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Ab s t r a c t  

E i s t o r i c a l l y ,  the cambustion of f o s s i l  f u e l s  has  d i r e c t l y  o r  i n d i r e c t l y  been 
the source of a i r  contaminants a t  th ree  leve ls ;  loca l ,  regional ,  and global. 
Pol lu tan ts  of importance a t  the l o c a l  l e v e l  have included s u l f u r  dioxide and 
t race metals. Local f o r e s t  damage i s  confined t o  a zone of a few ha immediately 
s ~ r r o u n d i n g  a f a c i l i t y  and f o r  a d i s tance  of several  t o  t e n s  of km downwind. 
Regional a i r  p o l l u t a n t s  may be deposi ted over expansive f o r e s t  a reas  because 
they a r e  t ranspor ted  t e n s  o r  hundreds of km from point  of re lease  due t o  small 
s ize  or snythes is  i n  t h e  atmosphere f r a u  precursors  introduced i n t o  the 
troposphere. Regional a i r  po l lu tan ts  of po ten t ia l  inf luence f o r  f o r e s t s  
include; oxidants ,  t race  metals, and a c i d  deposi t ion.  Global p o l l u t a n t s  
inf luence the e n t i r e  atmosphere of the ear th ,  e.g. halocarbons and carbon 
dioxide. The l a t t e r  i s  important because of the poten t ia l  it has  t o  influence 
global climate. Risks assoc ia ted  wi th  regional  and global a i r  p o l l u t i o n  and 
f o r e s t  h e a l t h  a r e  high. The evidence ava i lab le  t o  descr ibe t h e  t o t a l  boundaries 
of the problem f o r  a l l  p o l l u t a n t s  i s  incauplete .  

Introduct ion 

A challenge of d e v e l o p d  na t ions  throughout t h e  tcrmprate zone i s  a i r  
qua l i ty  p o l i c i e s  tha t  p ro tec t  na tura l  resources  a s  wel l  a s  human heal th .  
Throughout Europe and North h e r i c a ,  t h e  decade of the  Eight ies  w i l l  be recorded 
a s  a per iod of profound decis ions regarding atmospheric contamination and 
natural  resource qua l i ty .  The central  issues f o r  those i n t e r e s t e d  i n  f o r e s t  
hea l th  a r e  a s  f o l l o a s .  Is a i r  p o l l u t i o n  inf luencing the growth of f o r e s t s  or 
individnal  species ,  Changing t h e  spec ies  composition of f o r e s t  communities o r  
destroying c e r t a i n  t ree  species, assoc ia ted  p l a n t s  o r  animals over s ign i f icant  
f o r e s t  a r e a s ?  In a n  e f f o r t  t o  answer t h i s  quest ion,  I s h a l l  d i scuss  t h e  
s p a t i a l  s c a l e s  of a i r  po l lu t ion  s t r e s s  and what we know about the  response 
of t rees  t o  p o l l u t a n t s  a t  these scales. 

Local. regional  and  global-scale  ai+ p o l l u t a n t s  

Local- 

k i n g  t h e  f i r s t  two t h i r d s  of the twent ie th  century, research and 
r e ~ n l a t o r y  e f f o r t s  were focused on l o c a l  a i r  p o l l u t a n t s  and acute  vegetat ive 
effects .  P o l l u t a n t s  of primaly concern were su l fur  dioxide, p a r t i c u l a t e  and 
gaseous f luor ide  compounds and numerous heavy metals  such a s  lead ,  copper, and 
zinc. Occasional i n t e r e s t  was expressed i n  o ther  inorganic  gases  including 
ammonia, hydrogen s u l f i d e  and chlor ide,  and chlor ine.  The sources  of these 
pol lu tan ts  were and a r e  typ ica l ly  d i s c r e t e  and s t a t i o n a r y  f a c i l i t i e s  f o r :  
energy production. f o r  example, foss i l - fue l  e l e c t r i c  generat ing plants ,  gas 
p u r i f i c a t i o n  p lan ts ;  metal r e l a t e d  i n d u s t r i e s ,  for  example, copper, n i c b l ,  
lead,  z i n c  o r  i r o n  smelters, aluminum production plants ;  and diverse  o t h e r  
industr ies ,  for  example, cement plants ,  chemical and f e r t i l i z e r  p l a n t s  and pulp 
mills. 
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It i s  appropriate  f o r  us t o  consider  the  above p o l l u t a n t s  local-scale  
because f o r e s t  a reas  d i r e c t l y  a f fec ted  by these  f a c i l i t i e s  a r e  t y p i c a l l y  
confined t o  a zone of a few kin immediately surrounding t h e  p lan t  and f o r  a 
dis tance of several t o  t e n s  of km downwind. The dimensions of the surronnding 
and downwind zones of influence a r e  v a r i a b l e  and pr imar i ly  cont ro l led  by source 
s t rength  of the e f f luent ,  l o c a l  meteorology. regional  topography and 
s u s c e p t i b i l i t y  of vegetation. In any case, t h e  f o r e s t  influence i s  confined t o  
a region general ly  l e s s  than a thousand hectares .  

Ren iona 1- 

During the  past t h r e e  decades r e  have become increasingly aware of 
regional-scale  a i r  po l lu tan ts .  The regional  designat ion i s  appl ied because 
these contaminants may af fec t  f o r e s t s  tens ,  hundreds, or even thousands of 
ki lometers  from t h e i r  s i t e  of or igin.  Ihe  regional  a i r  p o l l u t a n t s  of g r e a t e s t  
documented or potent ia l  influence f o r  f o r e s t s  include:  oxidants ,  most 
importantly ozone; t r a c e  metals, most important ly  heavy meta ls  - e.g. cadmium. 
cobal t ,  copper, lead, mercury, molybdenm, n i c b l .  vanadium, zinc; and a c i d  
deposi t ion,  most importantly s u l f u r i c  and n i t r i c  acids .  Ozone, s u l f u r i c  and 
n i t r i c  ac ids  a r e  termed secondary a i r  p o l l u t a n t s  because they a r e  synthesized i n  
the atmosphere ra ther  than re leased  d i r e c t l y  i n t o  the atmosphere. Zhe precursor  
chemicals, re leased d i r e c t l y  i n t o  t h e  atmosphere and causing secondary pol lu tan t  
formation, include hydrocarbons and ni t rogen oxides  i n  the case of ozone, and 
s u l f u r  dioxide and n i t rogen  oxides i n  t h e  case of s u l f u r i c  and n i t r i c  acid. Ihe  
combustion of the f o s s i l  f u e l s  coal, o i l ,  gas re lease  sane hydrocarbons and 
s u l f u r  dioxide. The h e a t  of combustion causes n i t rogen  and oxygen t o  reac t  and 
fonn nit rogen oxides. Many a c t i v i t i e s  generate small p a r t i c l e s  (approximately 
0.1 - 5 p diameter) .  n o s e  a c t i v i t i e s  assoc ia ted  w i t h  combustion ( p a r t i c u l a r l y  
coal burning) can p r e f e r e n t i a l l y  contaminate these small p a r t i c l e s  w i t h  t r a c e  
metals. Because t h e  formation of secondary a i r  p o l l u t a n t s  may occur oyer tens  
or hundreds of km from the s i t e  of precursor  re lease .  and because small 
p a r t i c l e s  may remain airborne f o r  days or weeks, these p o l l u t a n t s  may be 
t ransported 100 t o  more than 1000 km from t h e i r  or igin.  Eventual wet and dry 
deposi t ion of the p o l l u t a n t s  on to  lakes ,  f i e l d s ,  or f o r e s t s  may occur over l a r g e  
r a t h e r  than small areas .  

The U.S. Environmental R o t e c t i o n  Agenoy and t h e  U.S. Department of 
Agricul ture ,  Forest  Service e s t a b l i s h e d  a network of a i r  monitoring 
s t a t i o n s  t o  measure ozone concentrat ions i n  remote a reas  of National Forests .  
Analysis of se lec ted  high Ozone events during 1979 suggested t h a t  long-range 
t ranspor t  of a i r  masses contaminated by urban centers  contr ibuted t o  peak 
concentrat ions a t  remote s i t e s  (3) .  In a study of r u r a l  ozone episodes i n  the 
upper-midnest, R a t t  e t  a l .  (18) presented evidence t h a t  Ozone and precursors  
were t ransported 275 !m from Kinneapolis-St. Paul. S tudies  of t r a c e  metal 
concentrat ions,  i n  t h e  atmosphere i n  remote northern and southern hemispheric 
s i t e s  revealed t h a t  the natural  sources  include the oceans and the weather ing of 
t h e  ear th ' s  crust ,  while the  major anthropogenic source i s  p a r t i c l e  a i r  
po l lu t ion  (23). Murozumi e t  a l .  (13)  showed t h a t  long range t ranspor t  of l e a d  
p a r t i c l e s  from autanobi les  s i g n i f i c a n t l y  pol lu ted  p o l a r  g lac ie rs .  
the annual lead  deposi t ion on a remote northern hardwood f o r e s t  i n  New Hampshire 
t o  be 266 g per  hectare .  This caused lead  contamination of the  f o r e s t  f l o o r  5-10 
times greater  than the est imated p r e i n d u s t r i a l  concentrat ion ( 2 0 ) .  

We est imated 

Evidence i s  ava i lab le ,  s a t e l l i t e s ,  surface depos i t ion  of aerosol  s u l f a t e  and 
reduced v i s i b i l i t y  (2. 22, 28).  f o r  long-range t ranspor t  of ac id i fy ing  
p o l l u t a n t s  f ran  nmerous sources. Ihuing t h e  winter ,  approximately 20 percent 
of the emissions from t a l l  power plant  s tacks  i n  nor theas te rn  United S t a t e s  may 
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remain e leva ted  and r e l a t i v e l y  coherent f o r  more than a day and 500 km (24) .  

The long d is tance  t r a n s p o r t  of regional  p o l l u t a n t s  means they may have , 

i n t e r s t a t e ,  i n t e r n a t i o n a l  and even in te rcont inenta l  s ignif icance.  It means 
f u r t h e r  t h a t  t h e  f o r e s t s  subject  t o  t h e i r  depos i t ion  exceed t e n s  of thousands of 
bmz. 

Global- 

In the  past  25 years, we have become concerned wi th  a t h i r d  s c a l e  of a i r  
pollution--global. Global p o l l u t a n t s  a f f e c t  the e n t i r e  atmosphere of the ear th .  
B o  global air p o l l u t a n t s  of spec ia l  note include carbon dioxide and 
halocarbons. 

Careful monitoring of carbon dioxide during t h e  past  two decades i n  Eara i i ,  
Alaska, New York, Sweden, Austr ia  and the South Pole  has  f i rmly  es tab l i shed  tha t  
carbon dioxide i s  s t e a d i l y  increasing i n  t h e  global atmosphere. lh i s  increase 
i s  due t o  anthropogenic a c t i v i t i e s  including f o s s i l  f u e l  combustion. It may 
also be caused by a l t e r e d  land use management, such as, f o r e s t  des t ruc t ion  i n  
the t ropics .  Zhe atmospheric carbon dioxide concentrat ion has been est imated t o  
have been approximately 290 p p  ( 5 . 2 ~ 1 0 4  pg m-3) i n  t h e  middle of the  nineteenth 
century. Today, the carbon dioxide concentrat ion approximates 340 ppm (6.1 x 
l o5  pg m-3) and i s  increas ing  about one ppu (1.8 x lo3 pg m3) per  year .  
1977-78 i t  increased  1.5 p p  (2.7 x lo3 pg I U - ~ ) .  
increasing r a t e  continues, the carbon dioxide amount i n  the global atmosphere 
may be near ly  two  times t h e  present  valne ( 5 ) .  

I n  
I n  t h e  y e a r  2020, i f  the 

Natural ly  occurr ing  s t r a t o s p h e r i c  ozone i s  important because i t  screens the 
ear th  from b i o l o g i c a l l y  damaging u l t r a v i o l e t  r a d i a t i o n  -- l i g h t  with wavelengths 
between 290 and 320 nananeters - re leased  by the sun. Ealocarbons re leased  by 
humans can deple te  the  natural  ozone l a y e r  surrounding t h e  ear th .  I n  smmary, 
halocarbon molecules, e s p e c i a l l y  chlorofluoromethanes. re leased by var ious  human 
a c t i v i t i e s ,  a r e  t ransported through the  troposphere. They pass  through the  
tropopause and l m e r  s t ra tosphere  and are  decmposed i n  the mid- to  u p p e r  
atmosphere. Free  chlor ine,  r e s u l t i n g  f r a n  decomposition, causes a rapid,  
c a t a l y t i c  d e s t r u c t i o n  of ozone. In 1979. the National Academy of Sciences 
est imated t h a t  r e l e a s e  of halocarbons t o  the  atmosphere, a t  r a t e s  i n f e r r e d  f o r  
1977. would eventual ly  deplete  s t r a t o s p h e r i c  ozone 5 t o  28 percent, most 
probably 17 percent  (14) .  I n  1982, the  National Academy rev ised  i t s  previous 
est imate  and suggested a deple t ion  from 5 t o  9 percent (17). 

Affect of local-scale ,  regional-scale  global-scale  p o l l u t i o n  on f o r e s t  
ecosYstems 

High depos i t ion  of loca l  a i r  p o l l u t a n t s  has  caused documented f o r e s t  
destruct ion.  Eigh s u l f u r  dioxide or f luoride Qses, severely in jure  or k i l l  
f o r e s t  t rees .  Ihe ecosystems, of which the t r e e s  a r e  a par t ,  a r e  s implif ied,  
lose  n u t r i e n t s ,  s u s t a i n  s o i l  erosion, have microclimates and hydrologic pa t te rns  
a l t e r e d  and u l t imate ly  they a r e  destroyed or converted t o  more r e s i s t a n t  seral  
stages. Mi l le r  and McBride (12) reviewed the f o r e s t s  destroyed by l o c a l  air 
pollut ion.  Early i n  t h i s  century, i t  was c l e a r l y  documented i n  nmeroas 
l o c a t i o n s  throughout North h e r i c a  tha t  su l fur  dioxide and t r a c e  metal po l lu t ion  
destroyed f o r e s t s  surrounding metal smelting f a c i l i t i e s .  Smelting centered i n  
Docktown. Tennessee devastated the southern hardwood f o r s s t  over 27 kn? (10.5 
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mi2)  surrounding t h e  p lan t ,  coverted a n  addi t iona l  68 Ian2 (17,OOOA) t o  grass land  
and created a 120 kn? (30,000A) t r a n s i t i o n  zone wi th  a l t e r e d  species  
composition Smelters  i n  t h e  Sudbnry, Ontario, Canada a rea  have caused 
s impl i f ica t ion  of the surrounding mired boreal  f o r e s t  and have caused e a s t e r n  
white  pine mor ta l i ty  i n  a 1865 kn12 (720 mi2) zone t o  t h e  northeast. 

Aluminum reduct ion p l a n t s  have a l s o  caused l o c a l  f o r e s t  d e s t r u c t i o n  I n  
Montana. f luor ide  p o l l u t i o n  k i l l e d  o r  s e v e r e l y  injured ponderosa pine and 
lodgepole  pine on 8 k& (ZOOOA) surrounding a plant .  
pine mortal i ty  and morbidity r e s u l  ted  over  a 130 h2 (50 m i 2 )  a r e a  i n  t h e  
v i c i n i t y  of an aluminum plant. 

I n  Washington, ponderosa 

Local p o l l u t i o n  has  caused e x t e n s i v e  f o r e s t  des t ruc t ion  throughout Enrope. 
Examples a re  i n  Austria, Germany, Eungary, Norway, Poland and Sweden 
Indus t r ia l  operat ions a long  t h e  northern border of Czechoslovakia have caused 
ex tens ive  f o r e s t  d e s t r u c t i o n  

Rcaional- 

Deposition of regional  p o l l u t a n t s  subject  f o r e s t s  t o  d i f f e r e n t  per turba t ions  
then l o c a l -  p o l l u t a n t s  because the doses  a r e  less .  Rather than severe t ree  
morbidity or m o r t a l i t y  w i t h  dramatic symptans, regional  p o l l u t a n t s  s u b t l y  change 
t r e e  metabolism and ecosystem processes. Smith (19) provided a canprehensive 
r e v i e r  of s u b t l e  a i r  p o l l u t i o n  f o r e s t  s t ress .  

Regional a i r  contaminants may inf luence  reproduct ive processes, n u t r i e n t  
uptake or re ten t ion ,  metabol i o  r a t e s  ( e s p e c i a l l y  'photosynthesis) ,  and i n s e c t  
pest and pathogen i n t e r a c t i o n s  of i n d i v i d u a l  t rees .  A t  the ecosystem l e v e l ,  
reg iona l  a i r  p o l l u t a n t s  may inf luence n u t r i e n t  cycling, populat ion dynamics of 
ar thropod or  microbial species, succession, and biomass product ion  I n  the 
instance of high-dose l o c a l - s c a l e  p o l l u t i o n ,  the  symptans a r e  t y p i c a l l y  acute, 
dramatic and obvious (severe disease, mor ta l i ty ,  f o r e s t  s implif icat ion) .  I n  the 
case of lowerdose  reg iona l -sca le  p o l l u t i o n .  the  symptaus a r e  t y p i c a l l y  not 
v i s i b l e  (st l e a s t  i n i t i a l l y ) ,  undramatic and not  e a s i l y  measured Ihe 
in tegra t ion  of regional  p o l l u t a n t  s t r e s s e s  i s  slower g r w t h ,  a 1  t e red  competi t ive 
a b i l i t i e s  and changed s u s c e p t i b i l i t y  t o  pests. Ecosystem symptaus may inc lude  
a l t e r e d  r a t o s  of succession, changed spec ies  composition and biomass 
production. Symptau developuent is, of course, much slower a t  the  reg iona l  
scale .  Evidence of the r e l a t i v e  importance of regional  p o l l u t a n t s  i s  
v a r i a b l e ,  csused i n  p a r t  by the  l e n g t h  of time t h a t  has been devoted t o  the 
study of individual  p o l l u t a n t s  and i n  p r t  by t h e  subt leness  and complexity of 
the p o l l u t a n t  interact ions.  Ihe t o x i c i t y  of t r a c e  m e t a l s  has  been s tudied  f o r  
approrimately 60 years, of OZOM approximately 25 years  and of ac id  depos i t ion  
approximately 10 years. 

Table 1 suggests  t h e  r e l a t i v e  s t rength  of evidence f o r  f o r e s t  responses  t o  
A review of the column t o t a l s  suggests  we b o a  most about reg iona l  po l lu tan ts .  

the regional  e f f e c t s  of oxidants, l e s s  about reg iona l  e f f e c t s  of t race m e t a l s  
and l e a s t  about reg iona l  e f f e c t s  of a c i d  d e p o s i t i o n  A r e v i e r  of the row t o t a l s  
suggests  t r e e  and ecosystem processes  e s p e c i a l l y  v u l n e r a b l e  to  a i r  p o l l u t i o n  
s t ress .  Ihe processes w i t h  a t o t a l  of f i v e  o r  more include; l i t t e r  
decomposition, seedl ing  s u r v i v a l ,  photosynthesis, f o l  i a r  necrosis, t r e e  grwth, 
microbial  pathogen a c t i v i t y ,  and ecosystem succession p l u s  species  omposi t ion.  
Them a r e  t h e  t r e e  and ecosystem processes  a t  p a r t i c u l a r  r i s k  frcm regional  a i r  
p o l l u t i o n  
f o r e s t  t r e e s  and ecosystems. 

Fig. 1 provides  a n  overview of reg iona l  a i r  p o l l u t i o n  inf luenca on 
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Global- 

Increasing carbon dioxide concentrat ion and decreasing s t r a t o s p h e r i c  ozone 
concentrat ion of the atmosphere may a l t e r  global r a d i a t i o n  fluxes. Resumably a 
primary r e s u l t  of more carbon dioxide i n  t h e  a i r  w i l l  be warming. 
incoming s o l a r  r a d i a t i o n  i s  not absorbed by carbon dioxide, port ions of i n f r a r e d  
rad ia t ion  f r a o  e a r t h  t o  space are. Over time. the  
e a r t h  would became wamer. While t h e  f o r c e s  cont ro l l ing  global temperature a r e  
v a r i e d  and complex, the  increase of 0.5OC since t h e  mid-1800s i s  general ly  
agreed t o  be s t  l e a s t  p a r t i a l l y  caused by increased carbon dioxide. By 2000 i t  
may increase an addi t iona l  0.5OC. Numerous models advanced t o  es t imate  t h e  
average global  warming per doubling of carbon dioxide pro jec t  0.7 t o  9.6OC. 
Natural impacts on climate, such as  s o l a r  v a r i a b i l i t y ,  remain important and 
of unclear r e l a t i o n s h i p  t o  anthropogenic causes. A mean global average surface 
warning, however, of 3 1.5OC appears  reasonable  (National Academy of Sciences 
1982 a, b). 

While 

'Ihe consequences of s wanner global climate, w i t h  w e n  a very modest 
t m p e r a t u r e  increase,  on the d e v e l o p e n t  of f o r e s t  ecosystems, could be 
profound. Warming, with increased carbon dioxide i n  t h e  abosphere ,  might 
enhance f o r e s t  growth. Dfnnabe and S t o u f f e r  (8)  have est imated t h a t  a 
doubling of atmospheric carbon dioxide would cause a 30C warming a t  t h e  U.S.- 
Canadian border, while Kellogg (6)  has  suggested t h a t  a r i s e  of l 0 C  i n  mean 
summer temperature extends t h e  growing season by approximately 10 days. Other 
changes a s s o c i a t e d  wi th  global  warming. hcwwer, may r e s t r i c t  f o r e s t  growth. 
Physiological  processes  of plants ,  espec ia l ly  photosynthesis, t ranspi ra t ion ,  
r e s p i r a t i o n  and reprodnct ion are  s e n s i t i v e  t o  temperature. With warming, 
r e s p i r a t i o n  and decompositon may increase f a s t e r  than photosynthesis. 
Transpirat ion and evaporat ion increases  m a y  enhance s t r e s s  on d r i e r  s i t e s .  
Reproduction may be a l t e r e d  by changes i n  dynamics of po l l ina t ing  insec ts ,  
changes i n  flower, f r u i t  or seed se t ,  or changes i n  seedl ing production and 
survival .  'Ihe geographic o r  host ranges of exot ic  microbial  pathogens or  insect  
pes t s  may expand. R e v i o n s l y  innocuous endemic microbes o r  i n s e c t s  may be 
elevated t o  important pest s t a t u s  f o l l m i n g  c l i m a t i c  warning. R e c i p i t a t i o n  
changes a r e  assoc ia ted  with global warming. and c e r t a i n  a reas  w i l l  r ece ive  more 
and o thers  l e s s .  n o s e  a r e a s  rece iv ing  less p r e c i p i t a t i o n  w i l l  a l s o  experience 
increased evaporat ion and t ranspi ra t ion .  Waggoner (26) h a s  es t imated t h a t  the 
projected change i n  weather by the  y e a r  2000 caused by increased atmospheric 
carbon dioxide, w i l l  cause moderate decreases  of 2-12 percent i n  y i e l d  of wheat. 
corn and soybeans i n  t h e  American gra in  belt d w  t o  increased dryness. 
a g r i c u l t u r i s t s  may be ab le  t o  adopt new crop v a r i e t i e s  t o  a d r i e r  climate, 
f o r e s t s  cannot be s imi la r ly  manipulated. Increased drought s t r e s s  over 
widespread f o r e s t  a r e a s  would be expected t o  i n i t i a t e  new rounds of progressive 
t r e e  d e t e r i o r a t i o n  termed diebackldecl ine disease. Bought  i s  t h e  most common 
and important i n i t i a t o r  of f o r e s t  t r e e  decl ine.  
a i r  po l lu tan ts  and o ther  agents  most be evaluated aga ins t  t h i s  background of 
f o r e s t  change caused by c l imat ic  warming. 

While 

Forest  s t r e s s e s  caused by other 

A ser ious consequence of anthropogenic re lease  of halocarbons t o  the  
atmosphere i s  the deple t ion  of na tura l ly  occurr ing s t ra tospher ic  ozone. Sane 
reduct ion i n  halocarbon re lease  has  been achieved i n  t h e  United S t a t e s  and a few 
other countr ies .  Immediate terminat ion of a l l  r e l e a s e  worldwide, however, would 
st i l l  leave the world w i t h  important s t r a t o s p h e r i c  ozone reduct ions during t h e  
next decade. Reduced u p p e r a i r  ozone would increase u l t r a v i o l e t  r a d i a t i o n  
reaching t h e  surface of the  earth. 
inventory of the  impacts of increased u l t r a v i o l e t  r a d i a t i o n  on f o r e s t s .  Studies  
Of m m e  than  100 a g r i c u l t u r a l  spec ies  shored t h a t  increased  u l t r w i o l e t  exposure 
reduces p lan t  dry w e i a t  and changes the proport ion of root ,  shoot and l e a f  

Current understanding does not allow an 
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tissw. Studies of more than 60 aquat ic  organisms showed t h a t  many were q u i t e  
s e n s i t i v e  to cur ren t  l e v e l s  of u l t r a v i o l e t  r a d i a t i o n  a t  the water surface (9) .  
~ 1 o r o f l u o r o c a r b o n s  can a l s o  cont r ibu te  t o  global warning i n  a manner 
s imi la r  to  carbon dioxide. 

R e c i o n a l s i r  p o l l u t a n t s  a r e  the most important concern of fores t  managers. 

n e  e f f e c t s  of l o c a l  a i r  contaminants on f o r e s t s  have s t a b i l i z e d  i n  t h e  
v i c i n i t y  of ex is t ing  point-sources of a i r  po l lu tan ts .  I n  nmerous cases  
hprovmmnts  have been achieved. In the case of sulfur dioxide, increas ing  
s t a c k  he ights  and use of scrubbers have reduced ground l w e l  Concentrations of 
s u l f u r  dioxide. New i n d u s t r i e s  and e l e c t r i c a l  p l a n t s  i n  the U.S. can anploy 
t h e  best ava i lab le  a i r  q u a l i t y  technology. 

On the  global-scale, the des t ruc t ion  of =one by halocarbons was addressed 
i n  the U.S. by banning chlorofluorocarbons i n  aerosol products. Zhe r e l e a s e  of 
carbon dioxide t o  the  aimos&ere from f o s s i l  fuel combustion w i l l  continua wel l  
i n t o  or through the t w e n t p f i r s t  century. Energy requirements of nat ions of the 
temperate zone w i l l  r equi re  combustion of gas, o i l  and coal and t h e  aimospheric 
burden of carbon dioxide w i l l  continue t o  increase  w i t h  uncer ta in  consequences. 

Regional-scale a i r  po l lu tan ts .  on t h e  other  hand, exhib i t  both increas ing  
t rends  and known and probable e f f e c t s  on f o r e s t  ecosystems over l a r g e  port ions 
of the tanperate  region. Ihe  i n t e g r a t i o n  of s t r e s s e s  imposed by regional 
po l lu tan ts  has  the poten t ia l  to  csuse growth reduct ions i n  s m e  f o r e s t  spec ies  
and, ultimately. diebacUdecl ine symptoms i n  suscept ib le  t r e e  species  a t  ambient 
leve ls .  A t  the ecosystem l e v e l  t h i s  has  or w i l l  cause changes i n  spec ies  
composition and increases  o r  decreases  i n  biomass production depending on t h e  
s p e c i f i c  ecosystem (Fig.  1). Docmuentations of decreased t ree  growth and 
increased decline symptoms due t o  a i r  q u a l i t y  i n  t h e  f i e l d  a r e  very l imi ted  
because the changes a r e  subt le ,  not continuous but patchwork i n  character ,  and 
extranely d i f f i c u l t  t o  separate  from other  f a c t o r s  t h a t  w n t r o l  t r e e  g r o w t h  (eg. 
age, competition, moisture, temperature. n u t r i e n t s ,  insec ts ,  pathogens) and tha t  
induce diebacUdecl ine symptoms (eg. drought, other c l imat ic  s t resses .  insects .  
pathogens). In addi t ion,  species  composition and pa t te rns  of f o r e s t  succession 
a r e  regulated by numerous determinants (eg. vegetat ive s i t e  a l t e r a t i o n s ,  p lan t  
species  in te rac t ions ,  insect lpsthogen a c t i v i t i e s ,  windstonns, f i r e s  and hmuan 
cu l tura l  a c t i v i t i e s )  and f o r e s t  ecosystem production i s  i n f l w n c e d  by several  
var iab les  (system age. competition. species  camposition, moisture, temperature, 
nu t r ien ts ,  insects ,  pathogens). A review of the current  evidence a v a i l a b l e  t o  
support the importance of a i r  p o l l u t i o n  induced f o r e s t  change has been provided 
by Smith (19) .  m e  comprehensive study of oxidant p o l l u t i o n  i n  por t ions  of the 
San Bernardino National Forest ,  Cal i forn ia  demonstrated a i r  po l lu t ion  e f f e c t s  on 
f o r e s t  growth and succession (11) .  Additional evidence of reduced f o r e s t  growth 
imposed by oxidant p o l l u t i o n  i n  the west. mid-west and e a s t  has been provided 
(23) .  For var ious f o r e s t  ecosytems we a r e  a t ,  or near, t h e  threshold of t r a m  
metal impact on n u t r i e n t  cycl ing processes. Lead w i l l  continue t o  accmuulate i n  
f o r e s t  f l o o r s  a s  long a s  i t  i s  re leased  i n t o  the  atmosphere (U.S.E.P.A. 1983) .  
Although adverse e f f e c t s  on f o r e s t  ecosystems from a c i d  deposi t ion have not  been 
conclusively proven by e x i s t i n g  evidence, we cannot conclude t h a t  adverse 
e f f e c t s  s r e  not occurring. R e s e n t l y ,  t r e e  mor ta l i ty  and t r e e  morbidity and 
growth r a t e  reduct ions i n  European and N o r t h  h e r i c a n  regions do occur where 
regional  a i r  po l lu t ion ,  including a c i d  deposi t ion,  i s  general ly  high. Temporal 
and s p a t i a l  c o r r e l a t i o n s  between wet a c i d i c  deposi t ion and f o r e s t  t r e e  growth 
r a t e s  has been provided. Numerous hypotheses f o r  adverse f o r e s t  e f f e c t s  from 
acid deposition, worthy of tes t ing ,  have been proposed (7, 21). Under natural  
conditions, f o r e s t  ecosystems s r e  exposed t o  mul t ip le  a i r  po l lu tan ts  
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s i m d  tansously or  sequent ia l ly  and i n t e r a c t i v e  and accumulative inf luences  a r e  
important. 
po l lu tan t  on f o r e s t s  i n  i so la t ion .  I h e  g r w t h  reduct ions and decl ine symptms 
of the f o r e s t s  of the Federal Republic of Germally are dramatic and should warn 
a l l  na t ions  t h a t  the r e s i l i e n c y  of f o r e s t  ecosystams h a s  l imi ta t ions .  Until the  
cause of t h i s  d e c l i n e  i s  more c lear ly  understood, prudent natural  resource 
science should n o t  r e j e c t  nor ind ic t  any s ingle  s t r e s s .  

It i s  inappropr ia te  t o  consider the  e f f e c t s  of any regional  

Conclusion 

A s e n s i t i v e  and convenient f o r e s t  parameter must be found t o  monitor the 
e x t e n t  and i n t e n s i t y  of s t r e s s  on expansive f o r e s t  systems. Waring (27)  
suggested t h a t  monitoring canopy leaf area and i t s  dura t ion  of display is a very 
appropriate  general  index of f o r e s t  ecosystem s t ress .  Canopy q u a n t i t y  and 
q u a l i t y  i s  an i n d i c a t o r  of product ivi ty .  Inventory techniques f r m  t h e  a i r  
(mult ispectral  scanning, microwave transmission, radar. l a s e r )  and ground 
( c o r r e l a t i o n s  w i t h  stem diameter. saprood c r o s e s e c t i o n a l  area) f o r  canopg leaf 
area a r e  avai lable .  A t  a given s i t e ,  de tec t ion  of a n  increase  i n  l e a f  a rea  
would suggest a n  improving envi roment ,  a decrease i n  l e a f  area would i n f e r  the 
system i s  under s t ress .  Baes and McLaughlin (1)  have proposed t h a t  t r a c e  
metal analyses of t r e e  r ings  can provide information on  temporal changes i n  a i r  
po l lu tan t  depos i t ion  and t ree  heal th .  

Implimentation of vide-area f o r e s t  monitoring of any nature  involves  two 
challenges. F i r s t .  de tec t ion  of s t r e s s  does not suggest cause. We a r e  keenly 
aware t h a t  t r e e  and f o r e s t  hoa l th  a re  cont ro l led  by many fac tors  in a d d i t i o n  t o  
a i r  q u a l i t p a g e ,  canpet i t ion.  environment (moisture, temperature. n u t r i t i o n ) .  
insec t  and pathogen a c t i v i t y .  We desperately need procedures t o  p a r t i t i o n  the  
r e l a t i v e  importance of inf luencing v a r i a b l e s  f o r  a given s i te .  Fortunately r e  
a r e  making research  progress  toward t h i s  r e s o l u t i o n  ( 4 ,  1 0 ,  2 7 ) .  The second 
challenge is to convince f o r e s t e r s  t h a t  the time and cos t  of systematic  f o r e s t  
hea l th  monitoring i s  j u s t i f i e d .  I f e e l  it i s  not  only j u s t i f i e d ,  but e s s e n t i a l  
f o r  i n t e l l i g e n t  dec is ions  regarding regula t ion  of regional  a i r  po l lu tan ts .  

Air  p o l l u t i o n  has  been k i l l i n g  t r e e s  l o c a l l y  for centur ies .  We have been 
keenly aware of t h i s  i n  the  United S t a t e s  f o r  over 100 years .  We n a  r e a l i z e  
t h a t  i n  a d d i t i o n  t o  mortal i ty ,  regional a i r  p o l l u t a n t s  may be capable of causing 
a l t e r a t i o n s  i n  spec ies  canposi t ion and growth-rate reduct ions i n  c e r t a i n  f o r e s t  
ecosystems over l a r g e  a r e a s  and across  nat ional  boundaries. 

Forests  a r e  v a r i a b l e  i n  species, topography, e levat ion.  s o i l s  and 
management. Air  p o l l u t i o n  deposi t ion and inf luences  a r e  a l s o  v a r i a b l e  and 
poorly Qcmented  i n  the  f i e l d .  Monitoring of species  dynamics and 
product ivi ty ,  necessary t o  detect  e f f e c t s  of regional a i r  po l lu tan ts ,  or any 
Other e n v i r o m e n t a l  s t r e s s ,  a re  present ly  r a r e l y  avai lable .  Dendrochronological 
O r  Other t ree-r ing ana ly t ica l  techniques a r e  subject  t o  enormous d i f f i c u l t y  when 
they at tempt  t o  p a r t i t i o n  the r e l a t i v e  importance of f o r c e s  t h a t  may i n f l w n c e  
t r e e  growth. Growth i s  regula ted  by prec ip i ta t ion ,  temperature, length of 
g r a i n g  season. f r o s t ,  drought, by developmental processes such a s  succession 
and competition, and t o  s tochas t ic  events  such as insec t  outbreaks, disease 
epidemics. f i r e .  windstorms and anthropogenic a c t i v i t i e s  such a s  thinning, 
f e r t i l i z a t i o n ,  h a m e s t i n g  and f i n a l l y  a i r  qual i ty .  

For a long time, dieback and decl ine of s p e c i f i c  f o r e s t  species ,  sanewhere 
&e. climate, or b i o t i c  s t r e s s  f a c t o r s  i n  the temperate zone, has been common. 

have f r e q w n t l y  been judged to be the pr inc ipa l  causes f o r  declines. 
h m w e r ,  i t  i s  d i f f i c u l t  t o  ass ign  r e s p o n s i b i l i t y  for  spec i f ic  cause and e f f e c t .  

Again. 

\ 
1 
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Trees a r e  la rge  and long-lived and t h e i r  hea l th  i n t e g r a t e s  a l l  the  s t r e s s e s  t o  
which they are  exposed oyer time. 

Ihe r i s k s  assoc ia ted  wi th  regional  and global a i r  p o l l u t i o n  s t r e s s  and 
f o r e s t  ecosystem h e a l t h  a r e  high. I h e  evidence ava i lab le  to  descr ibe the t o t a l  
boundaries of the problem f o r  a l l  p o l l u t a n t s  i s  incomplete. I h e r e  i s  enormous 
uncertainty about s p e c i f i c  e f f e c t s  on f o r e s t s  of regional  and global a i r  
pol lutants .  We do how, however, t h a t  coal combustion w i l l  provide more than 50 
percent  of h e r i c a ' s  e l e c t r i c i t y  by 1990. We f u r t h e r  knw t h a t  without  
management or control. coal combustion i s  a source of nmerous regional  and 
global po l lu tan ts  i d e n t i f i e d  a s  important, or p o t e n t i a l l y  important. t o  the 
hea l th  of f o r e s t  ecosystems. Natural ecosystem heal th ,  along wi th  human heal th ,  
must be recognized in assessments, economic and otherwise. of p o l l u t i o n  
abatement s t ra teg ies .  
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