the weights that should be applied to each expert's
distribution. Secondly, experts may be asked to revise their
probability distributions, based on a review of the distributions
of other experts. ThirdI%, group interaction or the Del phi
approach can be used, although these nethods frequently do not
permt for exchange of reasons for opinions.

In addition, various mathenatical approaches to consensus have
been suggested for the aggregation of experts' probability dis-
tributions, ranging froma sinple average of the distributions to
a formal Bayesian revision process (Wnkler, 1981).
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8. SUMVARY AND CONCLUSI ONS
8.1 Current Understandi ng

As pointed out by Cowing (1985¢c), it is ironic that the arena of
greatest present public interest, air pollution effects on forests,
I's the arena of greatest scientific uncertainty. Mich nore is
known about the public health effects, materials danage effects,
aquatic and other effects than is known about the effects of air
pol lution on forests.

At present essentially all of the evidence linking regional air
pollution to forest decline is circunstantial. The exceptions are
t he docunented declines of pine trees due to ozone in California
and Virginia (section 2.2).

Al though a consensus of scientific judgement seems to be energing
that air pollutants are primary causal factors in the present
decline, this consensus 1s running ahead of the docunented status
of knomAedPe (Cbmjin?, i n Manion i985). A successful explanation
of t?e decline nust fulfill the follow ng conditions (Prinz

1985) :

o It must be possible to connect all the specific synptons of the
decline to the causal factor in question.

o The tenporal devel opnent of the decline must go along with the
t enporal devel opment of the causal factor in question, inclu-
ding consideration of accunulation effects.

o The spatial distribution of the decline nmust |argely coincide
with the spatial distribution of the causal factor in question.

The nost difficult aspect of solving the forest decline problem
i nvolves satisfying the first item above. Forest trees suffer
from many different causes of stress, including conpetition,
physical climatic stress, biotic pathogen stresses and chemni cal
stresses including air pollution. Distinguishing the effects of
air pollution fromthe conbined or individual eﬁfects of these
other forns of stress is an extrenely difficult scientific
chal l enge (Cowling 1985c). So far, it has not been possible to
characterize pollution stresses anong the collection of other
stress agents (Manion 1985).

Exi stence of the second rel ationship above has al so been diffi-
cult to prove. MLaughlin (1985) suggested the tining of a shift
to slower growh rates in red spruce and Fraser fir in the US.,
and limted studies show ng similar relationships in Norway
spruce and silver fir in Europe, generally coincide with a period
of rapidly increasing emssions of S02. The rel evance of this
rather | oose circunstantial evidence has been questioned. Prinz
1985) points out that the really relevant synptoms of forest
ecl i ne appeared when em ssions of SO2 were already on the down-
ward trend. Mre inportantly, as pointed out by Prinz, the con-
centration of air pollutants in the typically danaged areas
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scarcely reflects the em ssion trends of distant pollutant source
ar eas.

Additionally, the assunption of any of the air pollutants as
Prlnary causal factors does not solve the problemof the nore or
ess sudden appearance of the apparent synmptons in the early
1980'9, suggesting clinmatic episodes are involved as a triggering
or synchronizing factor (Prinz 1985).

Some progress seens to have been made on the third item above.
For exanple ozone concentrations, acid |oading, nitrogen |oading,
and amount of rain and fog exposure are all known to Increase
with elevation. The same trend (increasing with elevation) has
been observed for severity of tree injury and forest danage.

It has al so been observed that primary pollutant (sul fur and
nitrogen oxide) concentrations, and precipitation and soil pH

val ues do not coincide spatially with the forest danage areas.
Thus these latter factors, by thenselves, may essentially be
renoved fromthe |list of plausible causal factors. As nore of
these relevant. relationships are exam ned, the nunber of poten-
tial causal factors may be reduced. Mre intensive air quality
nmonitoring in renote forests exhibiting decline synptons is
required to establish whether the relationships required by Itemns
2 and 3 above can be satisfied.

Manion (1985) does not believe there is sufficient evidence to
consider air pollution a potential contributor to forest decline.
He points out that there is |ittle evidence for the claimthat
regi onal chaqges in forest vitality are due to stresses beyond
those expected from natural factors. In Germany for exanple, the
majority of docunmented foliage loss in the slight danage category
(10% - 20% 1l oss) is well withinthe limts of nornmal healthy tree
variation.

The ozone hyPothesis is presently the nost popul ar of several air
pol I utant-rel ated hypot heses of forest decline. Em ssion |evels
of the primary precursor pollutant, nitrogen oxides, have been
steadily increasing for over two decades In both central Europe
and in North Anerica. Long term ozone concentrations have been
increasing at nost of the few isolated longterm nonitoring
stations that exist, and are often high enough in rural areas to
damage sensitive tree species. (Qzone concentrations increase with
el evation, and have been observed to "flatten out" at several

high elevation sites. These factors all support the ozone

hypot hesis. However, since experinentation with ozone and

associ ated pollutants such as acid m st have so far failed in
producing t he synptons observed in the damaged forests (chlorosis
and | oss of older needles), this hypothesis remains unproven for
V| dst erben and the unexplained North American declines.

The second nost popul ar hypothesis is that excessive nitrogen
conpounds are predi sposing conifers to winter injury, a nmajor
synptom in the red spruce decline in the Northern Appal achi ans.
However, only weak circunstantial evidence of a possible |ink
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bet ween excess nitrogen conmpounds in air pollution and the
observed damage is available (Section 6.3.2).

Whet her or not any or all of the remaining hypotheses represent
valid model s of air pollution/forest danage rel ationships remain
an open question at this time. Al though short-term negative
effects of "acid rain" on forest nutrients appears unlikely,

| onger termpotential effects based on influences of bal ances of
weat hering, |eaching and microbial mneralizations have not been
adequatel y eval uated (MLaughlin 1985).

Scientific oPinion is generally noving to the view that no single
factor or pollutant is responsible for the present forest de-
clines, and that different factors (natural and anthropogenic)
are responsible for the decline at different |ocations.

The fact that no single hypothesis can explain the observed
synptons suggests that, if air pollutants are among the prinary
stresses responsible, then Pollutant m xtures (both co-occurrences
and sequences) are likely of significance. This is an inportant
research area, because while several synergistic reactions have
been observed using relatively high pollutant concentrations,
little data is avallable on effects of pollutant m xtures at
conditions which forest trees are exposed to in the real world.

8.2 Use of Experts

Until some scientific evidence of a |ink between air pollution
and forest ecosystem decline is established, the use of

subj ective probabilty distributions in evaluating risks to forest
ecosystems 1s probably quite [imted. Until dose-response
functions can be established experinentally, there is little
point in attenPting to judge risk to forests fromair pollution
In finer detail than that attained by Fraser et al (1985).

Wien and if functional relationships are established scientific-
ally, it would aPPear that the use of subjective probability
distributions w be a maj or asset to ecol ogical policy analysis
of forest-air pollution interactions. Should a definite link be
establ i shed, Bayesian nethods coul d be used to predict posterior
distributions conbining subjective and objective data. Experts
coul d be asked to define probabilistic dose-response or danage
functions for ecosystems and conditions that differ fromthe
experimental conditions. These probabilistic damage functions
could be used in conputer nodels that sinulate forest ecosystens,
such as Forcyte 11, which is being devel oped in the Faculty of
Forestry, University of British Col unbia.
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Appendi x 1

Conparison of Synptons of Decline in Forests of
Europe and North America

Source: Cow ing 1985b



