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ABSTRACT 

Studies o f  environmental damage f r o m  a c i d i f i c a t i o n  by a c i d  deposi t ion i n  
Canada date from t h e  1950's. I n  the  l a t e  1960's, a c i d i f i c a t i o n  o f  surface 
waters and o the r  forms o f  environmental damage near p o i n t  source emissions 
i n  Canada and the  Un i ted  States l e d  t o  development o f  Clean A i r  Acts i n  both 
coun t r i es  and t h e  implementation o f  var ious c o n t r o l  programs. 
d iox ide  emissions reached a l l - t i m e  highs around 1970 t o  1973 and SO2 
emissions i n  both coun t r i es  decreased from t h a t  t ime u n t i l  the e a r l y  1980's. 
U.S. emissions decreased from about 28 m i l l i o n  tonnes t o  21 m i l l i o n  tonnes 
from 1973 t o  1984 and Canadian emissions decreased from 6.6 t o  3.8 m i l l i o n  
tonnes i n  t h e  same t ime  period. Canadian emissions a re  ensured t o  decrease 
f u r t h e r  as a r e s u l t  of Canada's Sulphur Diox ide Control Program which goes 
beyond the  o b j e c t i v e s  o f  t h e  30% Club. 

The aquat ic  environment has responded favorably  t o  these emission 
reductions. Sulphate r u n o f f  from 12 Nova Scot ian and 8 Newfoundland 
watersheds decreased by near l y  50% i n  the  corresponding time. Rivers i n  
both cases showed an expected increase i n  pH. Near Sudbury, Ontario, 
f o l l o w i n g  reduct ions i n  emissions from the  l a r g e  smelters, sur face water 
su lphate concentrat ions have dec l i ned  and pH of t h e  a c i d i f i e d  lakes has 
increased. 

most encouraging b u t  we a r e  s t i l l  faced w i t h  a s i t u a t i o n  o f  extensive 
sur face water damage. 
20% o f  t h e  a l k a l i n i t y  expected from normal weathering processes and as many 
as 14,000 i n d i v i d u a l  lakes have been a c i d i f i e d .  
t op  meter o f  s o i l  water be ing a c i d i f i e d  by a combination o f  sulphate and 
n i t r a t e .  

B i o l o g i c a l  surveys have documented a con t inu ing  dec l ine i n  b i o l o g i c a l  
q u a l i t y  o f  l akes  and have documented the l o s s  o f  aquat ic  organisms as a 
r e s u l t  o f  p e r i o d i c  pH depressions i n  streams. 

I n  recen t  years, we have observed dec l ine o f  sugar maple, our na t i ona l  
emblem, i n  Centra l  and Eastern Canada. The t rees  have been subjected t o  
a t tacks  by t e n t  c a t e r p i l l a r  and severe weather condi t ions.  
i nc reas ing  evidence t h a t  t he  dec l i ne  i s  caused by a complex i n t e r a c t i o n  o f  
i n s e c t  damage, weather and s t ress  caused by a c i d i c  p r e c i p i t a t i o n .  

Sulphur 

The pas t  reduct ions i n  SO2 and favorable response i n  the  environment i s  

Lakes i n  l a r g e  areas o f  Eastern Canada have l e s s  than 

There are examples o f  the 

There i s  
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We can conclude f rom t h e  eastern Nor th American experience t h a t  w h i l e  
emissions and depos i t i on  have been reduced and water q u a l i t y  has improved, 
both the  aquat ic  and f o r e s t  s i t u a t i o n s  a re  s t i l l  f a r  from acceptable. 

INTRODUCTION 

Over t h e  pas t  few decades, research s c i e n t i s t s  throughout the  wor ld  have 

been p r o v i d i n g  documentation of t he  impacts o f  "ac id  r a i n "  on the na tu ra l  

and human environment. The thousands o f  technica l  repo r t s  un i formly present 

a bleak p i c t u r e ,  d e p i c t i n g  a wide-spread and pervasive d e t e r i o r a t i o n  i n  the  

h e a l t h  o f  t e r r e s t r i a l  and aquat ic  ecosystems, s o i l s ,  man-made s t ruc tu res  and 

monuments, human health, and so on. 

I n  Canada, primary a t t e n t i o n  has been d i r e c t e d  towards surface waters and 

t h e i r  remarkable de te r io ra t i on ,  over the  l a s t  few decades i n  the eastern 

p a r t  o f  t he  country. As a consequence o f  t he  s c i e n t i f i c  i n fo rma t ion  

ava i l ab le ,  Canada i s  now implementing a SO2 Control Program which w i l l  

reduce emissions by 50% i n  eastern Canada by 1994. 

To date the re  

i s  no conclus ive l i n k  between the  long range t r a n s p o r t  o f  a i r  p o l l u t i o n  and 

observed reg iona l  f o r e s t  decl ine. 

been observed i n  maple stands i n  the  provinces o f  Ontario, Quebec, and New 

Brunswick. Although t h e  dec l i ne  occurs i n  some o f  t he  areas most heav i l y  

impacted by LRTAP, na tu ra l  stresses ( c l ima te  and insects ,  i n  p a r t i c u l a r )  are 

c e r t a i n l y  c o n t r i b u t i n g  t o  t h e  observed d e t e r i o r a t i o n  as wel l .  

The purpose o f  t h i s  conference i s  t o  b r i n g  together  s c i e n t i s t s  and p o l i c y  

makers i n  o rde r  t o  c l a r i f y  t h e  s t a t e  o f  knowledge and address t h e  p o l i c y  

t h a t  may be requ i red  by governments t o  c o r r e c t  unacceptable s i t ua t i ons .  

Th is  paper presents some work on Canadian lakes and streams. 

p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  decreases i n  SO2 emissions i n  North 

America over t h e  pas t  10-15 years have been co inc iden t  w i t h  a marked 

improvement i n  t h e  q u a l i t y  o f  some o f  t he  sur face waters. The importance o f  

t h i s  i n fo rma t ion  t o  p o l i c y  makers i s  evident. It appears t h a t  reduct ions i n  

su lphur  d iox ide  emissions can be l i n k e d  t o  improved sur face water q u a l i t y  i n  

a t ime  frame which i s  p r a c t i c a l  i n  terms o f  implementing con t ro l  programs 

over a decade o r  so. Fu r the r  improvement may be expected as t h e  Canadian 

Control Program becomes f u l l y  implemented. 

The s i t u a t i o n  concerning f o r e s t  ecosystems i s  l e s s  c lea r .  

However, a problem o f  p a r t i c u l a r  note has 

The 
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CHANGES I N  SO2 EMISSIONS 

I n  North. America, SO2 emissions reached a t 1  t ime  highs between 1970 and 

1973. 

and en fo rc ing  more s t r i n g e n t  standards f o r  l o c a l  a i r  q u a l i t y ,  a l a r g e  amount 

o f  SO2 was removed from t h e  stack gases. Large increases i n  energy costs  

a l s o  encouraged energy conservat ion and reduced f u e l  consumption du r ing  t h i s  

period. 

1900-1983 (Envi ronmental P ro tec t i on  Agency, 1985 , 1986 1. 
dec l i ne  o f  about 30% from 1973 t o  1983. 

s t r i n g e n t  new source performance standards; lower  sulphur content  o f  t he  

coal  consumed; and r e t r o f i t t i n g  o f  scrubbers (Nat ional  Coal Associat ion, 

19861, among o the r  th ings.  

P ro jec t i ons  f o r  t h e  nex t  decade f o r  U.S. u t i l i t i e s  vary from a cont inu ing 

dec l i ne  p r e d i c t e d  by t h e  Nat ional  Coal Associat ion, 1986, t o  increases o f  as 

much as 5 m i l l i o n  tons unless f u r t h e r  c o n t r o l  measures are in t roduced (ICF, 

1986). 

I n  Eastern Canada, SO2 emissions dec l ined by about 50% dur ing  t h e  1970s 

and e a r l y  1980s, F igu re  2. Although t h i s  dec l i ne  can be a t t r i b u t e d  p a r t l y  

t o  reduced economic a c t i v i t y  i n  t h e  l a s t  few years, i t  has been l a r g e l y  due 

t o  SO2 emission c o n t r o l s  t o  improve a i r  q u a l i t y  near t h e  l a r g e  non-ferrous 

smelters i n  Sudbury. 

Ltd., and t h e  thermal power p l a n t s  o f  On ta r io  Hydro a re  now operat ing under 

specia l  r e g u l a t i o n s  in t roduced t o  c o n t r o l  t h e  l ong  range t r a n s p o r t  o f  S02. 

These r e g u l a t i o n s  are over and above t h e  c o n t r o l s  needed t o  improve l o c a l  

a i r  q u a l i t y .  

A f u r t h e r  reduc t i on  i n  Canadian emissions has been assured by the  

f e d e r a l / p r o v i n c i a l  agreements i n  Canada c a l l i n g  f o r  a 50% reduct ion i n  

eastern Canadian SOpemissions by 1994. Both Canada and the  Uni ted States 

s t i l l  have a l o n g  way t o  go i n  technology development and technology 

implementation t o  achieve t h e  requ i red  reduct ions i n  the  mid-1990's b u t  we 

a re  con f iden t  t h a t  we w i l l  achieve our ob jec t i ves  o f  reducing deposi t ion t o  

acceptable Val ues. 

As a r e s u l t  o f  bo th  Canada and t h e  U.S.A. i n s t i t u t i n g  Clean A i r  Acts 

F igu re  I, shows t h e  t rend  i n  SO2 emissions i n  t h e  Un i ted  States from 

There has been a 

Th is  dec l i ne  i s  a t t r i b u t e d  to: 

I n  addi t ion,  one o f  t he  smelters a t  Sudbury, INCO 

SURFACE WATER CHANGES I N  CANADA 

The dec l ines i n  SO2 emissions have caused a corresponding decrease i n  

depos i t i on  i n  Eastern Nor th America. 

y i e l d s  from watersheds i n  Nova Sco t ia  and Newfoundland (Thompson, 1986). 

From t h e  e a r l y  1970's t o  the  e a r l y  1980's the  sulphate expor t  from the  

watersheds measured i n  t h e  r u n o f f  dec l ined by near ly  50%, r e f l e c t i n g  the 

Table 1 shows changes i n  the  sulphate 
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decline i n  emissions i n  the  areas upwind of the region. Atmospheric models 
have calculated an expected deposition reduction of 20-25%. 
a re  i n  good agreement, considering the expected e r ror  i n  model calculations 
and i n  the measurements, and are  most encouraging with regard t o  
demonstrating tha t  a reduction i n  SO2 emissions leads t o  reduction i n  
sulphate i n  surface waters. 
rivers i n  t h e  same time-frame, and indeed, there has been t h e  expected 
decline in acidity.  
biological community, b u t  there have been improvements. 

These numbers 

Table 1 also shows the change i n  the pH of the 

The water quality i s  not ye t  acceptable for  a healthy 

TABLE 1 
Sulphur Dioxide Emission Changes, Sulphate Expor t  from Nova Scotian ( 1 2 )  

and Newfoundland (8) Watersheds, and pH Ranges from Associated Rivers 

1971-1973 1982-1983 Change 

SO2 Emission i n  Eastern 
Canada and the United States 

(yearly averages) 27.0 

Watershed Export 
( k g s  SOq/ha/yr) 

A Nova Scotia 
B Newfoundland 

20.3 -25% 

39 2 6.7 21 2 6.1 -47% 

32 2 12 18 t 8 -44% 

pH range of river* 
A Nova Scotia 4.4 t o  6.5 4.5 t o  6.7 
B Newfoundland 5.5 t o  7.7 6.1 t o  7.8 

* A l l  r ivers  decreased i n  sulphate yield and increased i n  pH. 

Water quali ty has a l so  improved i n  lakes i n  the Sudbury area following 
the major SO2 emission reductions by the two la rges t  smelters, INCO Ltd. 
and Falconbridge Ltd. (70 and 75% reductions respectively) during the 
1970's. 
concentration i n  one study lake, (Figure 3) ( D i l l o n ,  1986) and a 
corresponding increase i n  pH from 4.1 t o  4.6 (68% decrease i n  hydrogen ion). 
Substantial increases i n  pH were observed fo r  a large number o f  acidified 
lakes being monitored i n  t ha t  area i n  an extensive survey (Figure 4) (Keller 
& Pitblado, 1985). 

By 1985, there had b e y  about a 40% reduction i n  su l fa te  
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B i o l o g i c a l  recovery has been observed i n  two study lakes which have shown 

increased biomass of algae and increased d i v e r s i t y  o f  both algae and 

zooplankton (Havas, 1986). 

near Sudbury. 

be fo re  t h e  cons t ruc t i on  o f  t h e  t a l l  stack by Inco  and before large-scale 

emission reduct ions began a t  t he  smelters. 

pH increased from approximately 4.1 t o  5.8 i n  the  most a f f e c t e d  l a k e  wh i l e  

bu l k  depos i t i on  o f  su lphate measured dur ing the  summer decreased by 75% 

between 1970 and 1977. 

Our model l ing c a l c u l a t i o n s  p r e d i c t  t h a t  o the r  areas i n  eastern North 

America have probably experienced some improvement i n  surface water qua1 i t y  

as a r e s u l t  o f  t h e  emission reductions. 

Sco t ia  and Newfoundland r i v e r s  along w i t h  t h e  Sudbury r e s u l t s  f u l l y  

subs tan t i a te  t h e  p o s i t i o n  t h a t  Canada has taken, t h a t  i s ,  reducing SO2 

emissions w i l l  l e a d  t o  dec l i ne  i n  a c i d i t y  o f  sur face waters. 

The recen t  U.S. Nat ional  Academy o f  Science (1986) r e p o r t  on trends 

i n d i c a t e s  decreasing concentrat ions o f  sulphate i n  r i v e r s  in t he  

nor theastern Un i ted  States. 

t h e  changes t h a t  a re  observed i n  t h e  A t l a n t i c  Provinces o f  Canada. 

Hutchinson & Havas (1986) have a l so  repo r ted  recovery o f  two study lakes 

The i r  study i nc luded  deposi t ion and lake  chemistry data from 

Sulphate dec l ined by 50% and the 

However, t h e  r e s u l t  f rom ou r  Nova 

These f i n d i n g s  are a f u r t h e r  con f i rma t ion  o f  

CURRENT STATUS OF SURFACE WATERS I N  EASTERN CANADA 

Chemistry 

encouraging, we must be aware o f  t he  f a c t  t h a t  t h e  present  sulphate 

depos i t i on  i s  t o o  h i g h  and present  water q u a l i t y  i s  n o t  acceptable. 

by t h e  r a t i o  o f  a l k a l i n i t y  t o  calcium (Ca) p l u s  magnesium (Mg). 

many mechanisms used t o  e x p l a i n  the  surface water a c i d i f i c a t i o n  problem b u t  

regard less o f  which mechanisms are causing a c i d i f i c a t i o n  t o  occur, t he  r a t i o  

o f  a l k a l i n i t y  t o  ca lc ium p l u s  magnesium has been reduced, e i t h e r  by 

decreases i n  a l k a l i n i t y ,  increases i n  Ca and Mg o r  both. Under normal 

weathering processes, t h e  r a t i o  w i l l  be un i t y .  

then a l k a l i n i t y  has been exhausted and we regard the  l a k e  t o  have been 

a c i d i f i e d .  

w i t h  regards t o  b i o l o g i c a l  damage. However, lakes which s t i l l  r e t a i n  some 

a l k a l i n i t y ,  never the less s u f f e r  b i o l o g i c a l  damage. The map i s  based on 

about 8,000 sample points .  

While t h e  obvious successes o f  pas t  SO2 reduc t i on  programs a re  

F igu re  5, ( J e f f r i e s ,  1986) shows the s ta tus  o f  surface waters as measured 

There a re  

I f  the r a t i o  becomes zero, 

A c i d i f i e d  lakes a r e  devoid of fl’sh and have reached an end-point 
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Large areas of Ontario and Quebec f a l l  w i t h i n  the 0.2 contour for  the 
ratio.  T h i s  means tha t  the surface waters have l e s s  than 20% of the 
a lka l in i ty  which we would expect from normal weathering processes. Surface 
waters in Nova Scotia have been severely affected w i t h  a r a t io  of zero being 
common and much of Newfoundland has also been damaged. 

l a t e s t  projection i s  t ha t  as many as 14,000 lakes have been acidified. I t  
is  our goal t o  see these ra t ios  increase and eventually a r r ive  back a t  the 
natural value of close t o  unity. 

The cause of the low a lka l in i ty  values can be seen i n  Figure 6. 
values of the r a t io  of sulphate t o  calcium plus magnesium mirrors the 
a lka l in i ty  r a t io s  i n  F i g u r e  5. 
by sulphate. 
the areas of highest sulphate deposition. 

New findings on ground water quality are of considerable concern t o  us. 
A t  one of our study s i t e s  near Sault  Ste. Marie, Ontario, soil  waters, down 
t o  about one meter have been acidified w i t h  a complete loss of alkalinity a t  
times. 
the most extreme conditions, n i t r a t e  contributes t o  the a lka l in i ty  loss as 
well. 
root zone of the fo re s t  cover. Figure 7 shows the chemical composition of 
the water d u r i n g  periods of heavy rain and spring runoff when the ground 
water becomes fu l ly  acidified (Johnston, 1986). 
was influenced by a heavy s p r i n g  rain with low pH. 
recovered s l igh t ly  until  the onset of s p r i n g  melt i n  mid-Apr i l ,  when the 
a lka l in i ty  again f e l l  t o  zero. 

W i t h i n  the most affected areas, some waters have been acidified. Our 

The 

As the a lka l in i ty  declines, i t  is replaced 
The areas of lowest a lka l in i ty  / (Ca plus Mg) ra t ios  are also 

T h e  l o s t  a lka l in i ty  has been largely replaced by sulfate.  D u r i n g  

The depth of acidic ground water extends t o  below the depth of the 

In March, the ground water 
Subsequently, alkalinity 

B i  ol  ogy 

The current water chemistry i n  many of our lakes i s  detrimental t o  
biological l i f e  even though some a lka l in i ty  remains. Rooke and Mackie 
(19841, have recorded the recent collapse of a mollusc species i n  a lake 
under study i n  central Canada. T h i s  i s  an important observation because i t  
confirms tha t  the biological quality of the lake i s  deteriorating w i t h  time. 
Another recent report  of biological damage i s  based on extensive baseline 
data collected over forty years ago i n  Algonquin Provincial Park i n  Ontario. 
Acid sens i t ive  species of stream invertebrates have been eliminated. T h i s  
has been caused by repeated short  term pH depressions i n  the stream rather 
than by long term ac id i f ica t ion  (Hall, 1986). 
demonstrates the loss of biological quality under chemical s t ress  
conditions. 

T h i s  important observation 
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Sugar Maple Decl ine 

maples (Acer saccharm) i n  the  provinces o f  Ontario, Quebec and New 

Brunswick. A number o f  maple syrup producers have gone o u t  o f  business and 

o the r  farmers a re  concerned f o r  t he  f u t u r e  o f  t h e i r  trees. 

i n s e c t - r e l a t e d  causes f o r  t he  decl ine. Some o f  t he  areas a f f e c t e d  have been 

subjected t o  f o r e s t  t e n t  c a t e r p i l l a r  a t tacks  and severe weather condi t ions 

have occurred s ince  1980. However, one d e t a i l e d  study (Mclaughlin, 1985) 

has found t h a t  t he  t rees  c u r r e n t l y  s u f f e r i n g  dec l i ne  have decreased i n  

growth over the  p a s t  f o u r  decades and the  e f f e c t s  o f  a c i d i c  p r e c i p i t a t i o n  

have been inc luded  i n  t h e  s t ress  f a c t o r s  causing the  decl ine. 

Over t h e  p a s t  few years the re  have been r e p o r t s  o f  dec l ine i n  sugar 

P re l im ina ry  i n v e s t i g a t i o n s  have n o t  shown any obvious disease o r  

Environmental Mon i to r i ng  

w i l l  measure t h e  environmental response r e s u l t i n g  from t h e  a c t i v i t i e s  o f  t he  

members o f  t he  30% Club. 
i n i t i a t i v e  t o  e s t a b l i s h  an i n t e r n a t i o n a l  mon i to r i ng  program and we commend 

Norway f o r  t a k i n g  t h e  l e a d  t o  e s t a b l i s h  the  data bank f o r  an i n t e r n a t i o n a l  

sur face water mon i to r i ng  program. 

Canada recognizes the  fundamental need t o  have programs i n  p lace which 

Consequently we s t rong ly  support t he  work group 

CONCLUSIONS 

We have observed reduced a c i d i f i c a t i o n  o f  sur face waters as a r e s u l t  o f  

SO2 emission reductions. Chemical and b i o l o g i c a l  q u a l i t y  o f  surface 

waters have improved i n  study lakes. 

However, i n  h e a v i l y  impacted areas, t he  c u r r e n t  depos i t i on  o f  sulphate i s  

t o o  h igh  and t h e  b i o l o g i c a l  q u a l i t y  o f  some sur face waters j s  s t i l l  

de te r io ra t i ng .  

w i t h  a l k a l i n i t y  values o f  l e s s  than 20% o f  t he  expected na tu ra l  value. 

Sulphate has been shown as t h e  cause o f  t he  l o s t  a l k a l i n i t y .  

p a r t i c u l a r  concern t o  Canada w i t h  regard t o  t h e  h e a l t h  o f  our  forests .  

su l  phate and n i t r a t e  c o n t r i b u t e  t o  t h i s  a c i d i f i c a t i o n .  

b u t  p re l im ina ry  s tud ies  i n d i c a t e  t h a t  "ac id  r a i n "  i s  one o f  t he  s t ress  

f a c t o r s  i nvol ved i n  t h e  problem. 

Club have been fu l l y  supported by f i e l d  observations. 

Surface waters i n  extens ive areas o f  eastern Canada a re  badly damaged 

A c i d i f i c a t i o n  o f  ground water by a c i d  depos i t i on  has been found and i s  o f  

Both 

A dec l i ne  o f  sugar maples across Eastern Canada has n o t  been explained 

The s c i e n t i f i c  bas i s  f o r  t h e  sulphur d iox ide  c o n t r o l  p o l i c i e s  o f  t he  30% 
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Fig. 7 The chemical composition of s o i l  water during periods o f  heavy 
rain (March) and spring runoff (mid-April) f o r  a watershed near 
Saul t  Ste .  Marie, Ontario 


